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APRESENTACAO

De acordo com as normas vigentes no Regimento do Programa de Poés-
Graduacao em Ciéncias Farmacéuticas, da Universidade Federal do Rio Grande do Sul,
a presente tese foi redigida na forma de encarte para publicacdes e esta organizada em
secOes dispostas da seguinte maneira: Parte I. Introducdo e Objetivos; Parte II:
Manuscritos | e II; Parte lll: Discussdo, Conclusfes, Perspectivas e Referéncias
Bibliograficas e Anexos.

A Introducdo apresenta o embasamento tedrico que nos levou ao
desenvolvimento desta proposta de trabalho. Nos Objetivos constam os principais
guestionamentos do trabalho realizado.

Os Materiais e Métodos, Resultados, Discussdo e as Referéncias
especificas encontram-se no corpo de cada manuscrito, apresentados na forma de
Capitulo | e Capitulo II.

A secédo Discussao contém uma interpretacdo geral dos resultados obtidos e
gue estdo descritos nos manuscritos.

A secdo Conclusdes aborda as conclusbes gerais dos principais resultados
da tese. Em seguida, estd apresentada a secdo Perspectivas, a qual aborda os
préximos estudos a serem realizados com os resultados gerados neste Doutorado.

A secdo Referéncias Bibliograficas lista a bibliografia utilizada nas secodes
Introducao e Discusséao da tese.

A secdo Anexos contém o aceite dos Comités de Etica em Pesquisa da
UFRGS e HCPA, os modelos de termo de consentimento livre e esclarecido e termo

de assentimento e do questionario aplicado aos participantes do estudo.






RESUMO

Nas ultimas décadas, tem ocorrido, em todo 0 mundo, uma maior preocupacao em
relacdo ao aumento na incidéncia de doencas infantis antes consideradas raras,
como cancer, diabetes, desordens neurocomportamentais e desregulacao
enddcrina. Concomitantemente, ha um maior reconhecimento de que agentes
quimicos podem estar envolvidos na fisiopatologia dessas doencas. No ambiente
rural, além dos proprios agricultores, as criangcas também se encontram expostas a
diversos xenobidticos provenientes das atividades agricolas, incluindo agrotéxicos,
metais, nicotina e solventes. Nesta linha, o presente estudo avaliou a exposi¢cao
ambiental de criancas, filhas de agricultores da regido central do RS, em periodos
diferentes do ano, através da quantificacdo de biomarcadores de exposicdo a
metais, agrotoxicos, nicotina e solventes, biomarcadores de dano oxidativo e renal,
bem como dosagens hormonais e bioquimicas. Também, possiveis alteracdes na
tireoide foram avaliadas através de exame ultrassonografico da glandula. No
capitulo 1, niveis aumentados de cromo (Cr) no sangue, cotinina urinaria e
microalbuminudria foram encontrados nas criangcas em um periodo de inicio da
aplicacdo de agrotoxicos, bem como observou-se aumento nos biomarcadores de
dano oxidativo malondialdeido (MDA) e proteinas carboniladas (PCO), em relacao
ao periodo de colheita do tabaco. Os biomarcadores de exposicédo (Cr e cotinina)
foram associados ao aumento do dano oxidativo. Adicionalmente, os niveis
aumentados de Cr foram associados com diminuicdo de linfécitos e aumento de
basofilos. No capitulo I, observamos que alguns metais, especialmente 0 manganés
(Mn) e Cr, apresentavam niveis cronicamente aumentados nas criancas, uma vez
gue estes estavam acima dos valores de referéncia recomentados, tanto no sangue
quanto no cabelo, nos periodos de baixa e alta exposicdo aos agrotoxicos. Ambos
0s metais foram associados a alteracdes nos niveis circulantes de hormonios
tireoidianos (HT), sugerindo possivel efeito de desregulacdo enddcrina sobre a
glandula tireoide. Os niveis de Mn no cabelo foram, também, associados ao
aumento da prolactina sérica nos dois periodos estudados, sugerindo possivel efeito
adverso dopaminérgico do metal. Outros metais, como arsénio (As) e niquel (Ni)
apresentaram niveis elevados no sangue e cabelo no periodo de alta exposicdo a

agrotoxicos em comparacdo ao periodo de baixa exposicdo. Além do Cr e Mn,



chumbo (Pb) e mercurio (Hg) parecem ter influéncia sobre os niveis de HT, estando
associados ao aumento de hormonio estimulante da tireoide (TSH) e dimuinigéo do
horménio tiroxina (Ta4) livre. Adicionalmente, inibicdo da enzima butirilcolinesterase
(BuChE) sérica foi observada no periodo de alta exposicdo aos agrotoxicos em
relacdo ao periodo de baixa exposicdo, sugerindo exposicdo aos inseticidas
inibidores da colinesterase. Em relagdo aos parametros bioquimicos avaliados,
niveis de glicemia de jejum foram significativamente aumentados no periodo de alta
exposicao aos agrotoxicos e foram inversamente associados com a atividade da
BuChE, indicando um possivel efeito adverso dos inseticidas inibidores da
colinesterase sobre a homeostase da glicose. As criancas também apresentaram
perfil lipidico aumentado nos dois periodos estudados. Portanto, nossos dados,
tomados em conjunto, sugerem que criancas residentes no meio rural, séo
ambientalmente expostas a diferentes xenobidticos, podendo apresentar alteracdes
hematoldgicas, alteracdes dos hormdnios tireoidianos, dano lipidico, proteico e renal.
Tais alteracdes possivelmente estdo relacionadas a co-exposicdo a diferentes
xenobidticos envolvidos nas praticas agricolas, especialmente metais, agrotoxicos e
nicotina. Nossos resultados mostram que, de fato, os xenobibdticos ambientais
representam fortes determinantes de saulde infantil, podendo estar envolvidos no
desenvolvimento de alteracfes fisiopatologicas e doencas como diabetes, céancer,

desordens neuroldgicas, entre outras.

Palavras-chave: Criancas; xenobibticos ambientais; ambiente rural; dano oxidativo;

dano renal; desregulacao enddcrina.



ABSTRACT

Potential toxic effects of environmental xenobiotics on children’s health in the

rural environment

In the last decades, there has been concern worldwide about the increasing
incidence of previously rare childhood diseases such as cancer, diabetes,
neurobehavioral disorders, and endocrine disruption. Concomitantly, there is greater
recognition that chemical agents may be involved in the pathophysiology of these
diseases. In the rural environment, in addition to the farmers themselves, children are
also exposed to various xenobiotics from agricultural activities, including pesticides,
metals, nicotine and solvents. In this line, the present study evaluated the
environmental exposure of children, whose parents were farmers in the central
region of RS, during different periods of the year, through the quantification of
biomarkers of exposure to metals, pesticides, nicotine, and solvents, biomarkers of
oxidative and renal damages, as well as hormones and biochemical parameters
quantifications. In addition, possible alterations on thyroid was evaluated through
ultrasonography examination of the gland. In the chapter I, increased blood levels of
chromium (Cr), urinary cotinine and microalbuminuria were found in children at the
beginning of the pesticides application period, as well as an increase in the
biomarkers of oxidative damage malondialdehyde (MDA) and protein carbonyls
(PCO), in relation to the tobacco harvest period, were observed. The biomarkers of
exposure (Cr and cotinine) were associated with increased oxidative damage.
Additionally, increased Cr levels were associated with decreased lymphocytes and
increased basophils. In the chapter Il, we observed that some metals, mainly
manganese (Mn) and Cr, showed levels chronically elevated in children, as they
were above the recommended reference values in both blood and hair in the two
periods. Both metals were associated with changes in the circulating levels of thyroid
hormones (TH), suggesting possible effect of endocrine disruption on the thyroid
gland. The hair Mn levels were also associated with increased serum prolactin in the
two studied periods, suggesting a possible dopaminergic adverse effect of this metal.
Other metals, such as arsenic (As) and nickel (Ni), had high blood and hair levels in

the period of high exposure to pesticides compared to the period of low exposure. In



addition to Cr and Mn, lead (Pb) and mercury (Hg) can influence TH levels, being
associated with increased TSH and decreased free T4 levels. In addition, inhibition of
the enzyme butyrylcholinesterase (BuChE) was observed in the period of high
exposure to pesticides in relation to the period of low exposure, suggesting exposure
to cholinesterase inhibitors insecticides. Regarding the biochemical parameters
evaluated, fasting blood glucose levels were significantly increased during the period
of high exposure to pesticides and were inversely associated with BUChE activity,
indicating a possible endocrine disrupting effect of cholinesterase inhibitors
insecticides on glucose homeostasis. The children also had an increased lipid profile
in both studied periods. Therefore, our data, taken together, suggest that children
environmentally exposed to xenobiotics in rural areas may present hematological
alterations, changes in thyroid hormones, lipid, protein and renal damage. Such
alterations were related to co-exposure to different xenobiotics involved in agricultural
practices, mainly metals, agrochemicals and nicotine. Our results showed that, in
fact, environmental xenobiotics represent strong determinants of childhood health,
and may be involved in the development of physiopathological alterations and

diseases like diabetes, cancer, neuropsychological disorders, among others.

Keywords: Children; environmental xenobiotics; rural environment; oxidative

damage; kidney damage; endocrine disruption.
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INTRODUCAO

1. Saude Infantil e Ambiente Rural

Nas ultimas décadas, tem ocorrido um rapido crescimento da preocupacao
em relacdo a saude ambiental infantil em todo o mundo, especialmente devido a
contaminacdo do meio ambiente por agentes quimicos resultantes de atividades
industriais, exploracdo mineral e produgdo agricola (MELLO-DA-SILVA e
FRUCHTENGARTEN, 2005; LANDRIGAN, 2016). Esse interesse pode ser atribuido,
principalmente, pelo significativo aumento na prevaléncia de desvios do
desenvolvimento fisioldgico normal e na incidéncia de muitas patologias pediatricas,
anteriormente consideradas raras, tais como asma, cancer, autismo, déficits de
atencdo e hiperatividade, malformacfes congénitas, obesidade e diabetes.
Paralelamente, houve um aumento no reconhecimento de que exposicdes
ambientais durante a infancia representam fortes determinantes de salde e doencas
(KARR, 2012; CASTRO-CORREIA e FONTOURA, 2015; LANDRIGAN, 2016).

Além de uma preocupacao da sociedade atual, a consciéncia deste problema
tem se tornado um importante tema de debate na comunidade cientifica
internacional, que procura respostas sobre mecanismos de acdo dos xenobioticos
ambientais na saude infantil e suas consequéncias ao longo da vida (CASTRO-
CORREIA e FONTOURA, 2015). De acordo com um atlas sobre saude infantil e
ambiente publicado em 2017 pela Organizacdo Mundial da Saude (OMS), os
agentes quimicos representam riscos ambientais emergentes. Novos compostos
quimicos como metais, asbestos, agrotéxicos e lixo eletrénico, utilizados diariamente
possuem o potencial de afetar a funcdo reprodutiva, funcdo tireoidiana e
desenvolvimento neurolégico, podendo levar a cancer, desordens metabdlicas, entre
outras doencas. Um fator importante nesse sentido € o reconhecimento da
ocorréncia de exposicbes combinadas a diversos agentes quimicos como, por
exemplo, a combinagcdo de novos agentes com contaminantes ambientais
persistentes, como metais (OMS, 2017).

Criangas que vivem no meio rural estdo constantemente expostas a todos os
riscos inerentes as atividades agricolas. De acordo com Marin e colaboradores

(2013), os agricultores vinculados a Federagéao dos Trabalhadores da Agricultura no
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Rio Grande do Sul (Fetag) e a Federacao dos Trabalhadores da Agricultura Familiar
da Regiao Sul (Fetraf-Sul), ndo admitem que haja “trabalho infantil”, mas sim “ajuda”
dos filhos, criancas e adolescentes, nas atividades produtivas e domésticas, como
parte integrante de socializacdo das novas geracdes. Comumente na faixa etaria
dos 7 aos 10 anos de idade, as criangcas comegam a assistir as operacdes agricolas
desenvolvidas pelos seus pais, 0 que muitas vezes € considerado um rito de
passagem. De acordo com a Figura 1, os riscos fisicos, biologicos e quimicos
ocupacionais e ambientais a que estes jovens estdo expostos incluem ferimentos
graves a partir do contato com maquinarias e animais, ruidos de maquinarias, além
do contato com xenobidticos diversos, incluindo agrotéxicos, metais, solventes, entre
outros (LANDRIGAN e ETZEL, 2014).

CONSEQUENCIAS PARA
SAUDE DAS CRIANGAS

LOCAIS
AGUDAS

Casa;
Escola (areas de lazer);
Locais de trabalho.

FONTES E VIAS DE

Intoxicagéo sistémica;
Dermatites;

Sintomas respiratérios;
Diarreias;

EXPOSICOES DE
PREQOCUPAGAOQ

+  Agrotéxicos;

Solo (componentes EXPOSICAO Infec¢Bes respiratorias.
orgéanicos e . A .
inorganicos); . Sc;lo' CRONICAS

ATIVIDADES AGRICOLAS

Produgdes de culturas;
Criagdo de animais.

—>| .

Compostos organicos
volateis;

Metais;

Nicotina;
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Figura 1. Fatores que influenciam a exposi¢cdo ambiental e consequéncias para a salde de criangas e
adolescentes em areas rurais (Adaptado de KARR, 2012).

A dificuldade de acesso aos servicos de saude € uma realidade no meio
rural, aumentando a vulnerabilidade das criancas ao adoecimento. A falta de
acompanhamento do crescimento e desenvolvimento infantil torna dificil a
avaliacdo de como o ambiente esté influenciando a saude da crianca (MARIN et al.,
2013). A saude ambiental de criancas em areas rurais € ainda muito pouco
explorada no Brasil, havendo caréncia de estudos demonstrando 0s riscos

adversos que estas estdo expostas nestes locais.
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2. Suscetibilidade de Criancas e Adolescentes

Durante a vida intra-uterina e infancia, diversos tecidos e sistemas estéo se
desenvolvendo. O desenvolvimento é um processo plastico que é sensivel a
perturbacdes ambientais incluindo a nutricdo, estresse, drogas e contaminantes
ambientais (HEINDEL et al., 2015). Atualmente, ha o reconhecimento de que fetos
e criancas nos primeiros anos de vida sdo especialmente vulneraveis aos efeitos
de contaminantes ambientais que interferem em processos do desenvolvimento.
Isso, porque se sabe que exposi¢cdes ambientais neste periodo podem causar
mudangas permanentes na estrutura do organismo, fisiologia e metabolismo,
levando a uma pré-disposi¢do ao desenvolvimento de sérias patologias crénicas ao
longo da vida, tais como obesidade, diabetes, hipertensdo, doencas
cardiovasculares, asma, alergias, doencas imunes e autoimunes, desordens de
neurodesenvolvimento e doencas neurodegenerativas, alteracdes no periodo da
puberdade, alteracbes enddcrinas, infertilidade, cancer, depressdo e desordens
psiquiatricas (HEINDEL et al., 2015; VRIJHEID et al., 2016).

No entanto, alguns sistemas continuam a se desenvolver durante a infancia
até o inicio da vida adulta, como o sistema nervoso central e os sistemas
respiratorio e imunologico (HEINDEL et al., 2015). Ha periodos criticos do
desenvolvimento humano durante a vida intra-uterina, pos-natal e puberdade, nos
quais 0 organismo é particularmente suscetivel a efeitos desreguladores, sendo
que exposicdes a agentes quimicos ambientais nesses periodos podem levar a
alteracdes epigenéticas, resultando em efeitos adversos (CHOI et al., 2017).

Adicionalmente ao reconhecimento de que exposicdes ambientais a agentes
guimicos sdo importantes causas de doencas e disfuncbes em criancas e
adolescentes, maior atencdo tem sido dada a prevencdo destas exposicoes,
aumentando a qualidade de vida e reduzindo os custos com saude. Além do fato de
que as criangcas sdo mais suscetiveis aos efeitos adversos de agentes quimicos
devido ao seu desenvolvimento, ha outros fatores que influenciam a sua
vulnerabilidade, principalmente devido as suas caracteristicas fisiologicas.
Comparadas aos adultos, as criancas consomem mais alimentos e bebem mais
agua, além de respirarem mais ar por peso corporal, portanto, apresentam

proporcionalmente maior exposi¢cdo a agentes quimicos. Além disso, as suas vias
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metabdlicas sdo imaturas e, consequentemente, sdo incapazes de rapidamente
detoxificar e excretar os agentes quimicos. O mesmo ocorre com 0 Sistema
imunologico que, por ainda ser imaturo, ndo fornece a mesma capacidade de
protecdo em relacdo aos adultos. Ainda, as criancas apresentam alguns
comportamentos que ocasionam aumento no risco de exposi¢do, como brincar
proximo ao solo e levar a mdo a boca frequentemente. Portanto, baseado nestes
fatores, criancas e adolescentes que vivem em ambientes rurais com contaminacao
do solo, agua, alimentos e ar estdo constantemente em maior risco de exposicao a
agentes quimicos em relacdo aos adultos (MELLO-DA-SILVA e
FRUCHTENGARTEN, 2005; KARR, 2012; CHEN et al., 2015; LANDRIGAN, 2016).
Dessa forma, € extremamente importante monitorar os niveis de exposicéo a
esses xenobidticos nessas populacdes, com o intuito de minimizar o risco de efeitos

adversos a saude e doencas relacionadas (CHOI et al., 2017).

3. Avaliacdo da Exposicdo Ambiental a Xenobioticos

Na Toxicologia Ambiental, estudam-se os efeitos nocivos causados pela
interacdo de agentes quimicos presentes no ambiente (agua, solo, ar) com os
organismos humanos. Quando se esté realizando a avaliacdo da exposi¢cdo humana
a uma substancia quimica, trés etapas devem ser incluidas: 1) caracterizacdo da
fonte de exposicao; 2) identificacdo dos meios de exposicéo (dgua, solo, ar, contato

direto ou por alimentos); 3) quantificacdo da exposicédo (OGA et al., 2014).

3.1 Monitoramento Ambiental e Biomonitoramento

O monitoramento é definido como uma atividade sistematica de medidas e
interpretacdes, realizado com o objetivo de prevenir o aparecimento de efeitos
adversos decorrentes de uma exposicdo (MOREAU e SIQUEIRA, 2016). Existem
dois métodos de monitoramento para proteger a salde humana em caso de
exposicdo a substancias quimicas, monitoramento ambiental e biomonitoramento,
sendo que ambos se complementam na avaliacao total da exposi¢cdo sob a qual o
individuo encontra-se exposto (MANNO et al., 2010).

No monitoramento ambiental, a exposicdo humana a xenobi6ticos pode ser

indiretamente estimada através da medida da concentracdo do agente quimico,
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fisico ou biolégico em amostras ambientais, como ar, agua, solo, etc. O
monitoramento ambiental se faz necessario para identificar as fontes de exposicéo,
facilitando a tomada de medidas para minimizar as emissfes (AMORIM, 2003;
ANGERER et al., 2007).

O biomonitoramento consiste na medida de parametros quimicos,
bioguimicos ou bioldgicos, denominados indicadores bioldgicos ou biomarcadores,
em amostras biologicas diversas, incluindo sangue, urina, entre outras (AMORIM,
2003; ANGERER et al.,, 2007; BUDNIK e BAUER, 2009; MOREAU e SIQUEIRA,
2016; TERRY et al., 2016). O principal objetivo do biomonitoramento é avaliar a
exposicdo e 0s riscos a saude, comparando os dados obtidos com valores de
referéncia e, se necessario, realizar agdes corretivas (ANGERER et al., 2007). Para
tanto, € importante que haja uma correlacdo dos biomarcadores com a exposi¢cao ou
com a eventual acdo do xenobidtico no organismo (MOREAU e SIQUEIRA, 2016). O
biomonitoramento foi inicialmente definido como “medida de uma substancia ou seus
metabdlitos em fluidos bioldgicos, incluindo sangue e urina”. No entanto, o classico
monitoramento da exposicdo, agora, € complementado por andlises de
biomonitoramento adicionais, como o0 estudo de aductos de DNA, alteragcdes em
atividades enziméticas, formac&o de micronucleos, entre outros (BUDNIK e BAUER,
2009).

Quando se determina a concentracdo do xenobidtico ou seu metabdlito em
amostra biologica, isto €, quando o biomarcador de exposicdo esta sendo
quantificado, € importante conhecer como a substancia € absorvida pelas diferentes
vias, distribuida para os diferentes compartimentos do organismo, metabolizada e
excretada, ou seja, a toxicocinética do xenobidtico precisa ser conhecida (AMORIM,
2003; TERRY et al., 2016). Adicionalmente, a avaliagdo da interacdo entre o
xenobidtico e os diferentes érgados se da através da investigacdo de parametros
biolégicos conhecidos como biomarcadores de efeito. Idealmente, um biomarcador
de efeito € aquele que mede uma alteracdo bioldgica em um estagio ainda reversivel
(precoce), quando ainda nédo representa danos a saude (AMORIM, 2003). Portanto,
biomarcadores de efeito sédo entendidos como alteracbes bioquimicas, fisioldégicas
ou comportamentais, que podem ser precoces e reversiveis, mensurados em
amostras biolégicas e que se relacionam com a ac¢do do xenobidtico no organismo
(MOREAU e SIQUEIRA, 2016). Para se avaliar tais biomarcadores, torna-se
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necessario o conhecimento dos mecanismos de acdo téxica dos xenobidticos
(toxicodindmica) sobre o sistema bioldgico, sob os pontos de vista bioquimico e
molecular (Figura 2) (OGA et al., 2014).

EXPOSIGCAO AO XENOBIOTICO

\

ABSORGAO POR DIFERENTES
VIAS

i

1 1 1
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Figura 2. Esquema toxicocinético e toxicodindmico ilustrando como 0s xenobidticos ambientais
interagem com o organismo (Adaptado de FALCK et al., 2015).

Através de diferentes biomarcadores de efeito € possivel detectar,
preferencialmente de forma precoce, os efeitos toxicos provocados por diversos
xenobidticos ambientais. A possivel nefrotoxicidade associada a exposicoes
ambientais, tais como a metais, pode ser avaliada através da atividade da N-acetil-3-
D-glicosaminidase (NAG), uma enzima presente nos lisossomos das células dos
tubulos proximais do sistema renal. A concentracdo dessa enzima na urina aumenta
quando ocorre dano tubular renal (GUNES et al., 2015). Portanto, o aumento dos
niveis urinarios de NAG tem sido reportado como um biomarcador precoce de dano
tubular proximal originado por diversas causas (MORESCO et al.,, 2013). Outro
biomarcador de dano renal precoce disponivel é a microalbuminuria (MALB). A

albumina é filtrada no glomérulo e reabsorvida no tdbulo proximal, portanto, a
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disfuncdo em um desses processos resulta em aumento da excrecdo urinaria de
albumina (MORESCO et al., 2013). O aumento da mALB foi observado em criancas
com altos niveis sanguineos de Pb, indicando dano glomerular associado a
exposicao ao metal (LAAMECH et al., 2014).

A habilidade individual de um organismo em responder & exposicdo a um
xenobidtico é avaliada através de biomarcadores de suscetibilidade (MOREAU e
SIQUEIRA, 2016). A suscetibilidade individual a uma substancia especifica, seja
adquirida ou congénita, € um aspecto importante a ser considerado. Muitas pessoas
exibem alteracdes em genes que codificam enzimas metabolizadoras de
xenobibticos, ou seja, apresentam polimorfismos genéticos que aumentam ou
diminuem a atividade destas enzimas explicando, em parte, diferencas individuais na
sensibilidade aos efeitos toxicos de xenobidticos. Essas variacdes tém sido
associadas a diferengas na toxicocinética de xenobidticos, o que pode modificar a
dose ativa em 6rgaos alvo, eventualmente resultando em um risco aumentado (ou
suscetibilidade) de doencas relacionadas a exposicdo ambiental e ocupacional
(BUDNIK e BAUER, 2009; GOMEZ-MARTIN et al., 2015).

3.1.1 Amostras Biolégicas

Para a realizacdo do biomonitoramento, as amostras bioldgicas utilizadas
devem, preferencialmente, ser facilmente acessiveis, em quantidade suficiente e a
coleta ndo deve causar desconforto e risco para a saude do individuo. Por esses
motivos, 0 sangue e a urina sao as amostras mais comumente utilizadas. O sangue
€ a principal amostra de escolha pois representa o compartimento central do
organismo, estando em equilibro com todos os 6rgdos. Ja a urina, por ser
rapidamente disponivel em grandes volumes e coletada de forma néo invasiva e por
ser a principal via de excrecdo, permite a determinacdo de concentracdes muito
baixas de xenobibticos e/ou seus metabdlitos (FRIBERG e ELINDER, 1993;
ANGERER et al., 2007; GIL e HERNANDEZ, 2015).

Outras amostras de coleta menos invasiva, tais como saliva, meconio, unha e
cabelo também podem ser utilizadas durante o biomonitoramento (GIL e
HERNANDEZ, 2015). Quando se estuda a exposicdo a metais, o cabelo é uma

amostra valiosa, uma vez que avalia ndo apenas exposi¢fes atuais, mas também
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permite estimar exposi¢cdes passadas (POZEBON et al., 2017). Muitos metais tém
alta afinidade por grupos sulfidrilas de aminoacidos que constituem a queratina do
cabelo sendo, portanto, incorporados a matriz. Uma vez que o cabelo cresce, em
meédia, 1 cm por més, os niveis de metais encontrados nessa amostra podem ser
resultantes de exposi¢cdes ocorridas ao longo de meses (KORDAS et al., 2010;
POZEBON et al., 2017).

4. Atividades Agricolas e Exposicdo a Xenobidticos no Ambiente Rural

Desde os primordios, a agricultura é uma das principais bases da economia
brasileira. O Brasil € um dos principais produtores agricolas do mundo, sendo o
terceiro maior exportador agricola mundial, atras apenas dos Estados Unidos e da
Unido Europeia (IBAMA, 2010; SANTANA et al., 2013). O Estado do Rio Grande do
Sul ocupa posicao de destaque na agricultura brasileira, sendo um dos principais
produtores de arroz, soja e tabaco do Brasil (BENEDETTI et al., 2013;
SINDITABACO, 2016).

No ambiente de trabalho rural, existem diversas substancias nocivas ao
homem que podem ser incorporadas por inalacdo, contato dérmico, bem como pela
via oral (BUDNIK e BAUER, 2009). Diferentemente das atividades da maioria das
industrias, as préaticas da agricultura podem gerar riscos para a saude de pessoas
nao envolvidas ativamente. Neste sentido, além dos proprios agricultores (expostos
ocupacionalmente) as criancas que vivem em areas rurais podem estar
cronicamente expostas a diversos agentes quimicos presentes no ambiente,
oriundos das préticas agricolas, como 0s agrotoxicos e outros agentes, incluindo
solventes organicos, metais e nicotina (LANDRIGAN e ETZEL, 2014). A exposicao
cronica a diversos xenobidticos que persistem no ambiente est4 associada a varios
tipos de danos com diferentes mecanismos de toxicidade, especialmente se a
exposicdo ocorre durante os periodos de suscetibilidade especial, como a infancia e
adolescéncia (OMS, 2005).

4.1 Exposicéo a Agrotoxicos e Efeitos Sobre a Saude Infantil
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De acordo com o Decreto n° 4.074 de 2002, que regulamenta a Lei Federal n°®
7.802 de 1989, os agrotoxicos sdo produtos e agentes de processos fisicos,
qguimicos ou biologicos para uso no cultivo, armazenamento e beneficiamento de
produtos agricolas que visam alterar a composicédo da flora ou da fauna, a fim de
preserva-las da acdo de seres vivos nocivos. De fato, os agrotoxicos sé&o
considerados extremamente relevantes no modelo de desenvolvimento da
agricultura do Brasil, representando a principal estratégia dos agricultores para
combater e prevenir as pragas agricolas, com o intuito de garantir maior
produtividade e rendimento das culturas (KUNST et al., 2014; MAPA, 2017).

Existem diferentes classes de agrotdxicos, baseados no tipo de praga a ser
atingida e na sua estrutura quimica, incluindo, entre outros: inseticidas
(organoclorados, organofosforados (OFs), carbamatos, piretroides, neonicotinoides);
herbicidas (cloroacetanilidas, &acidos ariloxialcanoicos, triazinas ureia e glicina
substituida); e fungicidas (triazol, ditiocarbamatos, benzimidazol, dicarboximidas)
(OGA et al., 2014).

Anualmente, sdo consumidos mundialmente cerca de 2,5 milhdes de
toneladas de agrotoxicos, sendo que o consumo no Brasil tem sido superior a 300
mil toneladas, representando um aumento no uso destes produtos quimicos de
700% nos ultimos quarenta anos (EMBRAPA, 2017). Em 2008, o Brasil ultrapassou
a colocacédo dos Estados Unidos, tornando-se o maior consumidor de agrotoxicos do
mundo, sendo responsavel por 86% do consumo da América Latina (ANVISA, 2012;
SANTANA et al., 2013). O consumo varia nas diferentes regiées do Brasil, sendo
que a regido Sul se encontra em segundo lugar na utilizacdo de agrotéxicos (31% do
consumo), perdendo apenas para a regido Sudeste, que consome cerca de 38%
(EMBRAPA, 2017).

Apesar de conhecerem os danos a saude causados por estes produtos, 0s
agricultores fazem uso indiscriminado e sem a devida protecdo individual,
acarretando no aumento significativo das intoxicacdes agudas e crénicas por esses
xenobiodticos. Por conta disso, nos ultimos anos tem aumentado a preocupacao
sobre os riscos e consequéncias para a saude humana gerados pela exposicao a
agrotoxicos (KUNST et al., 2014). Ha evidéncias de efeitos carcinogénicos,
neurolégicos, reprodutivos, imunolégicos e genotdxicos associados com a exposi¢ao
a agrotoxicos em adultos (GONZALEZ-ALZAGA et al., 2015). Diversos estudos tém
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investigado os efeitos adversos sobre a salde de agricultores do Rio Grande do Sul,
expostos ocupacionalmente a diferentes tipos de agrotoxicos. Efeitos de
genotoxicidade e citotoxicidade (BORTOLI et al., 2009; BENEDETTI et al., 2013; DA
SILVA et al.,, 2008, 2012, 2014), inibicdo da enzima butirilcolinesterase (BuChE),
bem como alteragces dos biomarcadores de estresse oxidativo (TBARS, MDA, PCO
e GSH) (MORI et al.,, 2015), desordens mentais (CAMPOS et al., 2016) e risco
aumentado de cancer de eséfago (MEYER et al., 2011) tém sido relatados.

No entanto, ndo se deve negligenciar o fato de que ndo somente o0s
agricultores se encontram expostos aos agrotéxicos no ambiente rural, mas também
suas familias, incluindo criancas e adolescentes (KUNST et al.,, 2014). Azaroff e
Neas (1999) relataram sintomas de intoxicacdo aguda a agrotdxicos, especialmente
ao metilparation, incluindo lacrimejamento dos olhos, dor de estémago, desordens
neurolégicas, entre outros, em criangas que viviam proximo a lavouras em uma area
rural de El Salvador, onde seus pais faziam uso intensivo desses produtos. De fato,
guando se trata de exposicdo ambiental infantil, os agrotoxicos estdo entre 0s
xenobidticos de maior preocupacdo (KARR et al, 2012). Apesar disso e,
considerando o uso intenso de agrotoxicos no Brasil, Froes Asmus et al. (2016)
relatam, em uma recente revisdo sobre a salde ambiental infantil no Brasil, a
existéncia de poucos estudos na literatura sobre os efeitos da exposicdo a
agrotoxicos na saude de criancas brasileiras.

Além do fato de que as criangas representam um importante grupo de risco,
podendo estar expostas desde o periodo pré-natal, o uso de agrotdxicos nas
lavouras frequentemente proximo as casas e escolas acarreta na exposicao cronica
a baixos niveis, com efeitos téxicos em diferentes dérgdos. A exposicdo ocorre
através de absorcdo dérmica e inalacdo, bem como pela ingestdo de agua e
alimentos contaminados com residuos de agrotéxicos (ALAVANJA et al.,, 2004,
FALCK et al.,, 2015). Embora pouco se saiba sobre os efeitos adversos desses
xenobiodticos em criancas e adolescentes, estudos tém demonstrado um risco
aumentado de efeitos reprodutivos (ESKENAZI et al.,, 2004), bem como de
neurotoxicidade (KHAN et al., 2014;: GONZALEZ-ALZAGA et al., 2014).

Algumas classes de agrotoxicos, tais como os inseticidas organofosforados
(OFs), carbamatos e piretroides, interferem com a fungdo do sistema nervoso dos

insetos e, em menor grau, com a de mamiferos, 0 que causa preocupacdo em
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relagdo a saude humana (OULHOTE e BOUCHARD, 2013). Os OFs e carbamatos
sdo amplamente utilizados na agricultura, e suas propriedades neurotéxicas séo
bem conhecidas (BOUCHARD et al., 2011; ROWE et al., 2016). O seu mecanismo
primario de toxicidade esta associado a inibicdo enzimatica causada pela exposicao
a altas doses, sendo a colinesterase (ChE), incluindo a acetilcolinesterase (AChE)
eritrocitaria e a butirilcolinesterase (BuChE) sérica ou plasmatica, seu principal alvo
de toxicidade. A ChE é a enzima responsavel pela hidrélise da acetilcolina, portanto,
a inibicdo da sua atividade através da fosforilacdo pelos OFs e carbamilacédo pelos
carbamatos ocasiona o acumulo do neurotransmissor nas terminagdes nervosas,
levando a uma estimulacdo exacerbada dos receptores (KAPKA-SKRZYPCZAK et
al., 2011; OGA et al.,, 2014; ROWE et al., 2016). A AChE, também chamada de
verdadeira colinesterase, € encontrada no sistema nervoso central e nos eritrocitos
enquanto a BUChE, conhecida como pseudocolinesterase, é sintetizada no figado e
encontra-se no soro e plasma. Embora a atividade sanguinea da AChE seja mais
aproximada da atividade enzimatica neuronal, a atividade de ambas as
colinesterases é considerada um valido biomarcador para avaliar a exposicdo a
agrotoxicos OFs e carbamatos (KAPKA-SKRZYPCZAK et al., 2011).

No entanto, sabe-se que quando a exposi¢cao ocorre a doses menores do que
0 necessario para causar a inibicdo da colinesterase, alguns OFs apresentam outros
mecanismos de neurotoxicidade, afetando diferentes alvos neuroquimicos, incluindo
fatores de crescimento e diversos sistemas de neurotransmissores e segundo-
mensageiros (VERMA et al., 2009). Considerando a imaturidade do sistema nervoso
central durante o desenvolvimento infantil, diversos estudos fornecem evidéncias
consistentes de que a exposicdo pré-natal a OFs estd associada a reduzidos
escores de Quociente de Inteligéncia (Ql) em criancas em idade escolar
(BELLINGER et al., 2013; BOUCHARD et al., 2011; ESKENAZI et al., 2014).
Adicionalmente, a exposicdo poés-natal a OFs em criangcas que vivem em areas
rurais também pode estar associada a altera¢cdes neurolégicas, como problemas de
comportamento, aprendizagem, memoria, atencéo e fungdes executivas (RUCKART
et al., 2004; ROHLMAN et al., 2005; BUTLER-DAWSON et al., 2016).

Também, a exposi¢cdo cronica a baixos niveis de agrotoxicos tem sido
considerada um dos fatores de risco mais importantes para o desenvolvimento de

cancer. Testes de carcinogenicidade sdo exigidos para detectar o potencial

37



carcinogénico de agrotdéxicos antes dos mesmos serem comercializados
(MOSTAFALOU e ABDOLLAHI, 2013). De acordo com a nova lista da Agéncia de
Protecdo Ambiental dos EUA (EPA U.S.) publicada em 2015, mais de 400
agrotoxicos foram classificados como potenciais agentes carcinogénicos (EPA,
2017). As propriedades carcinogénicas dos agrotéxicos podem ser influenciadas por
multiplos fatores incluindo a idade, sexo, suscetibilidade individual, quantidade e
duracdo da exposicdo, além do contato simultdneo com outros compostos
carcinogénicos (MOSTAFALOU e ABDOLLAHI, 2013). Em criancas, tem sido
relatada a possivel associacdo entre a exposicao a agrotdoxicos e desenvolvimento
de alguns tipos de cancer, incluindo leucemia (ZHANG et al., 2015; HERNANDEZ e
MENENDEZ, 2016) e tumores cerebrais (VAN MAELE-FABRY et al., 2013). Os
mecanismos carcinogénicos dos agrotoxicos sdo variados e incluem a inibicdo
enzimética, inducdo do estresse oxidativo e alteracdo do perfil de expressédo génica
(MOSTAFALOU e ABDOLLAHI, 2013).

A obesidade é outro efeito adverso que tem sido associado a exposicédo a
agrotoxicos, assim como a metais e a outros agentes quimicos, uma vez que muitos
agentes quimicos atuam como desreguladores endocrinos. A exposicdo a esses
xenobidticos é fator de risco para outras anormalidades metabdlicas, incluindo risco
aumentado de desenvolvimento de sindrome metabdlica, que inclui alteracdes em
marcadores periféricos como aumento dos niveis de triglicerideos, reducdo dos
niveis de colesterol HDL, aumento da presséo arterial e aumento da glicemia de
jejum (DE LONG e HOLLOWAY, 2017; PETRAKIS et al., 2017).

Em relacdo as criancas, a preocupacdo é ainda maior, uma vez que
alteracdes metabdlicas tém aumentado nesse grupo etario em todo o mundo nos
ultimos anos. Esses efeitos adversos podem iniciar na infancia e perdurar até a vida
adulta, trazendo sérias consequéncias a saude, como riscos cardiovasculares e
desenvolvimento de diabetes (RUSS e HOWARD, 2016). Um estudo recente sugeriu
alteracbes metabodlicas precoces em recém-nascidos como consequéncia da
exposicao pré-natal a agrotoxicos OFs (DEBOST-LEGRAND et al., 2016).

4.2 Exposicdo a Metais e Efeitos Sobre a Saude Infantil
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Os metais podem ser encontrados naturalmente no ambiente, estando
presentes no ar, 4gua e solo. No ambiente, os metais sdo naturalmente
redistribuidos através de ciclos geoldgicos e biologicos. Adicionalmente, algumas
praticas antropogénicas tais como atividades industriais, de mineracdo e agricolas
representam importantes fontes de exposicdo ambiental, contribuindo para o
aumento dos niveis desses xenobiodticos no ambiente (ANNANGI et al., 2015). A
contaminagcdo da agua por metais a partir do escoamento agricola em fontes de
agua representa riscos a saude em paises em desenvolvimento (KRISHNA e
MOHAN, 2014). Normalmente, em &reas rurais, reservas de &agua potavel sédo
encontradas na superficie e em aguas subterraneas sendo, muitas vezes, as Unicas
fontes de agua para consumo humano nessas regides. Portanto, a contaminacao
por agrotoxicos e, consequentemente, por metais no solo acaba fluindo para as
aguas superficiais e subterraneas, colocando em risco a saude das populacdes que
consomem essa agua (TUTIC et al., 2015).

Alguns metais sdo considerados elementos essenciais, uma vez que Sao
considerados nutrientes biologicamente necessarios para o correto funcionamento
de vérios processos bioquimicos e fisioldgicos do organismo humano. O grupo de
elementos essenciais € composto por metais como o cobre (Cu), cobalto (Co), zinco
(Zn), selénio (Se), ferro (Fe), magnésio (Mg), manganés (Mn) e molibdénio (Mo). A
presenca desses elementos em concentracbes menores ou maiores daquelas
necessarias para as funcdes vitais pode levar a certas patologias. Por outro lado,
existem elementos que nao possuem funcao fisioldgica benéfica e cuja a presenca
no organismo pode estar relacionada a efeitos adversos a saude. Esse grupo de
elementos € composto por metais e/ou metaloides incluindo o chumbo (Pb), cadmio
(Cd), cromo (Cr), arsénio (As), niquel (Ni) e mercario (Hg). Por ndo serem
necessarios e, considerando que quando presentes no organismo em qualquer
concentracdo podem ocasionar danos a saude, esses elementos também sé&o
chamados de metais toxicos (ANNANGI et al., 2015).

Historicamente, a toxicologia dos metais € conhecida pelos seus efeitos
agudos, tais como as célicas abdominais provocadas pela intoxicacdo por Pb em
trabalhadores ocupacionalmente expostos. No entanto, ha um interesse crescente

na investigacado dos efeitos da exposi¢do a metais a longo prazo sobre a saude, nas
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quais a relacdo causa-efeito muitas vezes nao é detectada (GOYER e CLARKSON,
1996; CAO et al., 2016).

De fato, no ambiente rural, uma das principais fontes de contaminacao
ambiental por metais pode estar relacionada ao uso de agrotoxicos. Isso, porque
alguns agrotoxicos, como os fertilizantes, contém “micronutrientes” que sdo metais,
incluindo Cu, Fe, Mn e Zn (GORMANNG et al., 2011). Alguns fungicidas
ditiocarbamatos como o mancozebe, conhecido comercialmente como Dithane®,
contém aproximadamente 20% de Mn por peso, podendo constituir uma importante
fonte de exposicdo a esse elemento (MORA et al., 2014). Além disso, os fertilizantes
também podem conter metais téxicos como contaminantes, tais como As, Pb, Cr, Cd
e Ni (GORMANNG et al., 2011; JIAO et al., 2012).

Portanto, criancas que vivem em areas rurais podem estar cronicamente
expostas a baixos niveis de metais. A exposicao pode ocorrer pela ingestao de agua
e alimentos contaminados, bem como através do solo devido aos habitos infantis de
brincar préximo ao solo e levar a méo a boca frequentemente (BERGLUND et al.,
2011). Estudos epidemiolégicos e toxicologicos tém demonstrado que a fase da
infancia representa um periodo critico de suscetibilidade aos efeitos das exposicdes
a metais, incluindo danos aos sistemas nervoso central, hematopoiético, reprodutivo
e renal (AUSTIN et al., 2016; CAO et al., 2016).

4.2.1 Manganés

O manganés (Mn) é um elemento encontrado naturalmente em diversos tipos
de rocha e no solo. Adicionalmente, é encontrado em alguns tipos de alimentos,
sendo a dieta a principal fonte de Mn para o organismo. Também, é encontrado em
uma ampla variedade de produtos incluindo cosméticos, tintas, fogos de artificio,
pilhas e fertilizantes (ATSDR, 2012; TUSCHL et al., 2013).

O Mn é considerado um elemento essencial pois € um constituinte crucial
para a funcéo de uma variedade de enzimas do organismo, tais como as envolvidas
no metabolismo de proteinas e carboidratos, como a arginase e piruvato carboxilase,
respetivamente. Além disso, é utlizado por varias enzimas antioxidantes do
organismo, como a superoxido dismutase (SOD-Mn), e na atividade da

glicosiltransferase, enzima necessaria para 0s mucopolissacarideos utilizados pelas
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cartilagens, 0ssos e outros tecidos conectivos. Embora a deficiéncia de Mn seja rara,
0s sintomas se manifestam principalmente devido a inadequada atividade da
glicosiltransferase causando ma formacdes Osseas, especialmente durante o
desenvolvimento (ERICKSON et al., 2007; TUSCHL et al., 2013).

Por outro lado, o excesso de Mn causado pela exposicdo ocupacional e
ambiental ndo é considerado raro. Apesar da essencialidade, o Mn é conhecido
como um potente neurotoxicante ha pelo menos 150 anos, devido a sua ampla
acumulacado no cérebro (ASCHNER et al., 2007; MENEZES-FILHO et al., 2014). A
exposicdo ocupacional excessiva ao Mn, especialmente pela via respiratéria em
trabalhadores de mineracdo e industrias de aco, solda e pilhas, leva a um conjunto
de sintomas neurolégicos conhecido como “manganismo”, similares aqueles
apresentados na doenca de Parkinson (DP) (FITSANAKIS et al., 2006; TUSCHL et
al., 2013). Os sintomas comuns sao caracterizados por alteracbes no sistema
dopaminérgico dos ganglios da base, produzindo prejuizos de movimento e déficit
cognitivo. Sabe-se que o Mn interage negativamente com a dopamina celular,
promovendo a autooxidacdo e morte celular dopaminérgica. Por sua vez, a hipo- ou
hiper-estimulacdo na neurotransmissédo dopaminérgica leva a numerosas desordens,
dentre elas, a DP (SANTOS et al., 2011). No entanto, o0 manganismo difere da DP
especialmente em relacdo a idade precoce em que os sintomas podem aparecer
(FORDAHL et al., 2012).

No que diz respeito a exposicdo ambiental, recentemente tém aumentado 0s
estudos relatando efeitos adversos sobre a salde relacionados a exposicao
excessiva ao Mn através do ar e 4gua, particularmente entre criancas (MENEZES-
FILHO et al., 2014). Associagdo significativa entre niveis de Mn no cabelo e déficit
de QI foram observados em criancas que vivem em uma regido de mineracao no
nordeste do Brasil (MENEZES-FILHO et al., 2011). Os mesmos autores relataram,
em um estudo posterior, associagdes significativas entre Mn no cabelo e problemas
de atencdo e de comportamento (MENEZES-FILHO et al., 2014). Resultados
similares foram relatados em trabalho prévio do nosso grupo de pesquisa, no qual
observamos que os niveis aumentados de Mn no cabelo foram significativamente
associados a déficit de QI em criancas, mesmo apoés ajustar os fatores de confuséo
tais como idade, nivel de escolaridade dos pais e género (NASCIMENTO et al.,
2015).
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A exposicdo ambiental infantii ao Mn tem sido associada também com
capacidades cognitivas especificas, incluindo desordens de memoria e
aprendizagem (TORRES-AGUSTIN et al., 2013) e memoéria de trabalho
(CARVALHO et al.,, 2014). De fato, em um estudo recente do nosso grupo de
pesquisa, associacdes significativamente inversas foram observadas entre os niveis
de Mn no sangue, cabelo e agua e funcdes cognitivas especificas, tais como
atencdo visual, percepcdo visual, capacidade fonolégica, memdria de trabalho,
linguagem escrita e funcbes executivas em criancas. Adicionalmente, o0s
biomarcadores de estresse oxidativo (tiois ndo proteicos e atividade enzimética da
ALAD) foram inversamente associados com o0s niveis de Mn nas amostras
analisadas, assim como o biomarcador de dano renal precoce, atividade enzimatica
da NAG, foi positivamente associado com o0s niveis de Mn no sangue e cabelo
(NASCIMENTO et al., 2016).

Conforme mencionado anteriormente, o Mn afeta areas relacionadas ao
sistema dopaminérgico, explicando as perturbacbes motoras observadas em
trabalhadores expostos ao metal no ambiental ocupacional, como em areas de
minera¢do. Esse mecanismo de neurotoxicidade do Mn tem influenciado a avaliagéo
de possiveis biomarcadores relacionados ao neurotransmissor dopamina. Um
desses biomarcadores é a dosagem da prolactina sérica, que tem sido cada vez
mais utilizada como um parametro de funcdo neuroenddécrina/dopaminérgica em
estudos epidemiolégicos ambientais e ocupacionais (MEEKER et al., 2009;
MONTES et al., 2011).

A prolactina é um hormdnio predominantemente sintetizado e secretado em
células chamadas lactotréficas, localizadas na adenohipéfise. Embora esse
horménio seja bem conhecido por estimular a lactacdo em humanos, é também
conhecido pela sua versatilidade uma vez que esta envolvido em um amplo espectro
de funcdes relacionadas ao sistema reprodutivo, metabolismo, comportamento,
imuno e osmoregulagéo (FITZGERALD e DINAN, 2008; MONTES et al., 2011). A
producdo de prolactina é modulada pela dopamina, em um sistema de controle
baseado em um mecanismo de feedback. Nas células lactotroficas, a dopamina se
liga aos receptores D2, ativando-os e causando um aumento na condutancia de
potassio provocando hiperpolarizagdo e inativacdo dos canais de célcio voltagem-

dependentes mantendo, assim, a inibicdo da liberacdo do hormonio. Inversamente, a
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auséncia de dopamina provoca um aumento do célcio intracelular, aumentando o
processo de secrecao da prolactina (MONTES et al.,, 2011). Uma vez que o Mn
estimula a autooxidacdo da dopamina nos neurbnios dopaminérgicos, o metal
indiretamente modula a secrecédo de prolactina, levando a um aumento dos niveis
circulantes do horménio (SANTOS et al., 2011) (Figura 3). Os niveis de prolactina
sérica em um grupo de criancgas, residentes em uma area de mineragdo rica em Mn
no Meéxico, foram significativamente maiores em relacdo a um grupo de criancas
controle, bem como foram positivamente correlacionados com 0s niveis de Mn no
sangue e cabelo, sugerindo um efeito adverso dopaminérgico no eixo hipotalamo-
hipéfise (MONTES et al., 2011).

HIPOTALAMO

Dopamina

HIPOFISE o=
« Células lactotroficas

!

PROLACTINA | «—

Figura 3. Efeito adverso do Mn sobre a producado de prolactina que, por sua vez, tem a sua secrecao
modulada pelo neurotransmissor dopamina.

4.2.2 Arsénio

O arsénio (As) é um elemento encontrado em baixas concentragcdes no
ambiente nas formas organica e inorganica, e compartilha propriedades tanto de
metais quanto de n&o metais sendo, portanto, classificado como um metaloide
(ATSDR, 2007; ANNANGI et al., 2016). Uma vez que esse metaloide ocorre
naturalmente no ambiente, a exposicdo pode ocorrer atraves da ingestdo de
alimentos e agua contaminados, bem como através da respiracdo. Adicionalmente,

as fontes mais significativas de As para o ambiente estdo relacionadas a atividades
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antropogénicas, tais como atividades de mineracdo e fundicdo, agrotdxicos e
combustdo do carvdo (RODRIGUEZ-BARRANCO et al., 2013). A Agéncia de
Substancias Toxicas e Registro de Doencas (ATSDR) classifica o As como a
substancia numero um em sua lista de 275 substancias presentes no ambiente que
representam o mais significativo potencial de risco, considerando a sua conhecida
ou suspeita toxicidade para a saude humana (ATSDR, 2016). As consequéncias
para a saude da exposicdo ao As incluem efeitos respiratorios, gastrointestinais,
hematolégicos, hepaticos, renais, dérmicos, neuroldgicos e imunoldgicos, bem como
efeitos no sistema nervoso central e desenvolvimento cognitivo em criangas
(RODRIGUEZ-BARRANCO et al., 2013).

De fato, existem evidéncias crescentes de que a exposicdo ao As causa
efeitos deletérios na funcgéo intelectual de criancas (RODRIGUEZ-BARRANCO et al.,
2016). A exposicdo ao As através da agua foi associada a reduzida funcao
intelectual em criancas de Bangladesh, mesmo apo0s ajuste utilizando outros
parametros que influenciam a funcdo cognitiva infantil (WASSERMAN et al., 2007).
Resultados similares foram encontrados em um estudo com criancas em idade
escolar em Provincia de Kandal no Camboja, cujos niveis de As no cabelo
influenciaram significativamente os escores em testes neuropsicologicos, sugerindo
gue a exposicao ao As parece ser associada a prejuizos no sistema nervoso central
e periférico, em termos de velocidade motora, memodria auditiva de curto prazo,
destreza manual, memoria visual, controle motor fino e velocidade de
processamento (VIBOL et al., 2015). Diversos mecanismos tém sido relacionados a
neurotoxicidade do As, incluindo o estresse oxidativo e diminuicdo dos sistemas
antioxidantes, inducdo de apoptose, prejuizo glutamatérgico, alteragcbes na
transmissao sinaptica, alteracdes na biogénese das monoaminas, aumento da
fosforilacdo da proteina tau, entre outros (ESCUDERO-LOURDES, 2016).

Além disso, o As tem sido classificado como carcinogénico para humanos
pela Agéncia Internacional para Pesquisa em Cancer (IARC), baseado em
evidéncias de que o metaloide causa cancer de pele, pulméo e bexiga (SMITH et al.,
2012; GARRY et al., 2015). O cancer induzido pelo As pode estar relacionado a
diversos mecanismos, tais como dano oxidativo e genotoxicidade (ANNANGI et al.,
2016). Em uma populacéo de Antofagasta, no Chile, exposta a altos niveis de As na

agua por um periodo de 12 anos, foram observadas altas taxas de mortalidade por
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cancer de pulmdao, bexiga, laringe, rim e figado em adultos expostos ao metaloide
desde a vida intrauterina e infancia, comparados a um grupo com a mesma faixa
etaria do restante do Chile (SMITH et al., 2012). Estudos como esses mostram que,
de fato, doencas que se desenvolvem na vida adulta podem estar relacionadas a
exposi¢des a xenobidticos iniciadas ainda no Utero e/ou durante a infancia, ou seja,
em um periodo de maior vulnerabilidade (LANDRIGAN, 2016).

4.2.3 Cadmio

O céadmio (Cd) é encontrado em toda a crosta terrestre podendo estar
associado a outros metais como Zn, Pb e Cu, sendo emitido para o solo, ar e agua
através de atividades de mineracao, fundicdo, fabricacéo e aplicacdo de fertilizantes
fosfatados e queima de combustiveis fosseis. Adicionalmente, o elemento esta
presente em baterias, pigmentos, estabilizantes para plasticos e outros produtos. O
metal possui a capacidade de acumulacdo em organismos aquaticos e culturas
agricolas, acumulando-se, por exemplo, em folhas de tabaco (ATSDR, 2012).

Para a populagdo em geral, a principal fonte de exposicdo ao Cd sdo os
alimentos (GOYER e CLARKSON, 1996). Ja para individuos fumantes, o tabaco
torna-se a fonte dominante de exposicdo (SANDERS et al, 2015). O Cd é
classificado como carcindgeno para humanos (Grupo 1) pela IARC e como provavel
carcindgeno (Grupo B1l) pela Agéncia de Protecdo Ambiental dos Estudos Unidos
(EPA US), baseado em evidéncias do aumento de cancer de pulmao associado a
exposicdo ao metal (ATSDR, 2012).

Porém, um dos principais efeitos toxicos do Cd estd relacionado a sua
nefrotoxicidade, e o possivel risco associado a doencas renais crénicas. Por isso,
varios biomarcadores tém sido utilizados para avaliar os efeitos nefrotéxicos em
populacdes expostas ao metal (WANG et al., 2016). Criancas com idade entre 6 e 17
anos, residentes proximo a uma area de fundicdo na Pensilvania, nos Estados
Unidos, apresentaram associagdo entre 0 aumento da atividade enzimatica da NAG,
enzima primariamente de origem tubular renal, e niveis urinarios de Cd (NOONAN et
al., 2002). Em outro estudo com uma populagéo de criancas, adolescentes e adultos
(2 a 86 anos de idade) da China, os niveis de Cd na urina foram positivamente

associados a biomarcadores de dano tubular renal, como a NAG e a B2-
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microglobulina. Adicionalmente, associacao significativa foi demonstrada entre o
aumento dos niveis sanguineos de Cd em criangcas do estudo e aumento dos
biomarcadores de dano tubular renal (WANG et al.,, 2016). A fungdo renal de
criancas também foi influenciada pela exposicdo ambiental ao Cd em um estudo da
Tailandia, onde os niveis urinarios de Cd foram positivamente correlacionados com
os niveis de B2-microglobulina, mesmo ap0s ajuste estatistico utilizando variaveis
como idade, sexo e niveis sanguineos de Pb (SWADDIWUDHIPONG et al., 2015).
Embora exista evidéncias dos efeitos nefrotéxicos do Cd, poucos estudos tém
investigado os efeitos da exposicdo ao Cd sobre o desenvolvimento
neuropsicolégico em criancas (ATSDR, 2012; RODRIGUES-BARRANCO et al.,
2014). Associacao significativa entre a exposicado pés-natal ao Cd e dificuldades de
aprendizagem foi relatada em criancas dos Estados Unidos. Segundo os autores, 0
Cd pode inibir o fluxo de célcio requerido para a liberacdo de neutransmissores,
além de afetar a comunicacdo neuronal necesséria para a formacdo sinaptica
durante o desenvolvimento, bem como afetar o desenvolvimento devido a influéncia
sobre os hormonios tireoidianos (CIESIELSKI et al., 2012). Em um estudo mais
recente, Rodrigues-Barranco et al. (2014) demonstrou associacdo inversa entre a
exposicdo pos-natal ao Cd e desenvolvimento neuropsicolégico em meninos, mas
ndo em meninas, demonstrando a possivel diferenca entre sexos na neurotoxicidade

de metais.

4.2.4 Chumbo

O chumbo (Pb) é um elemento quimico que ocorre naturalmente no ambiente,
normalmente combinado com outros elementos formando compostos de Pb. Esses
compostos sdo usados em pigmentos de tintas, corantes e esmaltes ceramicos. A
maioria do Pb utilizado pela indastria vem de minérios (fonte primaria), ou a partir de
reciclagem ou baterias (fonte secundaria). O Pb possui alta capacidade de
permanecer no solo por muito tempo uma vez que se adere fortemente as particulas
do solo, permanecendo nas suas camadas superiores. Por isso, embora o metal ndo
seja mais adicionado a produtos como gasolina e agrotoxicos, a sua presenca no
solo ainda ocorre devido ao uso no passado desses produtos contendo Pb em suas

constituicbes (ATSDR, 2007). Além do solo, a exposicdo ao metal pode ocorrer
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através da ingestdo de agua e alimentos contaminados, bem como através do ar
(GOYER e CLARKSON, 1996).

O Pb é um metal cujos efeitos téxicos resultantes da exposicdo afetam
diversos sistemas bioldgicos, incluindo o sistema nervoso central, hematopoiético,
renal, reprodutivo e cardiovascular (GOYER e CLARKSON, 1996; FLORA et al.,
2012). O estresse oxidativo € o principal mecanismo pelo qual o Pb exerce a sua
toxicidade, tanto pela geracdo de espécies reativas quanto pela deplecdo das
defesas antioxidantes (AHAMED e SIDDIQUI, 2007; FLORA et al., 2012).

Os efeitos mais criticos estdo relacionados ao sistema nervoso central,
especialmente em criancas. Isso, porque o metal causa efeitos tdéxicos durante o
desenvolvimento neuroldgico, sendo que a exposi¢cdo a baixos niveis de Pb afeta
significativamente o QIl, a capacidade de concentracdo e atencdo em criancas
(GOYER e CLARKSON, 1996; FLORA et al., 2012).

Adicionalmente, o sistema hematopoiético € um dos principais sistemas
afetados pela exposicao ao Pb, através da restricdo na sintese de hemoglobina pela
inibicdo de enzimas chaves envolvidas na via biossintética do grupo heme, levando
a anemia (AHAMED et al. 2011, FLORA et al., 2012) O Pb afeta significativamente a
sintese do grupo heme da hemoglobina através da inibicdo enzimética da ALAD. A
ALAD é uma enzima € responsavel pela condensacdo de duas moléculas de acido
o0-aminolevulinico (ALA) para formar o porfobilinogénio (PBG), composto
monopirrélico envolvido na biossintese do grupo heme da hemoglobina (ROCHA et
al., 2012) (Figura 4). A diminuicdo na atividade da ALAD e consequente aumento na
producdo do ALA correlacionam com o aumento nas concentracfes sanguineas de
Pb e excrecdo urinaria de ALA. Portanto, representam indicios bioquimicos de
exposicdo ao Pb (GOYER e CLARKSON, 1996). Atualmente, a quantificacdo
sanguinea da atividade da ALAD tem sido considerada um importante biomarcador
clinico para exposicao ao Pb (ROCHA et al., 2012).

Em 1991, o Centro para Controle de Doencas e Prevencdo (CDC)
recomendou mudancas para prevenir a intoxicagao de criangas por Pb, incluindo a
reducdo do nivel de Pb sanguineo considerado seguro (de 25 pg/dL para 10 pg/dL).
No entanto, em 2012, o Comité Consultivo para a Prevencao de Intoxicacdo por
Chumbo do CDC concluiu que nao existe nivel sanguineo seguro de Pb e, entéo, o

CDC declarou que “nenhum nivel de Pb no sangue é considerado seguro”, baseado
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em estudos que demonstraram baixos niveis sanguineos de Pb associados a déficits
intelectuais, comportamentais e baixo desempenho académico (McCLURE et al.,
2016).

4.2.5 Cromo

O cromo (Cr) € um metal que existe naturalmente no ambiente, presente na
agua, ar, rochas, plantas e solos, estando combinado a outros elementos formando
varios compostos. As trés mais estaveis formas do Cr encontradas no ambiente s&o:
Cr (0), Cr (Ill) e Cr (VD). O Cr trivalente é considerado essencial para a saude
humana, uma vez que esta envolvido no metabolismo de carboidratos, lipidios e
proteinas, principalmente por aumentar a eficiéncia da insulina. Isso, porque o Cr (lII)
forma um complexo com os receptores de insulina, facilitando a ligacdo do horménio
aos seus sitios de acdo (GOYER e CLARKSON, 1996; ATSDR, 2012; LEWICKI et
al., 2013). Os compostos de Cr encontrados naturalmente no ambiente sdo gerados
no estado trivalente de valéncia, enquanto as fontes antropogénicas sao
responsaveis pela liberacdo da forma hexavalente (CARDENAS-GONZALEZ et al.,
2016).

A toxicidade do Cr estd relacionada ao seu estado de valéncia, e o Cr
hexavalente é a forma mais téxica sendo, inclusive, considerado um possivel
carcinbgeno humano por agéncias regulamentadoras (ANNANGI et al., 2016). Em
areas rurais, os agrotéxicos também representam uma potencial fonte de liberacao
de Cr para o ambiente, j& que 0 metal pode ser um contaminante desses produtos
(GORMANN et al., 2011). Um dos principais mecanismos de genotoxicidade do Cr
estd associado a geracdo de espécies reativas de oxigénio (EROs) induzida pelo
metal, que podem causar dano oxidativo a macromoléculas, como ao DNA, podendo
resultar em mutacfes genéticas levando ao cancer (LI et al., 2008; NI et al., 2014).
Embora existem estudos avaliando biomarcadores de genotoxicidade em
trabalhadores expostos ao Cr, poucos estudos avaliam os efeitos da exposi¢édo ao
metal sobre a saude de criancas (ATSDR, 2012; ANNANGI et al., 2016). Apesar
disso, acredita-se que as criancas podem apresentar os mesmos efeitos da
exposicao ao Cr observados em adultos (ATSDR, 2012). Associagéao significativa foi

observada entre os niveis de Cr no sangue de corddo umbilical e dano ao DNA,
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avaliado através do ensaio cometa, em neonatos de uma regido altamente poluida
por Cr devido a instalagcdes de reciclagem de lixo eletrdnico, demonstrando que o
metal atravessa a placenta, podendo causar dano ao feto (LI et al., 2008).

Adicionalmente, em um estudo recente foi evidenciado, pela primeira vez, a
associacao entre niveis urinarios de Cr em criancas e o biomarcador de dano renal
KIM-1. A KIM-1 consiste em uma glicoproteina transmembrana expressa por células
epiteliais do tabulo proximal renal, logo no inicio de uma leséo, seguido de clivagem
do seu ectodominio e liberacdo na urina (CARDENAS-GONZALEZ et al., 2016).

4.2.6 Mercurio

O mercurio (Hg) € um metal que ocorre naturalmente no ambiente, podendo
ser encontrado no solo, ar e agua, sendo o Unico metal encontrado no estado liquido
a temperatura ambiente. O Hg existe em trés estados de oxidacédo: Hg® (metélica),
Hg*! e Hg*? (inorganica), sendo o Hg® encontrado no estado de vapor, a forma mais
toéxica em relacdo a forma liquida. Aproximadamente 80% do Hg liberado para o
ambiente a partir de atividades humanas provém da combustdo de combustiveis
fésseis, mineracdo e fundicdo. Cerca de 15% do total liberado ao solo provém de
fertilizantes, fungicidas e residuos sélidos urbanos (baterias, interruptores elétricos,
termbémetros), e 5% € liberado a partir de efluentes industriais para a agua (GOYER
e CLARKSON, 1996; ATSDR, 1999).

O Hg em vapor (Hg® representa a principal via de transporte do metal na
atmosfera. No ambiente, o metal pode ser metilado por microrganismos presentes
em peixes e agua do oceano, sendo referido, entdo, como metilmercurio (MeHg),
que representa a forma organica do metal (GOYER e CLARKSON, 1996). A
exposicdo a qualquer uma das formas do Hg (metdlica, inorganica ou organica) pode
levar a dano cerebral, cardiaco, renal, pulmonar e imunoldgico em individuos de
todas as idades, dependendo da dose, fonte de exposicdo e o composto de Hg.
Sabe-se que a forma organica representa preocupacao em relacdo a saude, devido
ao seu efeito neurotéxico (RANGEL-MENDEZ et al., 2016).

O MeHg é um composto potencialmente neurotoxico, havendo evidéncias de
neurotoxicidade em criangas que consumiram peixes contaminados (GRANDJEAN

et al., 2014). O exato mecanismo de toxicidade do Hg permanece desconhecido, no
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entanto, sabe-se que o estresse oxidativo possui papel chave nos efeitos toxicos
causados pelo metal (RANGEL-MENDEZ et al., 2016). Grotto et al. (2010) relataram
associacles entre a exposicdo ambiental a Hg e aumento do estresse oxidativo,
evidenciado através da quantificacdo dos biomarcadores ALAD e antioxidantes
endégenos, em populacdes ribeirinhas da Amazbnia que, provavelmente,
consomem peixes contaminados com MeHg. Adicionalmente, Rangel-Méndez et al.
(2016) sugerem que a exposicdo ao Hg esta associada com o aumento do

biomarcador de peroxidacao lipidica MDA, em criangcas mexicanas.

4.2.7 Niquel

O niquel (Ni) é um metal encontrado naturalmente na crosta terrestre,
normalmente associado a outros elementos. Adicionalmente, baixos niveis de Ni
podem ser encontrados no ambiente a partir de atividades antropogénicas, tais
como combustdo de combustiveis fésseis, atividades de mineracéo e industriais. A
populacdo em geral € exposta ao metal especialmente através da ingestdo de
alimentos e 4gua contaminados (GOYER e CLARKSON, 1996; ATSDR, 2005).

A maior preocupacdo em relacdo ao Ni esta relacionada a exposicdo no
ambiente ocupacional através do ar, uma vez que misturas de compostos de Ni
podem estar presentes no solo e fumos. Adicionalmente, o contato dérmico com o
metal representa preocupacao para a saude, ja que pode ocasionar alergias na pele.
Além disso, a exposi¢cdo ocupacional ao Ni estd relacionada a outros efeitos
adversos, como fibrose pulmonar e cancer pulmonar (WILHELM et al., 2013).

Adicionalmente, o Ni est4 entre os metais conhecidos como carcindgenos
humanos, uma vez que causam diversos tipos de cancer e dano celular mesmo
guando a exposicdo ocorre a baixos niveis. A sua carcinogenicidade é associada
com a sua habilidade em induzir estresse oxidativo, que parece ser um dos
principais mecanismos envolvidos no processo carcinogénico (PROTANO et al.,
2016). De acordo com Chandra et al. (2006), o Ni pode agravar a resposta
genotoxica pela geracdo de espécies reativas que danificam o DNA e por inibicdo
dos mecanismos de reparo do DNA.

4.3 Exposicdo a Nicotina e Efeitos Sobre a Saude Infantil
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A nicotina € um composto organico encontrado no tabaco, extremamente
toxico e carcinogénico, que se liga e ativa receptores nicotinicos de acetilcolina
levando a diversas respostas, como aumento da pressdo sanguinea e estimulacao
do sistema nervoso central (HOLBROOK, 2016).

Diversos estudos ao longo dos anos tém se preocupado em estudar os efeitos
adversos pré e pos-natal resultantes da exposicdo materna a nicotina através do ato
de fumar, principalmente porque a nicotina é rapidamente absorvida pela mae,
atravessando a placenta (HOFHUIS et al., 2003; HOLBROOK, 2016). Os efeitos
incluem complicagcbes na gestacdo e nascimentos prematuros, efeitos
reprodutivos/endocrinos, respiratérios, cardiovasculares e aumento de problemas
cognitivos e comportamentais (TIESLER e HEINRICH, 2014; HOOLBROOK, 2016).

Adicionalmente, agricultores que cultivam folhas de tabaco estéo
constantemente expostos a nicotina. Durante a colheita e separacao das folhas,
esses trabalhadores estdo expostos através de diferentes rotas de exposicao,
principalmente via inalacdo e absorcdo dérmica (DA SILVA et al.,, 2014). Muitos
agricultores relatam sofrer de sintomas resultantes da absor¢do dérmica de nicotina,
a chamada doenca do tabaco verde. Os sintomas incluem tonturas, dor de cabeca,
nauseas, vomitos, colicas e dores abdominais, dificuldades para respirar e,
ocasionalmente, flutuacdes na presséo arterial e frequéncia cardiaca (ARCURY et
al., 2003). Os filhos de agricultores cultivadores de tabaco também estdo expostos
aos riscos de efeitos adversos da nicotina, uma vez que brincam préximo a galpdes
onde as folhas sdo armazenadas apds a colheita, ou mesmo por ajudarem os pais
durante a etapa de separacédo das folhas.

A avaliacdo da exposicdo a nicotina pode ser feita através da quantificacdo do
biomarcador cotinina, um importante metabdlito da nicotina. A concentracdo de
cotinina na urina se correlaciona bem com a quantidade de nicotina absorvida
(BUDNIK e BAUER, 2009). Existem diferentes métodos para a dosagem desse
biomarcador, incluindo espectrofotometria, imunoensaios, cromatografia gasosa
(CG) e cromatografia liquida de alta eficiéncia (CLAE). Os métodos de CG e CLAE
sdo mais especificos e seus limites de deteccdo sdo menores, portanto, S840 mais

adequados para avaliar a exposi¢cdo ambiental a nicotina (CATTANEO et al., 2006).

51



5. Desreguladores Endocrinos (DES)

O sistema endocrino refere-se a uma seérie de glandulas endocrinas
localizadas em todo o corpo, que secretam hormoénios diretamente no sangue para
regular varias fungbes bioldgicas, incluindo o controle de aglUcar no sangue
(insulina), a funcao dos érgaos reprodutivos (testosterona e estradiol), o crescimento
do corpo e producéo de energia (hormonio do crescimento e hormoénios tireoidianos)
(OMS, 2012).

Nos ultimos anos, ha uma preocupacao crescente, bem como um aumento no
interesse cientifico, em relacdo a um grupo de substancias presentes no ambiente
gue podem interferir com o sistema enddécrino de animais e humanos e, com isso,
afetar o crescimento, reproducéo e a saude de uma forma geral. Por afetarem o
sistema enddcrino, essas substancias tém sido classificadas como “Desreguladores
Enddcrinos” (DEs), do inglés “Endocrine Disruptors” ou “Endocrine Modulators”,
englobando uma variedade de classes estruturais de compostos naturais e sintéticos
(HENLEY e KORACH, 2006; BILA e DEZOTTI, 2007; FONTENELLE et al., 2010;
HAMPL et al., 2016).

Segundo a EPA US, um DE é “um agente que interfere com a sintese,
secrecao, transporte, ligacdo ou eliminacdo de hormoénios naturais do organismo,
gue sao responsaveis pela manutencdo da homeostase, reproducao,
desenvolvimento e/ou comportamento”. Isto €, DEs ou uma mistura de DEs
interferem com a funcdo hormonal normal, e os efeitos sobre a saude podem se
manifestar muito tempo depois que a exposicdo cessou (KABIR et al., 2015;
MONNERET, 2017). Ainda, segundo o Programa Internacional em Saude Quimica
da Organizacdo Mundial da Saude, um DE é “uma substancia quimica exégena que
causa efeitos adversos a salde de um organismo intacto, seus descendentes e suas
subpopulagdes, devido a mudancgas na funcao enddocrina” (NOHYNEK et al., 2013).
Acredita-se que possa existir uma possivel relacdo entre a exposicdo a DEs e o
aumento na prevaléncia de certos tipos de doencas em populagBes em crescimento,
tais como diabetes, infertilidade, doencas da tireoide e alguns tipos de cancer
(COSTA et al., 2014).

Inicialmente, acreditava-se que os DEs exerciam suas ag¢fes apenas nos

receptores nucleares de horménios, incluindo receptores estrégenos (ERS),
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receptores andrégenos (ARs), receptores tireoidianos (TRs), entre outros. No
entanto, com o avanco da pesquisa basica, atualmente sabe-se que os mecanismos
vao além dos descobertos originalmente. Além de agirem via receptores nucleares,
os DEs podem afetar a fisiologia normal de diversas formas, através da interacéo
com receptores estrégenos nao-nucleares (ERs de membrana, por exemplo) e
receptores nao estrogénicos (receptores de neurotransmissores, como serotonina,
dopamina e norepinefrina); afetando vias enzimaticas envolvidas na biossintese e/ou
metabolismo; via estresse oxidativo e outros mecanismos diversos (DIAMANTI-
KANDARAKIS et al.,, 2009; MAQBOOL et al.,, 2016). Os DEs podem agir como
agonistas, ao se ligarem aos receptores de horménios naturais mimetizando a sua
acao ou como antagonistas, blogueando os receptores e impedindo a acdo dos
horménios naturais (MNIF et al., 2011). Por interferirem com o sistema enddcrino, 0s
DEs podem causar prejuizos reprodutivos, neuroldgicos, imunolégicos e no
desenvolvimento de humanos e animais (MONNERET, 2017).

O grupo de agentes quimicos classificados como DEs é bastante heterogéneo
e inclui diversos produtos quimicos sintéticos, tais como agrotéxicos de diversas
classes, como herbicidas, inseticidas, fungicidas e raticidas (atrazina, endosulfan,
lindane, DDT, etc); compostos farmacéuticos (etinilestradiol, dietilestilbestrol, etc);
compostos plasticos (bisfenois, ftalatos, etc); produtos quimicos sintéticos utilizados
como solventes industriais ou lubrificantes e seus subprodutos (bifenilas policloradas
(PCBs), bifenilos polibromados (PBBs) e dioxinas); metais (como As, Cd, Pb, Hg,
Mn); entre outros (WESIERKA-GADEK, 2006; SOLDIN e ASCHNER, 2007;
FONTENELLE et al., 2010; DIECKERSON et al., 2011; DE COSTER e VAN
LAREBEKE, 2012; MEEKER, 2012; FANIBAND et al., 2014; KABIR et al., 2015;
HAMPL et al., 2016; MONNERET, 2017).

5.1 Efeitos dos DEs Ambientais Sobre a Glandula Tireoide

Diversas glandulas enddcrinas sédo afetadas pelos DEs ambientais, dentre
elas, a glandula tireoide (DE COSTER e VAN LAREBEKE, 2012). A tireoide € uma
glandula em forma de borboleta situada na face anterior do pescoco, logo acima da
traqueia (BURTIS et al.,, 2008). Os processos fisiolégicos normais do organismo

humano, o controle do metabolismo e os estagios do desenvolvimento cerebral séo
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regulados pelos horménios tireoidianos (HT) (DIAMANTINI-KANDARAKIS et al.,
2009; DE COSTER e VAN LAREBEKE, 2012; CHRISTENSEN, 2013; MAQBOOL et
al., 2016).

A tireoide secreta dois hormonios, triiodotironina (3,5,3’-L-triiodotironina) e
tiroxina (3,4,3,5’-L-tetraiodotironina), comumente conhecidos como T3 e Ta,
respectivamente (BURTIS et al., 2008; CHRISTENSEN, 2013). As células foliculares
s&0 o Uunico tipo celular que existe na tireoide, e representam a unidade secretora da
glandula. Cada foliculo possui uma camada exterior de células epiteliais que engloba
um material amorfo chamado coloide, sendo que os HT, ap6s secretados, ficam
armazenados no lumen do coloide, de onde ocorre a liberacdo para a corrente
sanguinea. A producao dos HT inicia com a sintese de tireoglobulina (Tg). O iodo é
um componente indispensavel dos HT, correspondendo a 65% do T4 e 58% do Ts,
sendo que apo6s ingerido pela dieta, o elemento é absorvido no intestino delgado e
transportado no plasma até a tireoide, onde € concentrado, oxidado pela tireoide
peroxidase (TPO) e, finalmente, incorporado a Tg para formar os precursores dos
HT, monoiodotirosina (MIT) e diiodotirosina (DIT) e, posteriormente, 0 Tz e T4. Os HT
permanecem covalentemente ligados a Tg enquanto estdo estocados no limen do
coloide. Quando lancados para a circulacdo, sdo separados da Tg e liberados nas
formas livres de T3 e T4 para exercerem suas fungées (AHMED et al., 2008; BURTIS
et al., 2008; TDM, 2016).

O sistema nervoso central possui um papel chave na regulacdo do sistema
enddcrino. Do hipotalamo, o TRH (TSH releasing hormone) é liberado e possui a
propriedade de estimular ou inibir a glandula hipofise a produzir o horménio
estimulante da tireoide (TSH). Cada etapa na sintese dos HT é controlada pelo TSH.
A funcao tireoidiana, portanto, estd sob o controle hipotalamico/hipofisario-tireoide,
no modelo classico de feedback negativo. Uma vez liberado do hipotdlamo, o TRH
estimula a hipofise a produzir o TSH, que se liga aos receptores na tireoide para
estimular a producdo de T3z e Ta. O TRH é liberado de maneira pulsétil, e a
sensibilidade das células tireotroficas em responder ao TRH depende do nivel de T4
circulante. Isso, porque o hormonio T4 € o principal produto de liberacdo da glandula
tireoide, sendo que a maioria do T3 circulante (80%) € formado pela deiodinagéo
periférica do T4, ou seja, o Ts € considerado a forma ativa dos HT. Muitas das

funcdes conhecidas dos HT s&o mediadas pela interagéo entre o Tz e 0S receptores
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de T3 (TRs) (MURK et al.,, 2013; SANTOS-SILVA et al., 2017). Os niveis dos HT
circulantes sdo mantidos pela regulacdo através do mecanismo de feedback
negativo pois, quando os niveis de T3z e T4 s&o altos, ocorre diminuigéo da produgao
de TSH pela hipofise. Contrariamente, baixos niveis de Ts e/ou T4 na circulacéo
estimulam a producdo de TSH na hipdfise, pela ativagdo do TRH no hipotadlamo e,
assim, o organismo mantém a sua homeostase (AHMED et al., 2008; GILBERT et
al., 2012; GUTLEB et al., 2016) (Figura 4).

Hormonios tireoidianos

Produgao de
,‘ T,e T,
>

TIREOIDE

TSH (Horménio estimulante da s

Tireoide) TRAQUEIA

Figura 4. Controle da produgédo de hormoénios tireoidianos (Ts e T4) no eixo hipotadlamo-pituiraria-
tireoide (HPT) baseado em feedback negativo: o TSH produzido na hipéfise estimula a producéo de
T3 e T4 na tireoide, sendo que altos niveis de Tz e/ou T4 circulantes suprimem a produg¢éo de TSH
pela hipdfise.

Mesmo pequenas perturbacdes nos niveis de HT circulantes ja resultam em
uma resposta compensatoria da glandula pituitaria, através da liberacdo de TSH,
com o objetivo de manter os HT no estado normal. Dessa forma, o sinal precoce de
um hipo ou hipertireoidismo consiste na alteracdo dos niveis de TSH circulantes,
estando normalmente fora dos valores de referéncia enquanto os niveis de HT ainda
se encontram normais. Portanto, na pratica clinica, a dosagem sérica do TSH é o
marcador utilizado para avaliar uma possivel disfuncdo na tireoide (JAIN e CHOI,
2015).
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A exposicdo a DEs ambientais pode interferir com a fungdo normal da
glandula tireoide resultando em prejuizos a homeostase. Isto, porque os DEs podem
interagir com diversos componentes do eixo HPT e no funcionamento dos tecidos
periféricos, interferindo: na sintese, armazenamento e liberacdo dos HT pela
glandula tireoide; nos mecanismos de feedback dentro do eixo HPT; na ligacdo a
proteinas e distribuicdo dos HT; na captacdo celular dos HT, metabolismo
intracelular e clearance dos HT; entre outros (Figura 5) (DIAMANTINI-KANDARAKIS
et al., 2009; CHRISTENSEN, 2013; MURK et al., 2013; GUTLEB et al., 2016).
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Figura 5. Diferentes sitios pelos quais os DEs podem agir sobre os horménios tireoidianos. HT:
horménios tireoidianos; TR: receptores de horménios tireoidianos; Ts-G: Ts-glicuronideo; Ts3-G: Tz-
glicuronideo; UDP-GT: difosfato de uridina glucuronosiltransferase (Adaptado de GUTLEB et al.,
2016).

As criancas sao especialmente suscetiveis aos efeitos dos DEs sobre a
funcdo tireoidiana, pois os HT sao essenciais para muitos aspectos do
desenvolvimento durante a gestacdo e a infancia. O crescimento, ganho de peso,
maturacdo 6ssea e processos de neurodesenvolvimento, como a mielinizacdo, sao
dependentes dos HT e, ainda ndo estdo completos até a adolescéncia (FREIRE et
al., 2012; GUTLEB et al., 2016).

Em humanos, a glandula tireoide ainda ndo esta formada até o segundo
trimestre de gestacdo. Por isso, durante o primeiro trimestre de gestacdo o feto &
totalmente dependente dos HT maternos, transportados da gestante para o feto
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através da placenta, tendo como principal funcdo a regulagdo do desenvolvimento
cerebral fetal. Portanto, quando ha deficiéncia na oferta de HT durante o periodo
fetal e neonatal, ou seja, durante as fases criticas de desenvolvimento cerebral,
podem ocorrer alteracbes em diferentes regides cerebrais com consequéncias
permanentes no desenvolvimento da crianca (AHMED et al., 2008; GILBERT et al.,
2012; CORDIER et al., 2015; GUTLEB et al., 2016; SANTOS-SILVA et al., 2017).

Diversos inseticidas, herbicidas e fungicidas tém sido reportados como DEs,
incluindo mancozebe, acefato, aldicarb, atrazina, DTT, clorpirifés, malation, entre
outros, mais especificamente como desreguladores da funcao tireoidiana. Os
mecanismos pelos quais esses xenobidticos agem sao diversos e incluem: inibicdo
da captacdo de iodo pela tireoide, interferéncia nos receptores TRs, ligacdo a
proteinas de transporte, aumento do clearance dos HT, interferéncia na captacao
celular e na expressédo génica de HT (KITAMURA et al., 2006; MNIF et al., 2011).
Em um estudo com criangas residentes na Cidade dos Meninos, no Rio de Janeiro,
em uma area altamente contaminada por agrotoxicos desde a década de 1960, foi
demonstrada uma associacao entre o aumento nos niveis séricos de T3 e exposicao
a agrotéxicos organoclorados, avaliada através de metabdlitos urinarios (FREIRE et
al., 2012). Adicionalmente, Fortenberry et al. (2012) relataram associacdo negativa
entre os niveis urinarios de 3,5,6-tricloro-2-piridinol (TCPY), um metabdlito dos
organofosforados clorpirifos e metil-clorpirifés, e niveis séricos de TSH em
adolescentes e adultos. Em relacdo ao mancozebe, reduzidos niveis de T4 foram
associados a exposicao ao fungicida em ratas, demonstrando ser um potente
desregulador da funcdo tireoidiana resultando em efeitos adversos para o
desenvolvimento cerebral (AXELSTAD et al., 2011).

Adicionalmente, evidéncias emergentes sugerem que 0s metais, incluindo Cd,
As, Hg, Pb, entre outros, podem agir como DEs, podendo afetar os niveis de
diversos horménios, incluindo o TSH (SCHUG et al.,, 2015). O Cd é um metal
conhecidamente “desregulador da tireoide”, uma vez que diminui a atividade da
enzima 5’-monodeiodinase (5'D-1), responsavel pela conversdo extra tireoidiana do
T4 na sua forma ativa, o horménio Ts. Um dos mecanismos que levam o Cd a inibir a
5'D-1 esta relacionado a geracéo de radicais livres induzida pelo metal que, por sua
vez, causam peroxidacdo lipidica que afeta a membrana celular e os sitios de

ligacdo da enzima (ROSATI et al., 2015). Rosati et al. (2015) sugerem que a

57



exposicdo atmosférica ao Cd em trabalhadores com atividades ao ar livre altera a
fungéo tireoidiana, levando a uma redugcdo nos hormoénios T3z e Ta livres e,
consequentemente, a um aumento compensatorio nos niveis de TSH circulantes.

De acordo com Soldin e Aschner (2007), o Mn pode afetar a homeostase dos
HT e o processo de neurodesenvolvimento como um resultado de uma desregulacéo
direta a nivel da glandula tireoide e HT, ou indiretamente pela alteracdo no controle
dopaminérgico da tireoide e o HT. A dopamina € um conhecido modulador do TSH
e, adicionalmente, um dos mecanismos de neurotoxicidade do Mn esta relacionado
a danos nos neur6nios dopaminérgicos. Portanto, o Mn pode induzir perturbactes
nos niveis de HT como um mecanismo secundario ao dano neuronal dopaminérgico,
podendo resultar em déficits de neurodesenvolvimento.

O As é outro metal cujos efeitos sobre a glandula tireoide tém sido relatados,
embora o exato mecanismo de interagdo entre o metal e a glandula ainda nédo seja
bem estabelecido (ABDUL et al., 2015). A exposi¢cdo ambiental proveniente da dieta
tem sido associada ao risco aumentado de desenvolvimento de uma variedade de
doencas. Uma vez que os horménios e seus receptores, incluindo os HT, possuem
importancia na fisiologia normal e na patofisiologia dessas doencas, acredita-se que
a desregulacdo enddécrina provocada pelo As pode ter papel chave no
desencadeamento de tais patologias (DAVEY et al., 2008). Em um estudo in vitro
utilizando células, foi sugerido que a exposi¢ao crénica a baixos niveis de As altera a
homeostase do Ts, uma vez que o metal afeta a expressao génica do receptor (TR)
responsavel pela ligacdo do hormdnio (DAVEY et al.,, 2008). Recentemente, a
exposicdo a baixos niveis de As através da agua (0,002 a 0,022 mg/L) foi associada
com hipotireoidismo entre uma populacdo residente em uma area rural do Texas,
nos Estados Unidos (GONG et al., 2015).

6. Co-exposicdes a Xenobidticos Ambientais

O conhecimento atual sobre os riscos para a salude humana associados a
exposi¢cdes ambientais e ocupacionais a xenobidticos é derivado, na grande maioria,
de estudos experimentais dessas substancias isoladas, ou seja, como agentes
individuais. Certamente, esses estudos possuem grande importancia pois geram

informacdes para o entendimento dos efeitos adversos associados a exposi¢cdo a um
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agente, possibilitam o conhecimento dos niveis de exposicdo em que os efeitos séo
observados, bem como dos mecanismos pelos quais exercem tais efeitos (CORY-
SLECHTA, 2005). No entanto, muitas vezes devido a simplicidade, os estudos
continuam focados na investigacdo dos efeitos da exposicdo a um Unico agente,
apesar do conhecimento atual de que no “mundo real” ocorrem exposigdes
simultaneas a multiplos xenobioticos (BELLINGER et al., 2008). No ambiente em
geral, sdo observadas exposicbes a misturas de agentes quimicos, isto é, a
exposicao raramente ocorre a um composto isolado (CORY-SLECHTA, 2005).
Embora os efeitos da exposi¢ao a misturas foram primariamente relatados em
estudos in vitro (TIFFANY-CASTIGLIONI et al., 2006) e em estudos com animais
(CORY-SLECHTA, 2005), atualmente existe uma maior preocupacdo em entender
os efeitos da exposicdo a misturas de agentes quimicos sobre a saude humana,
especialmente no sentido de protecdo da saude publica. Isso porque ha um maior
reconhecimento de que o0s seres humanos estdo rotineiramente expostos
simultaneamente a multiplos xenobibticos e, ainda, ha evidéncias de que a
toxicidade de agentes quimicos individuais depende da sua interacdo com outros
xenobidticos (HENN et al., 2014). Em se tratando de criancas, especialmente, ha um
aumento da consciéncia cientifica em relacdo aos impactos aditivos ou sinérgicos
gque essas podem sofrer a partir de co-exposi¢coes (HENDRYX e LUO, 2018).
Quando se trata de co-exposi¢cdes, 0s metais representam 0s xenobidticos de
preocupacdo particular em relacdo a saude infantil, uma vez que diversos deles
estdo presentes simultaneamente no ambiente (HENN et al., 2014). Também,
porque O sistema nervoso central € um dos principais 6rgaos alvos para muitos
metais encontrados no ambiente (SANDERS et al., 2015). Embora se saiba que
esses metais, tais como Pb, Cd, As, Mn e Hg, individualmente, contribuem para
déficits cognitivo e comportamental em criancas, pouco se sabe sobre os efeitos
combinados da exposicdo a mdultiplos metais sobre a capacidade cognitiva e
comportamento em criangas (KORDAS et al., 2015). Apesar das informagdes serem
limitadas, ha evidéncias de que esses xenobidticos podem interagir causando efeitos
adversos sinérgicos ou antagbnicos para a saude, especialmente sobre o
neurodesenvolvimento (HENN et al.,, 2014; SANDERS et al., 2015). Estudos
investigando os efeitos da exposicdo a pelo menos dois metais simultaneamente

sobre a cognicdo sugerem que essas combinagfes podem afetar diferentes
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aspectos da capacidade cognitiva infantil (THATCHER et al., 1982), ou resultar em
toxicidade aumentada (WRIGHT et al., 2006). Em uma revisdo, Heen et al. (2014)
concluiram que ha evidéncias sugestivas de que a toxicidade do Pb aumenta
guando criancas Sao co-expostas a outros metais, tais como Mn, As, Cd e Hg.
Resultados similares foram relatados por Kim et al. (2009), que sugeriram efeitos
adversos da interacao aditiva do Pb e Mn sobre a inteligéncia em criancas em idade
escolar. Adicionalmente, nosso grupo de pesquisa avaliou os niveis de multiplos
metais em sangue e cabelo de criancgas, e encontrou associacdes significativas entre
altos niveis de Mn e Fe no cabelo de criancas e déficit cognitivo (NASCIMENTO et
al., 2015).

Os agrotéxicos representam outro grupo de xenobidticos de importancia
toxicolégica para a saude humana quando se trata de exposicdo a multiplos
agentes, especialmente porque frequentemente séao utilizadas misturas de diversas
classes de agrotéxicos nas culturas agricolas (HERNANDEZ et al., 2013). Devido ao
grande numero de agrotéxicos utilizados simultaneamente, os seres humanos estéao
expostos a mais de um agrotoxico ao mesmo tempo, portanto, o risco cumulativo
das misturas de agrotoxicos deve ser considerado. A mistura de agrotéxicos pode
levar a efeitos aditivos, sinérgicos ou antagbnicos (MWILA et al., 2013). Estudos in
vitro utilizando células animais sugerem que a exposicdo combinada a agrotéxicos
OFs e carbamatos produz um efeito aditivo de inibicdo da enzima AChE (TAHARA et
al., 2005; MWILA et al., 2013). Além disso, efeitos adversos sobre a cogni¢cdo em
criancas foram associados a exposi¢cao multipla a agrotdéxicos OFs e carbamatos em
um estudo recente, sugerindo um efeito neurotoxico aditivo desses xenobidticos
(ROWE et al., 2016).

Adicionalmente, em um estudo in vitro de Ghisari et al. (2015), foi investigado
o potencial efeito de desregulacdo enddcrina sobre a tireoide de uma mistura de
agrotoxicos, incluindo classes como organofosforados, ditiocarbamatos, piretroides e
reguladores de crescimento. Os resultados mostraram um efeito combinado da

mistura, indicando efeitos adversos aditivos sobre a funcéo tireoidiana.

7. Estresse Oxidativo
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O aumento na producdo de espécies reativas oxidantes e/ou diminuicdo das
defesas antioxidantes leva a um desequilibrio que caracteriza o estresse oxidativo
(SIES, 1997; MOSTAFALOU e ABDOLLAHI, 2013). A oxidacéo € parte fundamental
da vida aerébia e do metabolismo humano, portanto, os radicais livres sao
produzidos naturalmente ou por alguma disfuncéo bioldgica. Esses radicais contém
um elétron desemparelhado centrado nos atomos de oxigénio (espécies reativas de
oxigénio — EROs) ou nitrogénio (espécies reativas de nitrogénio — ERNSs). No
organismo, as espécies reativas sao produzidas em um processo continuo e
fisiolégico, cumprindo funcdes bioldgicas relevantes uma vez que estdo envolvidas
na producdo de energia, fagocitose, regulacdo do crescimento celular, sinalizacéo
intracelular e sintese de substancias biologicas importantes. No entanto, o excesso
na producdo dessas espécies, causado por diversos fatores como exposicdo a
xenobidticos, conduz a oxidacdo de biomoléculas com consequente perda de suas
funcBes biolégicas e/ou desequilibrio homeostatico, cuja manifestacdo € o dano
oxidativo potencial contra células e tecidos (BARREIROS e DAVID, 2006; BARBOSA
et al., 2010).

O excesso de radicais livres é combatido por antioxidantes produzidos no
préprio organismo ou adquiridos através da dieta. Os antioxidantes consistem em
qualquer substancia que, quando presente em baixa concentracdo comparada a do
substrato oxidavel, atrasa ou inibe significativamente a oxidacdo deste substrato de
maneira eficaz (BARREIROS e DAVID, 2006; COTINGUIBA et al., 2013). O sistema
antioxidante é composto por antioxidantes produzidos pelo organismo, incluindo as
enzimas superoxido dismutase (SOD), catalase (CAT), glutationa peroxidase (GPx),
glutationa S-transferase (GST) e glutationa redutase (GR). Além disso, 0 organismo
dispde de outro importante antioxidante endégeno n&o-enzimatico, a glutationa
(GSH), um tripeptideo que desempenha funcao fundamental na protecéo das células
contra danos oxidativos causados por radicais oxidantes, agindo como
sequestradora de radicais na homeostase tiolica, na manutencdo do balango redox
da célula e na defesa contra agentes eletrofilicos, como o0s xenobibticos
(COTINGUIBA et al., 2013). O sistema de defesa antioxidante ndo-enzimatico inclui
também os compostos antioxidantes de origem dietética, tais como acido ascorbico
(vitamina C), vitamina E (a-tocoferol) e vitamina A (retinol), licopeno e B-caroteno
(BARBOSA et al., 2010).
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O estresse oxidativo, gerado a partir da indugdo na producdo de espécies
reativas, € um mecanismo de toxicidade comum a diversos xenobidticos ambientais,
tais como agrotoxicos (MOSTAFALOU e ABDOLLAHI, 2013), metais (WANG et al.,
2016), nicotina (DA SILVA et al., 2014) e solventes (MORO et al., 2010). Durante o
processo de instalagcdo do estresse oxidativo, sdo gerados diversos marcadores
biolégicos que permitem identificar e quantificar os danos sofridos no organismo
(MORI et al., 2015). Esses marcadores sao derivados, sobretudo, da oxidacao de
lipidios, proteinas e DNA. Adicionalmente, a avaliacdo do estresse oxidativo pode
ser realizada indiretamente, através da medida da capacidade antioxidante
(BARBOSA et al., 2010).

7.1 Biomarcadores de Estresse Oxidativo

Os biomarcadores de estresse oxidativo devem, idealmente, refletir os danos
causados pelas espécies reativas sobre o sistema biolégico e a eficiéncia da defesa
antioxidante de contrapartida (VASCONCELOS et al., 2007).

A membrana é um dos componentes celulares mais atingidos frente a acéo
das espécies reativas em decorréncia da peroxidacao lipidica, que acarreta
alteracdes nas propriedades da membrana celular tais como na sua fluidez e
permeabilidade, bem como na sua atividade de ligacdo a proteinas, com efeitos
negativos para as funcdes celulares (ANTUNES et al., 2008; ROSSNER JR. et al.,
2009). O malondialdeido (MDA) é um dos produtos secundarios da peroxidacao
lipidica e, portanto, é utilizado como um indicador de injaria a membrana celular
sendo a sua quantificacdo nos sistemas biolégicos um parametro importante para a
avaliacdo do dano oxidativo celular (GROTTO et al., 2007; ANTUNES et al., 2008).
Isso, porque o MDA possui acao citotoxica e genotdxica, encontrando-se em niveis
aumentados em algumas patologias associadas ao estresse oxidativo (ANTUNES et
al., 2008). Existem diferentes métodos disponiveis para a quantificacdo do MDA em
fluidos biologicos. No entanto, a quantificagdo por cromatografia liquida de alta
eficiéncia (CLAE) possibilita determinacbes mais especificas e sensiveis. Um
meétodo analitico para a quantificacéo dos niveis plasmaticos de MDA por CLAE com
detector visivel foi desenvolvido em nosso grupo de pesquisa, onde o plasma é

submetido a uma etapa de hidrolise alcalina, desproteinizagdo &cida, derivatizagédo
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com acido tiobarbitarico (TBA) e extracdo com n-butanol. Posteriormente, o MDA é
quantificado a 532 nm por CLAE-VIS (GROTTO et al., 2007).

Durante o estresse oxidativo, as proteinas também sdo alvo das espécies
reativas. O primeiro evento € a formacdo de um radical centrado no carbono, por
extragdo do hidrogénio do carbono a, em uma ligagdo peptidica, ocorrendo
fragmentacao das cadeias e oxidacdo de quase todos os tipos de amino&cidos, com
producdo frequente de compostos carbonilados. Portanto, essa modificacdo, ou
seja, o conteudo de proteinas carboniladas (PCO), € medida como um produto da
oxidacao de proteinas (VASCONCELOS et al., 2007; ROSSNER JR. et al., 2009). A
oxidacdo de proteinas causa um aumento na instabilidade termodinamica e induz
mudancas na estrutura terciaria, o que afeta uma variedade de funcdes celulares
incluindo os sistemas enzimaticos e o funcionamento de receptores (BAIERLE et al.,
2015).

Adicionalmente, a atividade da enzima ALAD tem sido utilizada como um
marcador de estresse oxidativo. A ALAD € uma metaloenzima que requer grupos
tidlicos (—SH) reduzidos para a sua atividade, sendo esses altamente sensiveis a
oxidagdo por agentes pro-oxidantes, o que leva a reduzida atividade enzimatica
(VALENTINI et al., 2007; BAIERLE et al., 2014). Além disso, a inibicdo da ALAD leva
ao acumulo do substrato acido d-aminolevulinato (ALA), exacerbando a producéo de
espécies reativas, uma vez que o ALA é um composto pré-oxidante. Portanto, o
estresse oxidativo pode aumentar indiretamente devido ao aumento dos niveis do
substrato (ROCHA et al., 2012; BAIERLE et al., 2014). Sabe-se que o ALA pode
atravessar a barreira hematoencefélica, e acredita-se que o acumulo do substrato
gerado pela inibicdo enzimatica da ALAD pode estar associado a efeitos
neurocomportamentais (BAIERLE et al., 2014). De fato, a atividade enzimatica da
ALAD foi positivamente associada a algumas fungBes neuropsicologicas em
criangas, incluindo memoria de trabalho, capacidade fonologica e linguagem, em um
estudo recente do nosso grupo de pesquisa (NASCIMENTO et al., 2016). A memoria
de trabalho foi também correlacionada positivamente com a atividade da enzima
ALAD em idosos, em outro estudo prévio do nosso grupo de pesquisa (BAIERLE et
al., 2014).

A exposicao continua a espécies reativas geradas pelo estresse oxidativo,

oriundo de varias fontes, leva o organismo a desenvolver mecanismos de defesa,
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dentre eles, o sistema de defesa antioxidante (KOHEN e NYSKA, 2002). Esse
sistema pode ser enddgeno (GSH, SOD, CAT, GPx) ou exdgeno, que inclui as
vitaminas C (&cido ascérbico), E (a-tocoferol) e A (retinol), bem como os
carotenoides como licopeno e B-caroteno (BARBOSA et al., 2010; ROEHRS et al.,
2011).

A glutationa (GSH), existente no organismo em suas formas reduzida (GSH) e
oxidada (GSSG), esta presente na maioria das células e é o tiol (-SH) nédo proteico
mais abundante do meio intracelular. A GSH pode ser considerada um dos mais
importantes antioxidantes da célula sendo, portanto, fundamental a sua
quantificacdo. Apds a exposicdo ao agente oxidante, a GSH se oxida a sua forma
GSSG atuando como um co-substrato para a enzima glutationa peroxidase (GSH-
Px), que age combatendo os niveis de peroxido de hidrogénio (H202) e
hidroperoéxidos lipidicos, oriundos do ataque de espécies radicalares. A recuperagao
da GSH, por sua vez, é feita pela enzima glutationa redutase (GR), uma etapa
essencial para manutencdo da integridade do sistema de protecdo celular. Essa
conversao ocorre as custas da nicotinamida-adenina-dinucleotideo-fosfato redutase
(NADPH), proveniente da via das pentoses. Outros sistemas enziméticos de defesa
antioxidante operando em conjunto com as enzimas ja citadas incluem a SOD, que
catalisa a dismutacdo do radical superéxido em H202 e Oz, bem como a CAT, que
catalisa a redugdo do H202 a H20 e O: (Figura 6). (FERREIRA e MATSUBARA,
1997; ROVER JUNIOR et al., 2001; COTINGUIBA et al., 2013). Portanto, uma vez
gue as enzimas antioxidantes possuem uma funcdo importante contra o dano
mediado pelo estresse oxidativo, a determinacao das suas atividades € uma forma
de avaliacdo da capacidade antioxidante endégena (BRUCKER et al., 2013).
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Radicais superdxido |

Superoéxido dismutase

L-Glutationa reduzida (SOD)
(GSH)
NADP Glutationa Glutationa
redutase peroxidase Catalase
(GR) (GSH-Px) (CAT)
NADH + H* H202+ 02

L-Glutationa oxidada
(GSSG)

Figura 6. Esquema representativo do sistema de defesa antioxidante endogeno (Adaptado de
ROVER JUNIOR et al., 2001).

Além da protecdo fornecida pelos antioxidantes enddgenos, o organismo
também dispde dos antioxidantes exdgenos provenientes da dieta para combater as
espécies reativas. Entre esses compostos, estdo o p-caroteno, a-tocoferol (vitamina
E), retinol (vitamina A) e acido ascorbico (vitamina C) (BARREIROS e DAVID, 2006;
CHARAO et al., 2012).

A vitamina C é um dos nutrientes hidrossolUveis mais importantes da dieta
humana, atuando como um importante agente redutor convertendo a maioria das
EROs ou ERNs que séo formadas no organismo em espécies inofensivas. Portanto,
por agir como um antioxidante in vivo, a ingestao diaria de acido ascoérbico fornece
protecdo contra o desenvolvimento de doencas cronicas, e a quantificacdo dos
niveis circulantes de vitamina C é considerada um biomarcador de estresse oxidativo
em humanos (BARREIROS e DAVID, 2006; BAIERLE et al., 2012). Um método
analitico para a quantificacdo sérica dos niveis de vitamina C circulantes por CLAE
com deteccao ultravioleta e, usando o tris [2-carboxietil] hidrocloridrato de fosfina
(TCEP) como agente redutor para evitar a oxidagdo da vitamina C ex vivo em
amostras de sangue, foi desenvolvido em nosso grupo de pesquisa (BAIERLE et al.,
2012).

A vitamina E é constituida principalmente por quatro tocoferdis, sendo o a-
tocoferol o mais ativo. O tocoferol é um antioxidante lipossoluvel que atua inibindo a

propagacéo da peroxidacgao lipidica in vivo dos acidos graxos poli-insaturados das
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membranas e lipoproteinas. Adicionalmente, outros compostos que possuem
importantes propriedades antioxidantes sdo os carotenoides, tais como o retinol
(vitamina A) e o B-caroteno, que representa a principal fonte de vitamina A. Os
carotenoides sdo pigmentos intensamente coloridos, lipossoluveis, sintetizados por
plantas e microrganismos, presentes em muitos alimentos incluindo frutas, vegetais
e peixes. A capacidade antioxidante desses compostos est4 associada com a sua
habilidade de capturar radicais e outras espécies, como oxigénio singlete, em baixas
concentracfes e em baixa pressao parcial de oxigénio, tais como aquelas da maioria
dos tecidos sob condicbes fisiolégicas (BARREIROS e DAVID, 2006;
VASCONCELOS et al., 2007). Um método analitico para a determinacédo simultanea
no plasma de retinol, a-tocoferol, B-caroteno e licopeno foi validado em nosso grupo
de pesquisa, utilizando CLAE com deteccéo visivel/fluorescéncia (CHARAO et al.,
2012).
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OBJETIVOS

1. Objetivo Geral

Estudar a potencial associacdo entre a exposi¢cdo ambiental a xenobidticos
provenientes de atividades agricolas no meio rural, tais como agrotoxicos, metais e
nicotina, e danos a saude de criancas, que residem em uma regido agricola no
centro do Estado do RS.

2. Objetivos Especificos

« Avaliar as concentracdes de metais em amostras biolégicas (sangue e
cabelo);

¢+ Avaliar biomarcadores de exposicdo a inseticidas inibidores da colinesterase;
++ Avaliar biomarcador de exposicéo a nicotina;

¢ Avaliar possiveis alteracbes de funcao tecidual, através de marcadores
periféricos de rotina;

+ Avaliar a possivel desregulacédo enddécrina de xenobidticos ambientais sobre a
glandula tireoide;

+¢+ Avaliar os niveis do horménio prolactina;

+ Avaliar biomarcadores de estresse oxidativo;

++ Avaliar biomarcadores de dano renal precoce;

% Realizar avaliacao clinica;

« Estudar as possiveis associacdes entre biomarcadores de exposicdo aos

agentes quimicos e alteracdes fisiopatologicas.
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Abstract Children may be environmentally exposed to sev-
eral hazards. In order to evaluate the health of children living
in a tobacco-producing region, different biomarkers of expo-
sure and effect, as well as hematological parameters, were
evaluated. Biomarkers of exposure to the following xenobi-
otics were assessed: pesticides, nicotine, toxic elements, and
organic solvents. Oxidative damage markers
malondialdehyde (MDA) and protein carbonyls (PCO), vita-
min C, microalbuminuria (mALB) levels, and N-acetyl-f3-D-
glucosaminidase (NAG) activity were also evaluated.
Peripheral blood samples and urine were collected from 40
children (6-12 years), at two different crop periods: in the
beginning of pesticide applications (period 1) and in the leaf
harvest (period 2). The Wilcoxon signed-rank test for paired
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data was used to evaluate the differences between both pe-
riods. Biomarkers of exposure cotinine in urine and blood
chromium (Cr) levels were increased in period 1 when com-
pared to period 2. Moreover, a significant reduced plasmatic
activity of butyrylcholinesterase (BuChE) was observed in
period 2 in relation to period 1. Blood Cr levels were above
the recommended by WHO in both evaluations. The bio-
markers MDA and PCO as well as the kidney dysfunction
biomarker, mALB, presented levels significantly increased
in period 1. Additionally, decreased lymphocytes and in-
creased basophils were also observed. Cotinine was positively
associated with PCO, and Cr was positively associated with
PCO and MDA. The increased Cr levels were associated with
decreased lymphocytes and increased basophils. Our findings
demonstrate that children environmentally exposed to xenobi-
otics in rural area may present early kidney dysfunction, he-
matological alterations, as well as lipid and protein damages,
associated with co-exposure to different xenobiotics involved
in tobacco cultivation.

Keywords Tobacco - Chromium - Children - Hematological
alterations - Microalbuminuria - Oxidative damage -
Environmental health

Introduction

Children living in rural settings may encounter environmental
hazards derived from agricultural production activities includ-
ing metals, solvents, and pesticides (Perry 2003; Karr 2012;
Miller et al. 2016). The use of chemical substances in agricul-
ture has increased significantly, and Brazil is considered the
largest consumer of pesticides worldwide (Benedetti et al.
2013; Pan American Health Organization 2012).
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Consequently, the concern regarding the risks to human health
generated by exposure to pesticides has increased (Da Silva
et al. 2008; Kunst et al. 2014).

Tobacco is among the crops that use pesticides in a large
scale. Brazil is currently the world’s second largest tobacco
producer (Fiori et al. 2015). The state of Rio Grande do Sul,
located in the southern region of the country, is the major
Brazilian producer (Santos et al. 2015), and this activity is
undertaken by more than 220,000 families (Fiori et al.
2015). Therefore, in the tobacco-producing region, it is not
only the agricultural workers who are exposed but also all
their families, including children living in agricultural com-
munities (Kunst et al. 2014).

To recognize whether a subject is suffering from integrated
exposure to a hazardous substance, or even accidental intox-
ication, and to precociously prevent damage caused by expo-
sure to toxic substances, standardized analytical procedures
for the diagnostic investigation of biological materials have
become established and these are subsumed under the term
“biomonitoring” (Budnik and Baur 2009). Biomonitoring is
the preferred approach to assess human exposure to environ-
mental pollutants through several biological media, such as
blood and urine. These biological parameters are called bio-
markers (Kunst et al. 2014; Gonzélez-Alzaga et al. 2015).
Biomarkers are generally used in health surveillance to mon-
itor chemical exposure (Kim et al. 2010). The most widely
used biomarkers include determination of the presence of xe-
nobiotic metabolites, measurements of the activity of specific
enzymes, and measurements of damage to the genetic material
or macromolecules (Kapka-Skrzypczak et al. 2015). In this
context, human biomonitoring studies are needed to evaluate
the exposure to multiple environmental chemicals in people
living in many regions located near to urban industrial areas,
mining, and agricultural areas (Ochoa-Martinez et al. 2016).

Organophosphorous compounds (OPs) and carbamates are
among the most common insecticides used in agricultural ac-
tivities. These pesticides are cholinesterase inhibitors, includ-
ing human acetylcholinesterase (AChE, specific or true cho-
linesterase) and butyrylcholinesterase (BuChE, non-specific
or pseudocholinesterase). AChE enzyme is found in the hu-
man red blood cells (RBCs), in the nervous central system and
skeletal muscles, while BuChE is found in liver, smooth mus-
cle, adipocytes, serum, and plasma (Kutty 1980; Kapka-
Skrzypczak et al. 2011). Changes in the activity of these en-
zymes due to exposure to pesticides may be used as a valid
biomarker of exposure (Kapka-Skrzypczak et al. 2011, 2015).

In addition to the health risks due to the exposure to a large
amount of pesticides, populations living in tobacco-producing
regions are in contact with high amounts of other xenobiotics,
such as nicotine that is absorbed through the skin from the
tobacco leaf (Kunst et al. 2014; Gonzalez-Alzaga et al.
2015). Cotinine, a nicotine metabolite, is widely used as a
biomarker of exposure to tobacco. Its concentration in urine
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correlates well with the quantity of nicotine absorbed (Budnik
and Baur 2009; Machado et al. 2014). Other relevant xenobi-
otics ubiquitous in the environment are the solvents. The most
common solvents and solvent mixtures are found in the rural
environment by several sources as pesticides, fuels, and ciga-
rette smoke (Perry 2003; Falck et al. 2015). Exposure to these
xenobiotics can occur via transdermal absorption, ingestion,
or inhalation (Falck et al. 2015). Quantification of the metab-
olites of solvents in urine has been used as biomarker of ex-
posure to these xenobiotics (Moro et al. 2010).

Moreover, metals could be present at highly varying con-
centrations in the environment from sources as manufacturing
products. Some pesticides, such as fertilizers, may contain
trace element contaminants including arsenic (As), lead (Pb),
cadmium (Cd), chromium (Cr), and nickel (Ni) (Gorman et al.
2011; Jiao et al. 2012). According to Zoffoli et al. (2013),
fertilizers account for the highest toxic element loads to tobac-
co fields due to the amount used, as well as the highest levels
of these elements in these products. Although several adverse
health effects of toxic elements have been known for a long
time, such as nephrotoxicity and genotoxicity, exposure to
these xenobiotics might be significant, in particular in less
developed countries, where the general population is exposed
to them via air, soil, food, and water (Jarup 2003; Berglund
etal. 2011).

Several studies have suggested that oxidative stress (OS)
may be involved in the toxicity of pesticides and nicotine (Da
Silva et al. 2008; Muniz et al. 2008; Prakasam et al. 2001;
Wafa et al. 2013). Moreover, the unifying factor in determin-
ing toxicity and carcinogenicity of toxic elements, such as As,
Cd, Cr, Ni, and Pb, is the generation of free radicals and OS
(Wang et al. 2015). Oxidative stress is an imbalance between
the levels of reactive oxygen species (ROS) and antioxidant
mechanisms of the organism (Muniz et al. 2008; Rossner et al.
2009). ROS production may arise from exogenous sources
(e.g., diet and environmental factors) as well as from endoge-
nous sources (e.g., metabolic processes) (Rossner et al. 2009).
Increased ROS production and/or decreased capacity of anti-
oxidant defense can disrupt oxidative balance and result in
damaging to all components of cells including lipids, proteins,
and DNA (Muniz et al. 2008; Mostafalou and Abdollahi
2013). Oxidative stress causes peroxidation of lipids, which,
in turn, changes the properties of cellular membranes, such as
their fluidity and activity of membrane-bound proteins, with
negative effects on cellular functions (Rossner et al. 2009).
Malondialdehyde (MDA) is one of the better-known second-
ary products of lipid peroxidation, and it can be used in bio-
materials as an indicator of cell membrane injury (Grotto et al.
2007). Protein carbonyls (PCO) are a major product of protein
oxidation. Oxidation of proteins causes their inactivation, fail-
ure to fold correctly, or proteolysis (Rossner et al. 2009), af-
fecting signal transduction mechanisms, transport and enzy-
matic systems, and receptor functioning (Kapaki et al. 2007).
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Several studies from Brazil have evidenced toxic effects to
the health of tobacco farmers (Da Silva et al. 2008, 2012,
2014; Fiori et al. 2015; Alves et al. 2016; Kahl et al. 2016).
However, exposure assessment studies on children are scarce
(Kunst et al. 2014). Children have been exposed to xenobi-
otics when parents bring contaminated clothing to home, use
agricultural products from work at home (Miller et al. 2016),
and when children play near to crops. Children absorb toxi-
cants via the respiratory and gastrointestinal systems more
readily than adults, and accumulated xenobiotics are more
slowly removed despite their higher metabolic rates (Kapka-
Skrzypczak et al. 2015). Furthermore, the period of infant
development is remarkably susceptible to environmental haz-
ardous substances. Toxic exposures during early development
could cause even subtle changes that may lead to important
functional deficits and increased risks of disease later in life
(Grandjean et al. 2008). Therefore, children constitute a pop-
ulation group that is particularly vulnerable to the environ-
mental exposure to xenobiotics, being advisable to evaluate
the effect of these substances in children living in rural areas
with intensive use of agrochemicals (Kapka-Skrzypczak et al.
2015; Miller et al. 2016).

In tobacco cultivation, the simultaneous use of pesticides
with different formulations is common, and the applications
vary over the months of the year. In this line, the purpose of
this study was to evaluate—in two different periods of tobacco
cultivation—the biomarkers of exposure to OPs and carba-
mate pesticides, nicotine, organic solvents, and toxic ele-
ments, in children living in a tobacco-producing region of
Southern Brazil. For this, the possible changes in enzymatic
activity of BuChE, the urinary levels of cotinine and metabo-
lites of solvents, and the blood concentrations of toxic ele-
ments were assessed. In addition, we aimed to study the extent
of oxidative stress and antioxidant status and to quantify the
early dysfunction kidney biomarkers and hematological pa-
rameters in such children.

Material and methods
Study population and sample collection

Forty children aged 6-12 years, who lived in the rural area
from Agudo (in the central region of the state of Rio Grande
do Sul, Southern Brazil), participated in this work. The most
prevalent economic activity in this area is agriculture, and the
main crop practiced by children’s parents is tobacco, with
intense use of several types of pesticides. Our research group
contacted two schools, whose principals helped us with a for-
mal invitation for all children aged 612 years. A total of 66
children accepted to participate of our research. Biological
sample collections were performed twice in the same year:
in the month of June (period 1), in a period immediately after

the storage of tobacco leaves and at the beginning of the pe-
riod of pesticide application in the region, and in December
(period 2), in the period of leaf harvest. These periods were
chosen to evaluate if there were differences in biomarkers of
exposure and effect in children between these two crop pe-
riods, according to demonstrated in Fig. 1. For the present
study, just children who participated of the two sample collec-
tions were selected totalizing 40 children, 61% of all children
participants. Children’s parents provided written consent and
answered a questionnaire to assess general children’s health,
lifestyle of children and parents, parents’ education data, and
pesticides used in the agricultural activities. This study was
approved by the Research Ethics Committee of the Federal
University of Rio Grande do Sul (Registry CAAE no.
11340912.4.0000.5347).

Children’s venous blood samples were obtained by veni-
puncture using sodium-EDTA vacuum tube (2 mL). Aliquots
from EDTA tubes were immediately used for hemograms.
After, plasma samples were obtained from EDTA tubes by
centrifugation at 1500x g for 10 min at room temperature to
quantify MDA and PCO levels. A blood vacuum tube with
heparin (4 mL) was collected, and aliquots of 500 puL were
separated to determine toxic elements: Al, As, Cd, Cr, Hg, Ni,
and Pb. Afterwards, these tubes were immediately centrifuged
at 1500x g for 10 min at room temperature to obtain plasma
for BuChE activity determination. Another blood collection
tubes without anticoagulant (2 mL) were centrifuged at
1500% g for 10 min at room temperature. The serum was re-
moved and stored at —80 °C for vitamin C determination.
Urine samples (20 mL) were collected for quantification of
cotinine, hippuric (HA), methylhippuric (mHA),
phenylglyoxylic (PGA), and mandelic acids (MA), creatinine
levels, microalbuminuria (mALB), and N-acetyl-f3-D-
glucosaminidase (NAG) activity.

A single person performed all height and weight measure-
ments. Children took off their shoes and kept their clothes for
both assessments. Height was taken using a measuring board.
Weight was measured with an upright scale (Plenna Sport®
MEAO07420, Plenna digital and analog scales, Sao Paulo, SP,
Brazil), with a capacity to weigh 150 kg in 100 g increments.
Body mass index (BMI) was calculated by dividing the
weight, in kilograms, by the square of the height in meters.

Biomarkers of exposure to xenobiotics
Butyrylcholinesterase activity

The activity of BuChE was determined in plasma by spectro-
photometry, using commercial laboratory kits (Doles reagents,
Goiania, GO, Brazil). The reaction is based in the hydrolysis
of propioniltiocolina by plasmatic cholinesterase (BuChE)

with the release of a free sulthydryl group in thiocoline levels.
The free SH group reacts with 5,5-dithiobis-(2-nitrobenzoic
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Fig. 1 Tobacco crop cycle in
Southern Brazil. Asterisks
indicate some of the main
pesticides commonly used by
children’s parents during tobacco
cultivation. Adapted from
Almeida (2005) and Souza Cruz
(2016)

acid) (DTNB) leading to formation of a yellow compound
with maximum absorption at 410 nm. BuChE activity assay
was performed in duplicates, and the results were expressed as
ULL ™.

Cotinine urinary levels

Cotinine levels determination was performed in urine sam-
ples using a high-performance liquid chromatographic
equipped with a UV detector (HPLC-UV), adapted from
Cattaneo et al. (2006). The chromatographic equipment
was purchased from Shimadzu® (Kyoto, Japan). The sep-
aration was achieved with a reverse-phase C18 column.
The mobile phase was a mixture of Milli-Q water/metha-
nol/sodium acetate 0.1 mol L™ '/acetonitrile (50:15:25:10,
v/v), adding 1 mL of citric acid 0.034 mol L™ and 5.0 mL
of trimethylamine for each liter of solution, adjusting to pH
4.4. The flow rate was maintained isocratically at
0.5 mL min'. The absorbance of the eluent was monitored
at 260 nm; the total run time was 10 min. The 2-
phenylimidazole was used as internal standard. The detec-
tion limit of the method was 5.0 ng mL™'. For sample, a
volume of 25 pL NaOH 10 M and 100 pL 2-
phenylimidazole (1.0 pg mL™"), used as internal standard,
were added to 2 mL urine previously centrifuged. After,
the extraction was performed with 4.0 mL dicloromethane
by rotatory mixer for 40 min and centrifuged at 300x g for
15 min. Then, 2 mL organic phase was dried under com-
pressed air at ambient temperature. Following, 200 pL mo-
bile phase was added, and 20 pL was injected into the
HPLC. Cotinine assay was performed in duplicates, and
cotinine levels were expressed as ng mL™'. Moreover, co-
tinine levels were adjusted by urinary creatinine excretion
and were also expressed as pug g ! creatinine.
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Quantification of toluene, xylene, styrene, and ethylbenzene
metabolites

Urinary levels of HA (metabolite of toluene), mHA (metabo-
lite of xylene), PGA, and MA (metabolites of styrene and
ethylbenzene, respectively) were determined simultaneously
by HPLC-UV using a Knauer® column (150 nm, 4 mm,
5 um), according to the method optimized and validated in
our laboratory (Bulcdo et al. 2008). Results were expressed as
g g ! creatinine.

The limits of detection (LOD) and quantification (LOQ)
were, respectively, 0.001 and 0.003 g g ' creatinine for HA,
0.003 and 0.008 g g ' creatinine for mHA, 0.001 and
0.004 g g ! creatinine for phenylglyoxylic acid, and 0.009
and 0.020 g g ! creatinine for MA.

Blood toxic elemental concentrations

For the measurement of toxic elements (Al, As, Cd, Cr, Hg,
Ni, and Pb) in blood samples, 1 mL 65% ultrapure nitric acid
was added to 500 pL of whole blood in a polypropylene
digestion tube. Afterwards, the mixture was digested by
heating at 95 °C for 4 h. Extracts were cooled at room tem-
perature, and the volume was made up to 10 mL with ultra-
pure water. Toxic element concentrations were determined by
inductively coupled plasma-mass spectrometry (ICP-MS)
using a Nexlon 300X spectrometer (PerkinElmer-Sciex,
USA) (Mateus et al. 2013). An Rh (400 ug L") acidified
aqueous solution (1% HNO;) was added in line as internal
standard, and the calibration curve ranged from 5 to
80 ug L. Calibration solutions were prepared using a
10 mg L' stock solution (PerkinElmer 29). The LOD and
LOQ were calculated based on the standard deviation of the
calibration blanks (7 = 10): three times the standard deviation
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for the LOD (or ten times for the LOQ), divided by the slope
of the calibration curve. Precision and accuracy of the analyt-
ical method were monitored with reference standards that
were analyzed in intervals of 15 samples. For differences
greater than 10%, a new calibration was applied.

Oxidative damage biomarkers
Malondialdehyde levels

Lipid peroxidation was determined through the MDA quanti-
fication in plasma by HPLC with VIS detection (Knauer®,
Berlin, Germany), according to Grotto et al. (2007). The levels
of MDA were expressed as mmol L'.

Protein carbonyls

PCO levels were determined using a non-competitive ELISA
method following Buss et al. (1997), with modifications. Total
protein concentration in plasma was measured by Bradford
method using bovine serum albumin as standard. Plasma sam-
ples were diluted with PBS buffer (4 mg protein mL™") and
derivatized with 2.4-dinitro-phenylhydrazine (DNPH). After,
samples were incubated in Maxisorb multiwall plates (Nunc
Immuno 96 Microwell™ Maxisorp) overight at 4 °C in the
dark. PCO levels were detected using a dinitrophenyl rabbit
IgG antiserum (Sigma, St. Louis, MO, USA) as the primary
antibody and a monoclonal anti-rabbit immunoglobulin G
peroxidase conjugate (Sigma, St. Louis, MO, USA) as the
secondary antibody. Color development was performed with
o-phenylenediamine and H,0O,. After incubation at 37 °C for
15 min, the reaction was stopped with H,SO,. Absorbance
was measured using a microplate reader (SpectraMax M2e,
Molecular Devices, Sunnyvale, CA, USA) at 492 nm in trip-
licates. PCO concentration was expressed as nmol carbon-
yl mg ™" protein.

Exogenous antioxidant
Serum vitamin C concentration

Determination of serum vitamin C concentrations was
performed according to Baierle et al. (2012), by HPLC-
UV using tris[2-carboxy-ethyl]phosphine hydrochloride
(TCEP) as a reducing agent. Firstly, a deproteinization
process of the sample was made with perchloric acid
10% (v/v). Then, the supernatant obtained after centrifu-
gation was injected into the chromatographic system. The
results of vitamin C concentrations were expressed as
mg L'

Early kidney dysfunction biomarkers: microalbuminuria
and N-acetyl-B-D-glucosaminidase

The determination of mALB levels was performed by the
immunoturbidimetric method using the Cobas® MIRAs
(Roche Diagnostics, Basel, Switzerland) automated analyzer,
through commercial kits (Bioclin, Belo Horizonte, MG,
Brazil). Results were expressed as mg g ' creatinine. The
NAG enzymatic activity was assessed by spectrophotometry,
following the method of Maruhn (1976), and the results were
expressed as U g ! creatinine.

Creatinine concentrations

Urinary creatinine concentration was determined by spectro-
photometry according to Jaffé (1886), with commercial kits
(Doles reagents, Goiania, GO, Brazil).

Hematological parameters

Analyses were carried out using an ABX Pentra XL 80
Hematology analyzer (ABX Horiba®, France). Red blood
parameters (number of red blood cells, hemoglobin, and he-
matocrit) were assessed. White blood parameters (total num-
ber of leukocytes and total number and percentage of neutro-
phils, lymphocytes, eosinophils, monocytes, and basophils)
were also determined.

Statistics

Data were analyzed using IBM SPSS Statistics software
(version 22). A normality test was used to check the data
distribution, and each variable was assessed by Shapiro-
Wilk test. The non-parametric Wilcoxon rank-sum test
was used to compare differences between the two differ-
ent periods evaluated. For comparison of values of the
same subjects at period 1 and at period 2, the Wilcoxon
signed-rank test was applied. Multiple linear regression
analysis was applied to verify the influence of Cr blood
levels and urinary cotinine levels on oxidative damage to
proteins. The results are expressed as mean + standard
error of the mean (SEM) or mean + standard deviation
(SD). Spearman’s rank correlation analysis was carried
out to evaluate the associations between pairs of variables.
Values of p < 0.05 were considered significant.

Results
Sample characteristics

A summary of sociodemographic and anthropometric charac-
teristics, and the data obtained from the questionnaire, is
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presented in Table 1. Children were from 34 families; most
parents were agricultural workers and had primary school
(72.9%) as education level. In addition, most parents were
non-smokers (68.4%). The house of 84.2% of children was
near to tobacco crops (<10 km). Table 2 shows the most com-
mon pesticides used in the tobacco crops of the region. Of
these products, three contain active ingredients classified as
“extremely toxic,” one as “highly toxic,” seven as
“moderately toxic,” and two as “slightly toxic” according to
the Brazilian Health Regulatory Agency (Agéncia Nacional
de Vigilancia Sanitaria (ANVISA)) (ANVISA 2016).

Biomarkers of exposure to xenobiotics

The biomarkers used to evaluate the level of exposure to or-
ganophosphates and carbamate pesticides, as well as exposure
to nicotine, were BuChE activity in plasma and cotinine in
urine, respectively. As shown in Fig. 2a, BuChE activity was
significantly inhibited in period 2 (9211.51+231.0 UIL ") in
relation to period 1 (9810.2 + 312.5 UL L") (» < 0.05). In
addition, Spearman’s rank correlation was found between
BuChE activity and BMI (» = 0.266; p = 0.017; n = 80).

The urinary levels of cotinine were significantly higher in
period 1 (23.17 + 3.68 ng mL ") in comparison to period 2
(13.53 £ 1.89 ng mL ™) (p < 0.05) (Fig. 2b). Additionally,
when cotinine levels were adjusted by urinary creatinine ex-
cretion, the significant difference was maintained:
28.41 + 4.16 (period 1) vs. 15.94 + 2.26 (period 2) ug g '
creatinine (p < 0.05).

Table 1  Sociodemographic and anthropometric characteristics of
children
Number Mean  SD Min Max

Age (years) 40 8.60 0.29 6 12
Height (cm) 40 136.70 16.70 117.0  165.0
Weight (kg) 40 32.15 1.50 2040 59.10
BMI (kg m?) 40 17.03 0.42 13.50 28.50
Boys 23
Girls 17
Parents’ education

Primary school 27 (72.9%)

Secondary school 10 (27.1%)

Parents’ smoking habits

Smokers 12 (31.6%)

Non-smokers 26 (68.4%)
House near to tobacco crops

Yes 32 (84.2%)

No 6 (15.8%)

SD standard deviation, Min minimum, Max maximum, BMI body mass
index
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Regarding to levels of urinary metabolites of organic sol-
vents, it should be noted that only HA was found in the urine
of children in the two evaluations. No significant difference
was found in urinary HA levels, although increased levels
were observed in period 1 (0.45 +0.05 g g ' creatinine) when
compared to period 2 (0.36 +0.07 g g ' creatinine).

Concentrations of blood elements were determined as
biomarkers of exposure to the following toxic elements:
Al, As, Cd, Cr, Hg, Ni, and Pb (Table 3). Significant
differences were found in samples between the two pe-
riods for As, Hg, Ni, and Pb, whose levels were lower in
period 1 in relation to period 2 (p < 0.05). For Cr blood
levels, there was an increase in period 1 when compared
to period 2 (p < 0.01). Despite the differences in concen-
trations between the two samples, only Cr presented mean
above the recommended levels by FAO/WHO/IAEA
(1996) in both evaluations. The As concentration in peri-
od 2 was upcoming of maximal recommended level by
WHO, and the mean Ni concentration was above such
recommended level in the second sample.

Additionally, Spearman’s correlation test showed that Cr
blood levels were positively correlated with HA urinary levels
(r=10.362; p<0.01; n = 80).

Biomarkers of oxidative damage and exogenous
antioxidant

Results of oxidative damage markers are presented in Table 4.
The biomarkers MDA and PCO presented levels significantly
increased in period 1 when compared to period 2 (p < 0.01).
Though vitamin C concentrations were significantly higher in
period 1 in relation to period 2 (p < 0.01), they were within the
reference values in both periods (4.0-15.0 mg L") (Burtis
et al. 2008).

Additionally, PCO levels were positively correlated with
cotinine urinary levels (p < 0.001) (Fig. 3). Moreover, in-
creased PCO and MDA levels were correlated with increased
Cr blood levels (Fig. 4a, b, respectively) (p < 0.05).

Multiple linear regression analysis

For the multiple regression analysis (Table 5), factors that
may influence the increase of PCO plasmatic levels were
selected. This model accounted for approximately 45% of
the increased PCO levels, and among independent vari-
ables analyzed, Cr blood levels (3 estimate = 0.593;
p = 0.000) and urinary cotinine levels (3 estimate = 0.253;
p =0.011) had a greater influence. Once 3 estimate for Cr
was higher than that found for cotinine, the toxic metal
seems to have more influence on increase of oxidative
damage to proteins than nicotine, in this model.
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Table 2 List of the most

commonly pesticides used by Pesticides Commercial Active ingredient Chemical class Hazard
children’s parents during tobacco hame classification®
cultivation
Fungicides Dithane® NT Mancozeb Dithiocarbamate Class IIT
Infinito® Propamocarb/fluopicolide ~ Carbamate/benzamide Class III
pyridine
Rovral® Iprodione Dicarboximide Class IV
Insecticides Confidor® S Imidacloprid Neonicotinoid Class IIT
Decis® 25EC Deltamethrin Pyrethroid Class I11
Evidence® Imidacloprid Neonicotinoid Class III
700WG
Gamit® 360CS  Clomazone Isoxazolidinone Class I
Orthene® Acephate Organophosphate Class IIT
750BR
Talstar® Bifenthrin Pyrethroid Class IT
100EC
Herbicides Boral® 500SC  Sulfentrazone Triazolone Class I
Gramoxone® Paraquat Bipyridylium Class I
200
Roundup® Glyphosate Glycine replaced Class TV
Growth Primeplus® Flumetralin Dinitroaniline Class 1
regulator BR

# According to Agéncia Nacional de Vigilancia Sanitaria (ANVISA): extremely toxic (Class 1), highly toxic
(Class II), moderately toxic (Class III), and slightly toxic (Class IV) (ANVISA 2016)

Early kidney dysfunction biomarkers: microalbuminuria
and N-acetyl-3-D-glucosaminidase

The mALB levels were significantly increased in period 1
when compared to period 2: 19.16 + 8.4 mg g~ creatinine
vs. 1139+ 149 U g_l creatinine (p < 0.05). However, no
significant difference was found for the NAG activity between
the two samples, being 4.75 + 0.55 U g ' creatinine in period
1 and 5.14 + 0.44 U g ! creatinine in period 2.

Hematological parameters

Hematological parameters from children were within the ref-
erence values for the age range in the two evaluations, accord-
ing to Table 6. Despite that, significant increases were found
for hemoglobin concentration (g dL™") (» < 0.01), for the
number (x10° mm ) and percentage of monocytes
(p < 0.05) and basophils (p < 0.01), as well as for the percent-
age of neutrophils in period 1 in relation to period 2. However,
the number (x10° mm ) and percentage of lymphocytes were
significantly decreased in period 1 when compared with peri-
od2 (p<0.01).

Correlations among biomarkers of exposure, markers
of oxidative damage, and hematological parameters

The number of lymphocytes (x10° mm ™) was negatively cor-
related with Cr (» = —0.232; p < 0.05), MDA (r = —0.340;
p < 0.01), and PCO (r = —0.247; p < 0.01). Also, the

percentage of lymphocytes was inversely correlated with Cr
(r=-0.325;p<0.01), MDA (r=—0.339; p < 0.01), and PCO
(r=-0.332; p<0.01).

In addition, the number of basophils (x10° mm ™) was
positively correlated with cotinine (» = 0.318; p < 0.01), Cr
(r=0.596; p <0.01), and PCO (»= 0.658; p < 0.01). Also, the
percentage of basophils was positively correlated with Cr
(r=10.575; p < 0.01), MDA (r = 0.261; p < 0.01), and PCO
(r=0.651; p < 0.01).

Discussion

In recent years, concern has been increasing in relation to the
unique vulnerability of children to toxic substances present in
the environment (Landrigan and Goldman 2011; Tuakuila
et al. 2015). Children’s bodies are still developing and may
be more susceptible to environmental chemicals. The sexual
and cognitive process developments, for example, are partic-
ularly vulnerable (Tuakuila et al. 2015). Moreover, it is known
that children living in rural areas are exposed to multiple haz-
ards including toxic chemicals released to the environment
from the anthropogenic activities, such as agriculture.
Therefore, the present study aims to perform a health assess-
ment in children living in a tobacco-producing area in two
different periods of the year, considering the different mo-
ments of the tobacco crop in Brazil (Fig. 1). According to
Da Silva et al. (2014), the tobacco crops require most of the
pesticide applications during 30-150 days/year, the tobacco
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Fig. 2 a BuChE activity (UL ) a
and b urinary cotinine levels _~ 15000+
(ng mL ") from children in period -

1 (n = 40) and period 2 (n = 40).
Data are expressed as
mean + SEM. *p < 0.05
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leaf harvest occurs during 80—100 days/year, and during the
leaf harvest, the pesticides are not much used. During about
the 100 days/year when tobacco leaves are sold, the manipu-
lation and pesticide application to the tobacco leaf are reduced
(off-season). For our investigation, collection of biological
samples (blood and urine) from children was performed in
two different months: at the beginning of the pesticide appli-
cations (period 1) and in a month where the use of pesticides is
lower (leaf harvest) (period 2).

Currently, OPs are the most commonly pesticides used in
the world (Rohlman et al. 2011). The toxicity induced by OPs
and carbamate pesticides has been attributed mainly to their
potent anticholinesterase activity in the nervous system
(Gonzalez et al. 2012). The inhibition of brain cholinesterase
by these pesticides causes accumulation of acetylcholine, in-
ducing hyperactivity of cholinergic pathways (Selmi et al.
2012). During development, neurologic effects of OP expo-
sure, even at low levels, may be detrimental because neuro-
transmitters, such as acetylcholine, play essential roles in the
cellular and architectural development of the brain (Muioz-
Quezada et al. 2013). Biomarkers routinely used to assess
pesticide exposure provide information in relation to exposure
at the time of sampling and are not likely to reflect exposure
occurring even several days prior (Rohlman et al. 2011). In
order to evaluate the exposure to OPs and carbamates, the
enzymatic activity of BuChE in plasma samples of children
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was determined in the two periods since human plasma is
ideal for assessing the inhibition of BuChE by recent exposure
to these xenobiotics (Kim et al. 2010). Although BuChE ac-
tivities were within the reference values (5000 to
12,100.0 UL L) in both periods, a little, but significant, de-
crease was observed in period 2 when compared to period 1
(p < 0.05) (Fig. 1a) using the Wilcoxon rank test for paired
data. This finding suggests an inhibition in the plasmatic ac-
tivity of BuChE after a period of intensive use of several
pesticides, including OPs and carbamates, agents known to
be cholinesterase inhibitors. Similar results were found by
Kapka-Skrzypczak et al. (2015), who demonstrated a signifi-
cant decrease in BuChE activity of children living in areas of
intense use of pesticides in relation to a control group
(p < 0.05). AChE is found in both nervous system and red
blood cell membranes, being the AChE activity in blood clos-
er to neuronal AChE activity. Despite that, both AChE and
BuChE activities can be assessed in blood samples as a sur-
rogate for neuronal AChE activity (Kapka-Skrzypczak et al.
2015).

BuChE is a multifunction protein (Kutty 1980; Gonzalez
et al. 2012). Previous studies have shown significant associa-
tions between BuChE activity and measures of obesity, such
as BMI, in children (Gonzalez et al. 2012) and adults
(Calderon-Margalit et al. 2006). In the present study, a posi-
tive significant association was found between BuChE and

Table 3 Concentrations of toxic

elements in children blood Element Period 1 (n = 40) Period 2 (n = 40) Recommended limits®
samples in the two different
periods assessed Al (ugL™h 3.19+1.48 (1.0-52.0) 3.88 +1.75 (1.0-61.0) 2-8

As(ugL™) 16.17 + 0.29** (12.0-22.0) 19.47 + 0.50 (10.0-25.0) 2-20

Cd(pgL™) 1.0 £ 0.0 (N.D.-1.0) 1.0 £ 0.0 (N.D.-1.0) 03-1.2

Cr(pgL™) 21.59 + 0.42%* (14.9-34.0) 16.35 +0.23 (13.47-20.0) <5

Hg (ng L") 3.22+£0.36* (1.0-15.0) 6.88 = 1.04 (1.0-31.0) 2-20

Ni(ug L™ 422+0.17* (3.0-8.0) 5.18 £0.25 (3.0-9.0) 1-5

Pb (ugdL™) 1.27 £0.12% (N.D.-4.4) 1.62 +£0.13 (0.6-3.8) 5-15

@ Springer

Results are expressed as mean + SEM (minimum—maximum)
N.D. not detected
* According to FAO/WHO/IAEA (1996)
*p < 0.05 compared with period 2

*#p < 0.01 compared with period 2
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Table 4 Oxidative damage
biomarkers and exogenous

Period 1 (n = 40) Period 2 (n = 40)

antioxidant from children in the

two evaluations MDA (umol L")

PCO (nmol carbonyl mg ™" protein)

Vitamin C (mg | )

9.46 + 0.42* 7.72+£0.33
0.34 +0.006* 0.20 = 0.002
11.49 +0.70* 8.34+0.97

Results are expressed as mean + SEM

*p < 0.01 compared with period 2

BMI, agreeing with those studies. In a previous animal study,
BuChE knockout mice had normal weight when received a
standard (5%) fat diet; however, they presented an exaggerat-
ed obesity in comparison to their wild-type counterparts when
put on a high-fat (11%) diet (Li et al. 2008). This finding
suggest that BuChE activity could be increased to improve
lipid utilization when fat consumption increases, suggesting
that BuChE may have a role in fat utilization (Gonzalez et al.
2012).

Agricultural workers may absorb nicotine through the skin
by contact with tobacco plants during the cultivation (Da Silva
etal. 2014). In this line, children from the current study could
be exposed to nicotine by playing near to tobacco crops or
working with their parents and/or as a secondhand smoker
(SHS). Previous studies revealed that exposure as SHS during
childhood leads to behavioral and developmental impairments
(Martin et al. 2006), lower lung function level (Merghani and
Saeed 2013), chronic and allergic rhinitis (Higgins and Reh
2012), and higher blood pressure (Simonetti et al. 2011).
According to the answers to our questionnaire, approximately
68% of children parents’ were non-smokers and 84% of chil-
dren lived near to tobacco crops (Table 1). Cotinine, which is
an important breakdown product of nicotine (Budnik and
Baur 2009), is used as biomarker of environmental exposure
to nicotine, being found in blood, saliva, and urine after nico-
tine exposure (Desouky et al. 2016). Herein, cotinine was
quantified in urine, showing significant difference between
the two periods of tobacco crops (Fig. 1b, p < 0.05). Higher
cotinine levels were observed in period 1. The mean urinary

0.5 r=0.438; p<0.001

PCO (nmol carbonyl mg ' protein)

Cotinine (ng mL™")

Fig. 3 Spearman’s correlation test between urinary cotinine levels
(ng mL™") and PCO plasmatic levels (nmol carbonyl mg™"' protein)
(n=80)

cotinine from period 1 was almost two times higher
(28.11 +£4.26 pg g" creatinine) than the reference value,
which is 16 pg g’l creatinine (Budnik and Baur 2009), and
it was in the limit of this reference value in period 2
(16.28 +2.36 pg g ' creatinine). However, the urinary cotin-
ine levels were lower than previously reported by Desouky
et al. (2016) in urine of SHS children, which was
58.60 + 104.64 ng mL " After the leaf harvest, the farmers
store the tobacco leaves in sheds on their properties until the
sell to tobacco companies. Although the contact with the leaf
by agricultural workers is higher in the leaf harvest period, we
suppose that the increased cotinine levels found in period 1
could be due to the exposure to nicotine by playing near to
those sheds in the period of leaf storage. This period coincides

r=0.637;p<0.001

0.5

PCO (nmol carbonyl mg ' protein)

0.1-
0.0 T T T T T
16 18 20 22 24
Cr(ugL™)
b r=0.382;p<0.05
20-
L ]
16 ° o ©

MDA (umol L)
3

o
1

Cr(ugL™)

Fig. 4 Spearman’s rank correlations between a blood Cr concentrations
(ug L") and PCO plasmatic levels (nmol carbonyl mg ' protein) and b
blood Cr concentrations (ug Lfl) and MDA plasmatic levels (umol Lfl)
(n=280)
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Table 5 Multiple linear
regression analysis of factors
affecting the protein oxidation
biomarker PCO, adjusted for
biomarkers of exposure and other
oxidative stress biomarkers

PCO levels (nmol carbonyl mg ™" protein)

R square = 0.446

3 p values
Blood Cr levels (ug L") 0.593 0.000
Urinary cotinine levels (ng mL™) 0.253 0.011
BuChE activity (UI L 0.071 0.475
Hippuric acid (g g creatinine) -0.085 0.392
Vitamin C (mg L™ 0.101 0.316

with the summer vacation of children (December to March).
Therefore, children stay more time at home, which increases
the risk of environmental exposure to nicotine in this period.
Indeed, the first collection of biological samples was per-
formed in the beginning of pesticide applications, right after
the store of leaves in the production cycle of tobacco.

The use of pesticides, such as insecticides, can also con-
tribute to air contamination with many volatile organic com-
pounds (VOCs) (Quirds-Alcala et al. 2016). Environmental
exposure to benzene, toluene, ethylbenzene, and xylene
(BTEX) can occur during pesticide applications (ATSDR
2015), since solvents are present in pesticide formulations
(Chin et al. 2014). In order to evaluate the exposure to sol-
vents, the urinary metabolites of toluene, xylene, styrene, and
ethylbenzene were assessed in the present study. HA, a me-
tabolite of toluene, was the only metabolite found in urine
samples of children in both periods. Though no significant
difference was found between the two periods, our findings

showed higher HA levels in the period of pesticide applica-
tions (period 1) in relation to period 2. Indeed, toluene is
among the substances added as inert ingredients in pesticide
products (U.S. EPA 2016). Children’s exposure occurs
through inhalation and by oral and dermal contact with tolu-
ene present in soil. It is believed that the adverse effects of
toluene in children are the same observed in the brain and
nervous system of adults (ATSDR 2015). Although HA is
the primary metabolite of toluene, it can be found as a normal
urine constituent, derived from food, drinks, and drugs con-
taining benzoic acid or benzoates, which can impair the use of
this metabolite in the biomonitoring of low levels of toluene
exposure (Moro et al. 2010).

Metals are ubiquitous elements present in the environment
(Annangi et al. 2016). Due to the special vulnerability of chil-
dren to the effects of metal exposure, and considering the well-
established adverse effects from this exposure, several bio-
monitoring studies have investigated multiple toxic element

Table 6 Hematological
parameters (means + SEM) of

Period 1 (n = 40) Period 2 (n = 40) Reference values®

children in the two evaluations
Hb (g dL™")

Htc (%)

RBC (million mm )
Leukocytes (x 10° mm™)
Neutrophils (x 10° mm )
Neutrophils (%)
Lymphocytes (x10° mm )
Lymphocytes (%)
Eosinophils (><103 mm 3)
Eosinophils (%)
Monocytes (x10° mm )
Monocytes (%)
Basophils (x10° mm™)
Basophils (%)

13.28 +0.10%* 12.81 £0.10 11.4-15.0
38.82+0.33 38.63 £ 0.35 35-45
4.74 +0.04 4.75+0.05 4.0-5.2
13.45+£6.0 725£031 5.0-13.5
4.14+0.35 3.49+0.27 1.5-8.0
52.61 £2.14* 47.09 £ 1.71
240+0.16%* 290+0.13 1.5-6.5
32,83+ 1.92%% 40.70 £ 1.67
0.29 +£0.04 0.30+0.03 0-0.6
4.18+0.57 4314048
0.56 +0.03* 0.5240.03 0-0.8
8.06+041* 7.15+0.30
0.09 £ 0.005%* 0.03 +0.002 0-0.2
1.42 +0.14%* 0.50+0.03

Hb hemoglobin, Htc hematocrit, RBC red blood cell count
* According to McPherson and Pincus (2013)

*p < 0.05 compared with period 2

#%p < 0.01 compared with period 2
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levels in children (Kordas et al. 2010; Sanders et al. 2014; Do
Nascimento et al. 2015). Some of these elements are included
among the active ingredients of pesticides, such as in the case
of the fungicide mancozeb, which contains approximately
20% Mn by weight (Mora et al. 2014). In our previous study,
we suggested associations between increased levels of Mn in
blood and hair of children, as well as higher Mn levels in
drinking water from environmental exposure to this pesticide
and impairments in specific cognitive functions (Nascimento
et al. 2016). In the current study, only Cr presented blood
levels significantly increased in the pesticide application peri-
od (Table 3, p < 0.01). Besides, Cr blood levels were above the
recommended limits by WHO in both samples. These could
be related to the environmental exposure to agrochemicals
containing Cr in the rural area. Indeed, Cr is released to the
environment from anthropogenic activities (ATSDR 2012),
and the amount of toxic elements, such as Cr as contaminant
in pesticides, might be high. A study of Zoffoli et al. (2013)
showed Cr content levels above or very close to the Brazilian
established limits in agrochemicals used in tobacco fields.
Among these chemicals, there were some of the pesticides
most used by children’s parents according to the question-
naires, such as the insecticides Orthene® 750BR and
Talstar® 100EC. Despite of the increased Cr levels in the
two evaluations, the mean Cr blood concentrations from chil-
dren in this study were lower than that observed in children
living in a heavily Cr-polluted region in China due to informal
electronic waste (e-waste) recycling activities (Xu et al. 2015).
Chromium naturally exist in the earth’s crust in varying oxi-
dation states; however, the hexavalent chromium (Cr*®) is the
most toxic form. Additionally, Cr*® is classified as possible
human carcinogen by regulatory and non-regulatory agencies
(ATSDR 2012; Annangi et al. 2016). Sughis et al. (2012)
demonstrated a positive significant association between Cr
urinary levels in children and urinary levels of 8-
hydroxydeoxyguanosine (8-OHdG), a biomarker of DNA ox-
idative damage. In addition, a significant positive Spearman’s
correlation was found between Cr blood levels and HA wuri-
nary levels in our study (p < 0.01). Studying multiple envi-
ronmental xenobiotics is relevant since combinations of
chemicals may sometimes be traced to a common source of
exposure. In this line, it is possible to suppose that the expo-
sure to Cr and toluene might have a common source, which
possibly is the pesticides.

Still regarding toxic elements, As blood levels obtained
from period 2 were upcoming of maximal recommended
levels by FAO/WHO/IAEA (1996). Although As blood con-
centrations were significantly increased in the second sample
compared to the first one (Table 3, p < 0.01), the levels from
both periods were high. Arsenic is an important carcinogen
that is naturally present in low concentrations in the environ-
ment. Additionally, chemical fertilizers contain trace amounts
of heavy metals and metalloids. Continuous application of

contaminated fertilizers may contribute to increase toxic ele-
ments such as As in the soil and groundwater (Jayasumana
etal. 2015). In the rural area in which the studied children live,
groundwater obtained from wells is drank by most of the
families. Therefore, in addition to the drinking water contam-
inated that represents a possible source of exposure, the sig-
nificant As concentration increased in period 2 can be attrib-
uted to the use of As-containing pesticides in this period, such
as fertilizers. Previous studies have discussed the risks of dis-
eases and implications of children’s cognitive and psycholog-
ical development by prolonged drinking of contaminated wa-
ter in rural areas (Asadullah and Chaudhury 2011; Ahmed
et al. 2013). In addition, researchers have suggested the pos-
sible association between the chronic kidney disease of un-
known etiology in Sri Lanka and exposure to As-containing
pesticides (Jayasumana et al. 2015). Therefore, children could
be exposed to As following pesticide application through in-
halation of dusts, ingestion of As in drinking water and food
(fruits, vegetables, grains), or dermal contact with contaminat-
ed soil, water, or plants (ATSDR 2007).

Since the OS is among the mechanisms of toxicity of the
environmental xenobiotic pesticides, nicotine, and toxic ele-
ments (Muniz et al. 2008; Wang et al. 2015), it is of interest to
study the oxidative and antioxidant status in children with
long-term exposure to such substances. In the current study,
oxidative damage to lipids and proteins was assessed through
the quantification of plasmatic levels of the biomarkers MDA
and PCO, respectively (Table 4). The results showed a signif-
icant higher level of MDA and PCO in the pesticide applica-
tion period (period 1) when compared to the period of leaf
harvest (period 2). Such results suggest that children are more
susceptible to oxidative damage when in contact with a large
amount of xenobiotics. Our findings agree with other studies,
in which MDA levels were increased among farmers exposed
to pesticides (Muniz et al. 2008; Wafa et al. 2013). In corrob-
oration, Kunst et al. (2014) investigated the OS in children of
tobacco farmers from the Southem Brazil through the measure
of dichlorofluorescein diacetate (DCFH-DA), concerning the
rate of free radicals, and micronucleus (MN) test, a biomarker
of DNA damage. The results showed that such children pre-
sented high rate of abnormal cells in the MN test and high
production of free radicals in comparison to children from an
urban area. Additionally, we found a significant positive
Spearman’s correlation between PCO and cotinine (Fig. 2,
p < 0.001). Although cotinine levels were not determined in
all studies, several observational works have demonstrated
association between exposure to environmental tobacco
smoke and OS (Kosecik et al. 2005; Aycicek et al. 2005).
On the other hand, Yeh et al. (2008) found no significant
association between cotinine urinary levels and PCO. In addi-
tion, PCO and MDA plasmatic levels were positively associ-
ated with Cr blood levels (Fig. 3, p < 0.05). It is known that
Cr* is rapidly reduced to Cr*®, Cr**, and then Cr** after being
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transported across mammalian cell membranes with a con-
comitant mass production of ROS. These excessive ROS
cause damage to cells due to its injury to cellular proteins
and lipids (Shrivastava et al. 2002; Wang et al. 2006).
Multiple linear regression analysis also confirmed that the
increase of Cr levels in blood and cotinine in urine could lead
to oxidation of proteins. Since the (3 estimated in multiple
linear regression analysis for Cr was higher than that found
for cotinine, we can suppose that the metal exerts more influ-
ence on oxidative damage to proteins than nicotine (Table 5).

To be protected against oxidative damage, the organism has
an elaborate antioxidant defense system consisting of en-
zymes and numerous non-enzymatic antioxidants, including
vitamin C (Paniz et al. 2007). Vitamin C or ascorbic acid is an
exogenous antioxidant acquired through diet that acts effi-
ciently against reactive species (Vasconcelos et al. 2007).
Although vitamin C concentrations were within the reference
values in both periods (4.0-15.0 mg L") (Burtis et al. 2008),
children had serum vitamin C levels significantly higher in the
period of the beginning of pesticide application (period 1)
when compared to the period of leaf harvest (period 2)
(Table 4, p < 0.01). This finding suggests that, despite the
higher oxidative stress observed in period 1, the children’s
organism has a higher defense against the oxidative damage
in this period. This can be suggested due to an increased con-
sumption of fruits containing vitamin C such as orange and
tangerine during the winter, season in which there is greater
offer of these fruits in Southern Brazil. It can be hypothesized
that if children did not have these vitamin C concentrations in
period 1, the oxidative damage markers (MDA and PCO)
could be higher. Contrary to our results, Aycicek et al.
(2005) showed lower plasmatic vitamin C levels accompanied
by high oxidative stress in passive smoking children when
compared to a control group.

It is known that some toxic elements such as Cd, Hg, and
Pb are nephrotoxic agents, causing kidney damage in children
(Bose-O’Reilly et al. 2010; Chaumont et al. 2012). In the
current study, biomarkers of early renal damage (mALB levels
and NAG activity) were assessed. Although no association
was found between such markers and biomarkers of exposure,
significant higher levels were found for mALB in period 1
when compared to period 2 (p < 0.01). The mALB excretion
is an early indicator of primary and secondary glomerular
diseases and is associated with several risk factors such as
hypertension, hyperlipidemia, and obesity (Bose-O’Reilly
et al. 2010; Wu et al. 2014). In addition, the mALB levels
found here in the two different times were increased when
compared to the mean mALB levels found for children of
the same age range (6-12 years old) from China:
7.95+0.21 mg g ' creatinine (Wu et al. 2014).

With regard to hematological parameters, all of them were
within reference values for age range in the two samples.
However, the number and percentage of lymphocytes were
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significantly decreased in period 1 related to period 2. On
the other hand, the number and percentage of basophils were
significantly higher in the first sample than in the second one
(Table 6, p < 0.05). Moreover, Spearman’s rank correlations
showed that the number and percentage of lymphocytes were
negatively associated with Crblood levels and the number and
percentage of basophils were positively associated with Cr.
Among the adverse health effects from Cr exposure by inha-
lation are the breathing problems, including asthma (ATSDR
2012). In such allergic disorders, basophils can be activated to
release histamine (Lie et al. 1999). Additionally, the alter-
ations in such hematological parameters were associated with
the increase of the biomarkers of oxidative damage (MDA and
PCO). The long-term exposure to Cr can give rise to cytotoxic
and genotoxic reactions that affect the immune system of the
body (Shrivastava et al. 2002). Several studies have investi-
gated the mechanisms of Cr on immune system cells, with the
common theory that ROS plays important role in the patho-
genesis of Cr-induced diseases (Wang et al. 2010; Deb et al.
2012). The positive associations found in the current study,
and mentioned above, between Cr blood levels and plasmatic
levels of MDA and PCO corroborate these findings. As pre-
viously mentioned, Cr*® can easily penetrate cell membrane
and undergo intracellular reduction to Cr** through a series of
redox reactions, with the formation of free radicals as inter-
mediates (Deb et al. 2012).

Our study has certain limitations. The most relevant was
the small number of children who participated in the two bi-
ological sample collections. As we made the second collection
in December (period 2), some children that participated in the
first collection (period 1) were not going to school since they
had already been on vacation. As our goal was to compare
children in two different periods, we selected only children
whose biological samples were collected in both periods;
therefore, we have a reduced number of participants. The lack
of measure of the more specific cholinesterase, AChE in
erythrocytes, and biomarkers of other pesticides used in the
rural area as well as DNA damage biomarkers are among the
limitations of this study. Moreover, the nutritional status of
children could be evaluated by measuring other vitamins, such
as vitamins A, E, and carotenoids. In addition, as we did not
have knowledge of the metal levels present in the main pesti-
cides used by children’s parents in the studied area, we intend
to quantify the metals in these products in our future investi-
gations. Nevertheless, all these limitations will be considered
to improve the future studies of our research group.

Conclusion
In summary, children presented significant higher urinary co-

tinine and Cr blood levels in the period of the beginning of
pesticide applications (period 1) in relation to the period of
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leaf harvest (period 2). BuChE activity was decreased in pe-
riod 2, after pesticide applications, suggesting an inhibition
caused by OPs and/or carbamates. In addition, Cr blood levels
were above the recommended levels by WHO in the two
evaluations. Moreover, increased levels were also found for
the plasmatic MDA and PCO levels, as well as for mALB
levels in period 1. In relation to hematological parameters,
decreased lymphocytes and increased basophils were also ob-
served in period 1. The increased urinary cotinine levels were
correlated with higher PCO levels, and Cr blood levels were
positively associated with the oxidative damage biomarkers
MDA and PCO, suggesting a potential health risk from the
environmental exposure to these xenobiotics. Positive signif-
icant association was also found between Cr blood levels and
the HA (toluene metabolite), suggesting a common source of
exposure. Additionally, significant associations were found
among Cr blood levels, changes in the number and percentage
of lymphocytes and basophils, and oxidative damage markers,
suggesting an involvement of free radicals produced by Cr
into the cells of immune system. Taken together, we observed
that the co-exposure to multiple environmental chemicals
might result in toxicity, probably in an interactive form, to
children who live near to tobacco-producing regions.
Therefore, our data revealed the importance to perform a bio-
monitoring program in children living in agricultural commu-
nities, considering that they represent a special group of risk to
develop diseases associated to environmental exposures to
chemical hazards. This is especially relevant in Southern
Brazil because this is an important tobacco producer in the
world.
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ABSTRACT

Endocrine disrupting chemicals (EDCs), including pesticides and metals, are present
in rural areas, endangering the health of exposed populations. This work aimed to
investigate the possible association between the exposure to these xenobiotics and
thyroid dysfunction in children living in a rural community of Southern Brazil. Fifty-four
children aged 5-16 years participated of this study. Peripheral biomarkers and
ultrasound evaluations were performed in two different agricultural moments: periods
of low and high exposure to pesticides. In the low exposure period, correlations were
found between increased blood chromium (Cr), manganese (Mn), mercury (Hg), and
lead (Pb) levels, as well as increased hair Pb levels, and increased thyroid
stimulating hormone (TSH) and decreased free thyroxine (fT4) levels. Prolactin was
positively associated with hair Mn in both periods. In ultrasound, the majority of
children presented a normal echogenicity of thyroid. Glucose was inversely
associated with the biomarker of cholinesterase inhibitor insecticides,
butyrylcholinesterase (BuChE). Lipid profile was above the recommended levels in
both periods. In summary, our results demonstrated that children environmentally
exposed to a mixture of xenobiotics in an agricultural community may have health
impairments, especially on thyroid function, dyslipidemia, and glucose homeostasis

disruption.

Keywords: Children; environmental disrupting chemicals; thyroid; prolactin; glucose;

dyslipidemia.
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Introduction

Agriculture is the main source of economy in developing countries, like Brazil.
Since 2008, Brazil is the major global consumer of pesticides. Among the impacts
from the use of these xenobiotics, those of greater relevance are to the health of
farmers and population as well as to the environment (Pignati et al. 2014; Uyemura
et al. 2017). Children living in rural areas are constantly exposed to risks inherent to
agricultural activities, including chemical hazards. Pesticides, metals and nicotine are
chemicals/toxicants likely to occur in agricultural environments, and their huge
contamination in these areas in soil, water and air represent a concern due to diverse
health risks from these multiple/combined exposures to children’s health (Landrigan
and Etzel 2014; Uwizeyimana et al. 2017).

Many of these xenobiotics have been classified as endocrine disrupting
chemicals (EDCs), which are compounds that have the ability to interfere in the
endocrine system function. They mimic hormones or block their receptors, altering
the normal function of glands and affecting the whole body, potentially inducing to
many chronic diseases like diabetes, obesity, reproductive abnormalities, thyroid
disorders, and various homeostatic imbalances (Schug et al. 2011; Boas et al. 2012;
Magbool et al. 2016; Russ and Howard 2016). An important concern related to EDCs
is the developmental exposure — adverse effects may be most pronounced in
developing organisms and occur at the chemicals concentrations that are far below
those considered harmful to an adult (Schug et al. 2011; Russ and Howard 2016).

Thyroid secrets two major hormones, Ts (triiodothyronine) and T4 (thyroxine),
which are required for the normal operation of a variety of physiological processes,
affecting every organ system in the organism. Thyroid hormones (TH) are crucial for
normal growth and development, being, therefore, of extreme importance during
infancy and childhood (Kirsten 2000). A finely tuned negative feedback mechanism
involving TSH (thyroid stimulating hormone) and the circulating TH at the
hypothalamic and pituitary levels control the thyroid function (Boas et al. 2012;
Christensen 2013). The thyrotropin-releasing hormone (TRH) from the hypothalamus
stimulates the pituitary gland to release TSH in the bloodstream, stimulating T3z and
T4 production in the thyroid. Low blood levels of Tz and T4 stimulate the production of

TSH, and conversely, higher circulating TH suppress the production of TSH at
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pituitary level, maintaining the body homeostasis (Zoeller et al. 2007; Christensen
2013). Disruption of thyroid activity is a concern for human health (Wegner et al.
2016). Metabolic syndrome, with insulin resistance and dyslipidemia as causative
factors, is associated with thyroid dysfunction (lwen et al. 2013; Wegner et al. 2016).

Several pesticides are recognized for their endocrine-disrupting properties on
thyroid gland, such as organophosphates (OPs), dithiocarbamates and pyrethroids
(Campos and Freire 2016). In addition, numerous studies have described the impact
of cholinesterase inhibitor insecticides on disturbance of glucose metabolism and risk
of type 2 diabetes (DM2), with involvement of several mechanisms including insulin
resistance, inflammation, and oxidative stress (Akyildiz et al. 2009; Lasram et al.
2014). DM2 results from interactions between genetic susceptibility, environmental
factors, and lifestyle choices (Lasram et al. 2014). Therefore, glucose homeostasis
may be affected indirectly by thyroid dysfunction and/or by the direct action of EDCs.
Moreover, while some studies have suggested the association between alterations in
TH levels and exposure to metals including cadmium (Cd), lead (Pb), and mercury
(Hg) in humans (Christensen 2013), the effects of metals on human thyroid are
poorly studied, furthermore, no data are available regarding the influence of some
metals in this system (Vigneri et al. 2016).

Children’s environmental exposure to metals has been widely investigated by
our research group (Nascimento et al. 2014, 2015, 2016, 2017). In two of our recent
studies, we suggested the possible neurotoxic effects of manganese (Mn) exposure
in children living in a rural area with intensive use of agrochemicals (Nascimento et
al. 2015, 2016). It is known that the neurotoxicity of Mn is linked to the ability of this
metal, at high levels, to alter different dopaminergic processes (Aschner et al. 2007).
This mechanism of Mn neurotoxicity has influenced the assessment of possible
biomarkers of effect related to dopamine neurotransmission (Montes et al. 2011). An
indirect marker of dopaminergic functioning that has been used in studies evaluating
neurotoxic effects of Mn in humans is serum prolactin (PRL), a polypeptide hormone
which is synthesized and secreted from the lactotrophs of anterior pituitary gland,
and whose production is controlled by dopamine (Ben-Jonathan et al. 2008; Montes
et al. 2011; Tutkun et al. 2014).

Therefore, taking into account the well documented special vulnerability of

children to adverse effects from environmental chemicals exposure (Mello-da-Silva
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and Fruchtengarten 2005; Karr 2012; Landrigan 2016), and the existence of few
studies investigating the effects of EDCs in children, the current study aimed to
evaluate the association between biomarkers of exposure to cholinesterase inhibitor
insecticides and metals and thyroid function of children from a rural area of Southern
Brazil. In addition, the possible indirect adverse effects of the EDCs on glucose and

lipid metabolism were also evaluated.

Material and methods

Study population

Fifty-four children aged 5 to 16 years old (mean + SEM: 10.5 + 0.43 years),
who lived in the rural area of Agudo, in the central region of the state of Rio Grande
do Sul, Southern Brazil, were included in this study. In this region, agriculture is the
main economic activity, the most common cultivation is tobacco, and several classes
of agrochemicals are used in these crops. Biological samples were collected from
children in two agricultural periods in the same year: low exposure (March-April
2016), when tobacco leaves are stored in sheds until be sold to tobacco companies,
and high exposure (September-October 2016), when pesticides were used regularly
in the region, according to Fig. 1. All children who accepted to participate and whose
parents agreed with their participation were included in the study. A total of 83
children fulfilled these criteria; however, for the present investigation we selected only
54 children, which had biological samples collected in both periods and were
submitted to thyroid ultrasonography.

Children’s parents provided written consent and answered a questionnaire to
assess children’s general health, family lifestyle, parents’ education data, and
pesticides used in the agricultural activities. This study was approved by the
Research Ethics Committee of the Universidade Federal do Rio Grande do Sul (CEP
UFRGS/ CAAE: 51920115.2.0000.5347) and the Ethics Committee of the Hospital de
Clinicas de Porto Alegre (HCPA, number 160052).
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Fig. 1 Tobacco crop cycle in Southern Brazil and selected periods for biological
samples collection (low and high exposure periods)

Samples collection

Approximately 8 mL of fasting venous blood samples were collected from
children in tubes containing sodium heparin for trace elements, EDTA-containing
tubes, and tubes without anticoagulant, in both periods. For metals concentration
analysis, whole blood was collected with heparin. Plasma was obtained by whole
blood centrifugation at 1500 xg for 10 minutes at 4 °C, and it was used to measure
high-sensitive C reactive protein (hs-CRP). Whole blood with EDTA was used for
erythrocyte acetylcholinesterase (AChE) activity determination. Serum was obtained
by centrifugation at 1500 xg for 10 minutes at 4 °C, and it was used to determine
butyrylcholinesterase (BuChE) activity, glucose, total cholesterol (TC), high density
lipoprotein cholesterol (HDL-c), triglycerides (TG), prolactin (PRL), thyroid stimulating
hormone (TSH) and TH levels (total triiodothyronine (T3) and free thyroxine (fTa4)).
Thyroid peroxidase antibody (TPOAb) was also measured in serum samples, which
were stored at - 80 °C until analysis.

Urine samples (10 mL) were collected in the two studied periods for
guantification of cotinine levels into polypropylene tubes.

Hair samples for metals quantification were collected in both periods.
Approximately 0.250 g of hair from the occipital region, just above the neck, was
collected with stainless steel scissors previously decontaminated with acetone.

Samples were stored in polyethylene bags identified with each child’s data.
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Pubertal stage and anthropometric measurements

Tanner stages of sexual maturity were determined by an endocrinologist
(Tanner and Whitehouse, 1976). The same person performed weight and height
measurements in both periods. Weight was measured with an upright scale (Plenna
Sport MEA 07420), with a capacity to weigh 150 kg in 100-g increments. Height was
measured using a standing stadiometer. Body mass index (BMI) was calculated as

body mass divided by height squared (kg m-2).

Biomarkers of exposure

Determination of erythrocyte (AChE) and serum (BuChE) cholinesterase activity

AChE and BuChE activities were determined in erythrocytes and serum
samples, respectively. Erythrocyte AChE activity was measured by Ellman’s method
(1961) with some modifications. Firstly, 20 uL of whole blood were added to 12 mL of
0.1 M phosphate buffer pH 8.0 in conical tubes (Falcon®) at a dilution of 1:10 (10 mL
of phosphate buffer and 90 mL of reagent water), for hemolysis. After that, 3 mL of
this dilution were transferred to another tube, 20 pL of 0.5% quinidine sulfate and 20
pL of 0.01 M 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) were added. Then, 1.5 mL of
the solution was transferred to a semimicro cuvette and it was used as blank at 412
nm. The cuvette was then removed from the equipment and 10 pL of 0.075 M
acetylcholine iodide were added, homogenized quickly and placed back in the
spectrophotomer SpectraMax® M2e - Molecular Devices (Sunnyvale, CA, EUA), at
412 nm, to determine the first measure. Simultaneously, the timer was triggered and
absorbance was measured every minute, during 4 minutes, totalizing five measures.
Then, the mean absorbance was calculated. The enzyme activity was determined by
the following equation:

AChE activity (kU/L) = AAx13235

where AA is the mean absorbance. Considering that 1 kU L*=1000 U L%, AChE
activity was expressed as U L.

BuChE activity was determined by kinetic enzymatic method using BS-120
Chemistry Analyzer (Shenzhen Mindray Bio-Medical Electronics Co Ltd, Shenzhen,

China), with commercial kits (Bioclin®, Belo Horizonte, Brazil). In this method, the
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substrate butyrylthiocoline is hydrolyzed to thiocoline and butyrate. The thiocoline
reduces the hexacyanoferrate (lll), yellow, to hexacyanoferrate (ll), colorless. The
decrease in absorbance was measured at 405 nm. Controls were quantified with
samples and only two standard deviations of the reference value were accepted.

BuChE activity was expressed as U L.

Determination of blood elemental concentrations

Concentrations of the elements arsenic (As), cadmium (Cd), chromium (Cr),
mercury (Hg), manganese (Mn), lead (Pb), and nickel (Ni) were determined in blood
of children in the two periods by inductively coupled plasma-mass spectrometry (ICP-
MS) using a Nexlon 300X spectrometer (PerkinElmer-Sciex, USA) according to
Mateus et al. (2013). Firstly, 1 mL of 65% ultrapure nitric acid was added to 500 pL of
whole blood collected with heparin in a polypropylene digestion tube. After, the
mixture was digested by heating at 95 °C for 4 h. Extracts were cooled at room
temperature, and the volume was made up to 10 mL with ultrapure water. A rhodium
(Rh) (400 ug L?) acidified aqueous solution (1% HNO3) was added in line as internal
standard, and the calibration curve ranged from 5 to 80 ug L™%. Calibration solutions
were prepared using a 10 mg L™ stock solution (PerkinElmer 29). The LOD and LOQ
were calculated based on the standard deviation of the calibration blanks (n = 10):
three times the standard deviation for the LOD (or ten times for the LOQ), divided by
the slope of the calibration curve. Precision and accuracy of the analytical method
were monitored with reference standards that were analyzed in intervals of 15
samples. For differences greater than 10%, a new calibration was applied. The
average (n= 3) measured and certified concentrations (in parenthesis) were, in mg/L,
as follows: As: 0.025 + 0.004 (0.0241); Cd: 0.008 + 0.0 (0.0087); Cr: 0.013 £ 0.003
(0.0129); Hg: 0.008 + 0.001 (0.0085); Mn: 0.023 + 0.002 (0.025); Pb: 0.353 + 0.013
(0.357); Ni: 0.016 + 0.001 (0.015).

Determination of hair elemental concentrations

Concentrations of the elements As, Cd, Cr, Hg, Mn, Pb and Ni were
determined in children’s hair in the two periods by ICP-MS using a Nexlon 300X
spectrometer (PerkinElmer-Sciex, USA) following the conditions of analysis

described by Carneiro et al. (2002). Hair samples were successively washed with a
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solution of acetone/EXTRANs (1% v/v)/MIlli-Q water in an ultrasound bath to
eliminate exogenous elements. Afterwards, a digestion process was performed as
following: approximately 0.250 g of sample were weighed in polypropylene tube and
added 2.5 mL HNOs, and the tube was left overnight at room temperature. Then, the
decomposition process was followed by a further 2 h in hot plate at 80 °C. After, 1 mL
hydrogen peroxide was added and samples were heated for 15 min. Finally, samples
were diluted to a final volume of 25 mL with ultrapure water and analyzed by ICP-MS.
The precision and accuracy of the analytical method were monitored through the use
of reference standards analyzed after every 15 samples. A new calibration curve was
applied when a difference greater than 10% was determined. The average measured
and certified concentrations (in parenthesis) were, in ug/g, as follows: As: 0.40 (0.28
+ 0.05); Cd: 0.069 (0.07 + 0.01); Cr: 0.52 (0.41 £+ 0.12); Hg: 0.61 (0.67 £ 0.1); Mn:
1.99 (2.0 £ 0.3); Pb: 5.37 (5.7 £ 0.5); Ni: 0.33 (0.43 £ 0.12).

Determination of cotinine levels

Cotinine levels were measured in urine samples by high-performance liquid
chromatography, using a UV detector (HPLC-UV), according to the method of
Cattaneo et al. (2006). The cotinine levels were expressed as ng mL™.

Hormones levels determination

Hormones measured in serum include Tz (reported in ng dL?) and fT4
(reported in ng dLt) by electrochemiluminescence (ECLIA), TSH (reported in mIU L-
1) by ECLIA sandwich, and PRL by ECLIA (reported in ng mLt) (Roche Diagnostics,
Mannheim, Germany). TPOAb was measured using chemiluminescent microplate
immunoassay (CMIA) (Abbott Laboratories, Abbott Park, IL, USA).

Thyroid ultrasound examination

Thyroid ultrasonography was performed in the high exposure period by the
same radiologist with ultrasound experience, using a Toshiba instrument with a 7.5-
MHz transducer. By ultrasound, thyroid volume and echogenicity (homogenous or
non-homogenous), and the presence of nodules and cysts were determined. The
volume of each thyroid lobe was calculated according to the formula anteroposterior

x transversal x longitudinal diameters x 0.52. The results for each lobe and isthmus
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were summed to obtain the total volume. The ratio of thyroid volume (mL) to body
surface area (m?) for each child was determined to obtain the echo body index
(mL/m?).

Biochemical assays

Biochemical parameters were quantified in fasting serum collected in the first
hour in the morning using a Mindray® BS-120 Chemistry Analyzer (Shenzhen
Mindray Bio-Medical Electronics Co Ltd, Shenzhen, China), with commercial kits
(Bioclin®, Belo Horizonte, Brazil). Glucose, TC, HDL-c, and TG were determined by
enzymatic colorimetric tests. Low-density lipoprotein cholesterol (LDL-c) fraction was
calculated according to the Friedewald equation (Friedewald et al., 1972). The hs-
CRP was measured by immunoturbidimetry method. Controls were carried out with

samples and only two standard deviations of the reference interval were accepted.

Statistical analysis

Data were analyzed using IBM SPSS Statistics software (version 22.0). A
normality test was applied to check the data distribution, and each variable was
assessed by the Shapiro-Wilk test. The non-parametric Wilcoxon rank-sum test was
used to compare differences between the two different periods evaluated. Variables
with a non-normal distribution were log transformed. Spearman’s rank correlation
analysis and partial correlation analysis with a log link were carried out to evaluate
the associations between pairs of variables for each period of the study controlling for
age, gender, BMI, and pubertal stage. The results are expressed as mean + standard
error of the mean (SEM), mean % standard deviation (SD), mean (interquartile range),
or confidence interval (Cl) 95%. Values of p<0.05 were considered significant.

Results

Characteristics of the study participants

Table 1 presents a summary of the main characteristics of children. The mean
age was 10.20 £ 0.43 years, 26 boys and 28 girls participated of this study.
Comparing the BMI for each age obtained in each exposure period with the critical
values of BMI defined for Brazilian population aged 2 to 19 years (Conde and

Monteiro, 2006), our data showed that in the low exposure period, 7 girls (25%)
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presented overweight, while 7 girls (25%) were classified as obese, according to their
individual BMI. In the high exposure period, 5 girls (18%) were overweight and 8 girls
(29%) were obese. Among boys, 6 (23%) presented overweight and 2 (8%) showed
obesity in the low exposure period, while in the high exposure period, 5 boys (19%)
were overweight and 2 boys (8%) were obese.

Most of children’s parents were farmers and their educational level was middle
school. Only 4 parents (9%) were smokers. In addition, no child was diabetic
according to parents’ answers in the questionnaire. In addition, most children lived

near crops (0 to 1 km of distance).

Table 1 Characteristics of the studied children

N Children (N=54) Cl (95%)

Age (years) 54 10.20 £ 0.43 9.33-11.01

Boys 26

Girls 28

BMI low exposure (kg m2)2
Boys (5-10 years) 14 16.87 (15.57-18.34) 15.77-17.97
Girls (5-10 years) 18 17.62 (15.83-20.17) 16.05-19.55
Boys (11-16 years) 12 20.34 (16.73-24.97) 17.35-26.24
Girls (11-16 years) 10 24.98 (16.59-30.11) 19.56-28.67

BMI high exposure (kg m2)?2
Boys (5-10 years) 14 17.04 (15.51-17.59) 15.85-17.85
Girls (5-10 years) 18 17.64 (15.03-18.27) 15.80-19.13
Boys (11-16 years) 12 20.73 (16.57-25.44) 17.41-26.45
Girls (11-16 years) 10 24.56 (17.43-31.97) 19.37-29.43

Parents’ education

Middle school 32 (62%)

High school 14 (27%)

Undergraduate school 6 (11%)

Parents’ occupation

Farmers 41 (80%)

Others 10 (20%)

Parental smoking

Yes 4 (9%)

No 43 (91%)

Diabetic child

Yes 0

No 52 (100%)

Distance between house

and crops
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0-1 km 43 (88%)
>1-5 km 2 (4%)
>5 km 4 (8%)
Type of crops cultivated by

children’s parents

Tobacco 30 (65%)
Rice 11 (24%)
Corn 30 (65%)
Others 20 (44%)

Results are expressed as mean + SEM, mean (interquartile range), or N (%). 2 Overweight: Girls: BMI >
22.96 kg m=2, Boys: BMI > 24.41 kg m-2; Obesity: Girls: BMI > 28.34 kg m-2, Boys: BMI > 29,20 kg m-
(Conde and Monteiro, 2006)

Biomarkers of exposure

Fig. 2 shows the mean values obtained for AChE and BUChE activities in the
two periods: 12,049.5 + 254.8 U L1 and 12,011.8 + 317.3 U L for AChE at the
periods of low and high exposure, respectively; 8,582.1 + 192.0 U L* and 5,660.2 +
402.3 U L for BUChE in the low and high exposure periods, respectively. As can be
seen in Fig. 2, while no significant difference was observed for AChE activity
between the two studied periods (Fig. 2A), a significant decrease was found for
BuChE activity in the high exposure period when compared to the low exposure
period (Fig. 2B; p<0.001).

Concentrations of metals in blood and hair are presented in Tables 2 and 3,
respectively. Blood levels of Cr and Mn were higher than those recommended by the
World Health Organization (WHO, 1996) in both periods. Blood Ni levels were only
above the recommended in the period of high exposure to pesticides. In addition, in
the high exposure period, As, Mn, and Ni blood levels were significantly increased in
comparison to the low exposure period (p<0.05). On the other hand, blood Hg levels
were significantly increased in the low exposure period, when compared to the high
exposure period (p<0.001).

Similarly to observed in blood, Cr and Mn hair levels were higher than
reference values in both periods (Carneiro et al., 2002). Hair concentrations of Cr,
Hg, Ni, and Pb have significant higher levels in the high exposure period compared to
low exposure period (p<0.001).

Additionally, higher blood As levels were associated with lower erythrocyte

AChE activity in the low exposure period (r= -0.504; p<0.001). Moreover, in the high
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exposure period, blood As was negatively associated with serum BuChE activity (r= -
0.322; p<0.05).

Cotinine urinary levels were significantly increased in the high exposure period
(320.8 + 106.1 ng mL1) in comparison to the low exposure period (73.5 + 17.3 ng
mL-1) (p<0.05).
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Fig. 2 (A) AChE and (B) BuChE activities in erythrocytes and serum samples,
respectively, from children (N= 54) in the low and high exposure periods. Data are
expressed as mean + SEM. *p<0.001 compared to the low exposure period.
Abbreviations: AChE: acethylcholynesterase; BUChE: butyrylcholinesterase

Table 2 Blood concentrations of metals from children in the low vs. high exposure period

Metal Low exposure (N=54) High exposure (N=54) Reference levels?
As (ug L) 76+26(1.0-10.5) 13.1+1.1(10.3—14.5)** 2.0-20.0

Cd (ug L) N.D. N.D. -
Cr(ugL?)  157+6.3(10.9-29.4) 13.2+0.9(11.2-15.9) <5.0

Hg (ug L) 1.2+0.4(1.0-2.7) 1.0+ 0.0 (1.0 — 1.0)** 2.0-20.0

Mn (ugLY)  159+13.9(1.0-57.8) 19.9+1.9(16.9—25.4)* 8.0-12.0

Ni (ug LD 3.0+1.0(1.0-5.4) 8.3 + 3.8 (6.0 — 34.0)** 1.0-5.0

Pb (ugdLl) 3.6 +3.8(0.5-12.3) 1.6+ 0.8 (0.7 — 4.5) 5.00

Data are expressed as mean + SEM (minimum-maximum). @ According to WHO (1996) and » CDC (2017). *p<0.05
and **p<0.001 compared to the low exposure period. N.D.: not detected
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Table 3 Hair concentrations of metals from children in the low vs. high exposure period

Metal Low exposure (N=54) High exposure (N=42) Reference levels?
As (ug gt) 0.07 £0.05 (0.02-0.3) 0.09+0.08 (0.02-0.4) <0.10

Cd (ug g?) 0.06 £ 0.06 (0.01-0.4) 0.05+0.04 (0.01 -2.0) <0.27

Cr (ug g9 0.4 +0.09 (0.3-0.8) 0.6+£0.2 (0.4—-1.6)* <0.32

Hg (ug gt) 0.2+0.2 (0.05-1.2) 09+£0.6 (0.4-3.7)* <24

Mn (ug gt) 2.6 +£3.9 (0.3 -21.6) 5.1+10.9 (0.4 —54.6) 0.15-1.0

Ni (ug g2 0.2+0.2 (0.04-1.2) 0.3+£0.2 (0.09-0.8)** <0.7

Pb (ug g?) 0.8+0.7(0.1-3.5) 1.2+1.0 (0.3-4.8)* <93

Data are expressed as mean = SEM (minimum-maximum). & According to Carneiro et al. (2002). *p<0.05 and **p<001
compared to the low exposure period

Hormone levels determination

TSH, TH and PRL levels quantified in both periods are presented in Table 4.
In a general way, TSH was higher as well as Ts and fT4 were lower in the high
exposure period compared to the low exposure period. However, significant
differences between the periods were found only for children aged 7 to 11 years (for
fT4) and for children with age range between 12 and 16 years (for TSH, T3, and fT4)
(p<0.05). Levels of fT4were slightly higher than reference ranges in the low exposure
period in all age ranges. Furthermore, increased TSH levels were strongly associated
with decreased fT4 concentrations in the low exposure period (r=-0.720; p<0.001).

Moreover, as showed in Table 5, according to each age range, TSH levels
were above the reference ranges in 4 (7.5%) and 5 (9.5%) children in the low and
high exposure periods, respectively. In such children, fT4 concentrations were within
the reference ranges, i.e., they showed a condition known as subclinical
hypothyroidism (elevated TSH with normal fT4 levels). Regarding to T4, 25 (47.1%)
children had levels above the reference ranges in the low exposure period, while in
the high exposure period only 3 (5.7%) children presented alterations in circulating
levels, among that 2 children (3.8%) from the age group of 7-11 years had fT4 below
the reference range.

Regarding to TPOADb, all children presented negative results (<1 IU mL™?) in
the low exposure period and two children had positive results for the antibody (>1 1U

mL-1) with a mean + SEM of 1.69 + 0.6 IU mL"* in the high exposure period.
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No significant differences were found for PRL levels between the periods, for
all age ranges (p>0.05).

105



Table 4 Concentrations of TSH, total T3, fT4,and PRL in children (N=54) from two periods, according to age range

Age N TSH (mIU L) T3 (ng dL?) fTa (ng dL™Y) Prolactin (ng dL™)

range

[years] Low High Low High Low High Low High
exposure exposure exposure exposure exposure exposure exposure exposure

5-6 5 24+04 2.6 £0.3 168.7 £ 15.6 163.2+8.9 1.9+0.6 1.3+0.04 10.3+1.7 143+ 3.2

7-11 28 2.8+05 3.1+£0.3 170.6 £ 4.7 158.3+4.1 22+0.2 1.3 0.03** 114+1.1 11.3+1.0

12-16 21 1.8+0.2 3.0 £0.5* 163.9+5.2 148.0 £ 4.7* 22+0.2 1.2 +0.03* 125+14 119+1.2

Data are expressed as mean + SEM. *p<0.05 and **p<0.01 compared to the low exposure period. Reference values according to the age range (Roche Diagnostics
Ltd, 2008) — For TSH (mIU L1): 5 to 6 years: 0.7-5.97; 7 to 11 years: 0.6 —4.84; 12 to 16 years: 0.51-4.3. For T3 (ng dL1): 5 to 6 years: 92—-248; 7 to 11 years: 93—
231; 12 to 16 years: 91-218. For fT4 (ng dL1): 5 to 6 years: 0.96-1.77; 7 to 11 years: 0.97-1.67; 12 to 16 years: 0.98-1.63. For prolactin (hg mL1): 5 to 6 years: 0.8—
16.9; 7 to 11 years: 0.3-12.9; 12 to 16 years: 0.9-18.4

Table 5 Prevalence of altered TSH and T4 levels in studied children in both periods (N= 54)

Age range High TSH (mIU L) High fT4 (ng dLt)
[years]/N Low exposure High exposure Low exposure High exposure
5-6/5 0 (0%) 0 (0%) 1 (1.9%) 0 (0%)
7-11/28 3 (5.6%) 2 (3.8%) 12 (22.6%) 1 (1.9%)
12-16/21 1 (1.9%) 3 (5.7%) 12 (22.6%) 2 (3.8%)
Total/54 4 (7.5%) 5 (9.5%) 25 (47.1%) 3 (5.7%)

Data are expressed as N
(%).
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Thyroid ultrasound examination

An index correcting thyroid volume (in mL) for body size (in m? of body
surface area) best expresses thyroid size over the childhood age range (Lisbda
et al., 1996). Therefore, the means for echo body index (mL/m?), determined in
the high exposure period, are shown in Table 6. Five children (9%) presented
cysts and one child had nodules. In the same line, while 48 children (89%)
presented homogenous echogenicity (Fig. 3A), 6 children (11%) had non-
homogenous echogenicity (Fig. 3B).

In order to compare the echo body index (mL/m?) between children with
alteration in some thyroid parameter (altered TH levels, positive TPOAD,
presence of cysts or nodules, and non-homogenous echogenicity) and children
with all normal thyroid parameters assessed (normal TH levels, TPOAb
negative, absence of cysts or nodules, and homogenous echogenicity), we
divided children in two groups. Our data showed no significant difference
between the groups, being that children with some thyroid parameter altered
presented a mean + SD for echo body index of 4.34 + 0.99 mL/m? while children
with no alterations in thyroid parameters had a mean + SD of 4.21 + 0.84 mL/m?

for echo body index (p>0.05).

Table 6 Echo body index (mL/m?) obtained from the ratio between thyroid volume (mL)

and body surface area (m?) of the studied children in the high exposure period (N= 54)

Age (years) N Body surface area  Thyroid volume Echo body
(m?) (mL) index (mL/m?)
5-6 5 0.88+0.11 3.60+0.44 4.12 +0.64
7-8 12 1.06 +0.19 4.61 +0.96 4.32+041
9-10 15 1.23+0.13 4.45+1.03 3.63+0.80
11-12 2 1.52+0.15 6.35+1.77 4.14 £ 0.74
13-14 14 1.65+0.21 7.71 +1.80 4.71+1.10
15-16 6 1.75+0.26 8.17+1.81 4.67 £ 0.62

Data are expressed as mean + SD
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Fig. 3 Ultrasound images obtained from children (N= 54) with (A) homogenous
echogenicity (normal thyroid) and (B) thyroid with non-homogenous echogenicity

Associations among biomarkers of exposure and thyroid hormones
Significant associations were observed between TSH and fTa
concentrations and metals levels in the low exposure period, as shown in Table
7. After adjustment for covariates, log TSH was positively associated with blood
concentrations of log-transformed Cr, Mn, and Pb (p<0.05). In addition, the log-
transformed fT4 was negatively associated with blood levels of log-transformed
Cr, Hg, Mn, and Pb (p<0.05). Elevated log-transformed Pb hair levels were also
positively associated with increased log-transformed TSH levels and inversely

correlated with log-transformed fT4 levels (p<0.05).

Table 7 Correlations between thyroid hormones and metals in the low exposure
period (N= 54)

Log TSH (uUI mL™1) Log fT4 (ng dL™1)
Log B-Cr (ug L) r=0.476** r=-0.514**
Log B-Mn (ug L) r=0.355* r=-0.410*
Log B-Pb (ug dL?) r=0.376* r=-0.512*
Log B-Hg (ug L) # r=-0.450**
Log H-Pb (ug g?) r=0.363* r=-0.333*

* p<0.05; ** p<0.01; # p>0.05. Partial correlations adjusted for age, gender, BMI, and pubertal
stage. Abbreviations: B-Cr: blood chromium; B-Mn: blood manganese; B-Pb: blood lead; H-Pb:
hair lead; B-Hg: blood mercury
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Associations between biomarkers of exposure to Mn and serum PRL
levels

Fig. 4 shows the results of Spearman’s correlation analysis among Mn in
hair and PRL serum levels in both evaluated periods. Increased PRL levels
were accompanied by increased hair Mn levels in the low (Fig. 4A; p<0.05) and

in the high exposure (Fig. 4B; p<0.01) periods.
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Fig. 4 Spearman’s rank correlations between PRL levels (ng L) and hair Mn levels
(H-Mn; pg g?) in the low exposure period (A; N= 52) and in the high exposure
period (B; N= 41). Abbreviations: H-Mn: hair manganese

Biochemical analyses

In Table 8, significant differences were observed for glucose, total
cholesterol (TC), HDL-c, and LDL-c (p<0.01). Children presented blood fasting
glucose levels significantly increased in the high exposure period, when
compared to those found in the low exposure period (p<0.001). Moreover, while
in the low exposure period just two children presented glucose levels above 100
mg dL, 18 children (33%) had glucose levels = 100 mg dL in the high
exposure period, with values ranging from 100 to 108 mg dL*. Additionally, as it
is possible to observe in Fig. 5, the increase in glucose levels was significantly
accompanied by the decrease in BUChE activity in the high exposure period (r=
-0.509; p<0.001), suggesting a negative involvement of the cholinesterase
inhibitor insecticides on glucose homeostasis of children.

According to Brazilian reference ranges for lipid profile markers, children
presented significant elevated mean of TC (2150 mg dL') and LDL-c levels
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(>100 mg dL"1), as well as HDL-c levels were significantly decreased in the low
exposure period in comparison to the high exposure period (p<0.01). Our data
showed that 44 children (81%) and 40 children (75%) in the low and high
exposure periods, respectively, presented TC levels above 150 mg dL. For
LDL-c, 33 children (62%) and 24 children (44%) had serum levels higher than
100 mg dL? in the low and high exposure periods, respectively. Regarding to
triglycerides levels, 22 children (40%) and 20 children (38%) demonstrated
serum levels above 100 mg dL? in the low and high exposure periods,
respectively. Significant inverse associations adjusted by age were found
between HDL-c and log BMI in the low exposure period (r= -0.496; p<0.0001)
and in the high exposure period (r= -0.548; p<0.001). Log transformed TG was
also positively correlated with log BMI in the low exposure period (r= 0.317;
p<0.05), as well as was inversely associated with log fT4 in the high exposure
period (r=-0.286; p<0.05). Negative association was also found between log T4
and TC (r=-0.302; p<0.05) in the high exposure period.

No significant difference was found for hs-CRP between the exposure
periods. However, log transformed hs-CRP was positively correlated with log
BMI in the low exposure (r= 0.579; p<0.001) and in the high exposure period (r=
0.338; p<0.05). In addition, log hs-CRP was positively associated with LDL-c in
the low exposure period (r= 0.283; p<0.05).

Table 8 Biochemical features of studied children (N= 54)

Low High Reference values
exposure exposure
Glucose (mg dL?) 87.3+£0.83 96.1+0.84** 65— 99
Total cholesterol (mgdL?') 195.3+7.0 184.2 +7.3* < 150
HDL cholesterol (mg dL) 53.8+1.6 60.1+1.7* > 45
LDL cholesterol (mg dL™?) 120.2+58 101.9 £6.3** <100
Triglycerides (mg dL™) 106.9 £9.7 101.6 £ 9.6 <100
hs-CRP (mg L) 1.4 +2.55 21+4.1 <1.0

Data are expressed as mean + SEM. Abbreviations: HDL: high-density lipoprotein, LDL: low-density
lipoprotein; hs-CRP: high-sensitivity C reactive protein. *p<0.01 compared with the low exposure
period; **p<0.001 compared with the low exposure period
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Fig. 5 Partial correlation test between glucose levels (mg L?1) and log BuChE
activity (U L) in children in the high exposure period (N= 54), adjusted by sex, age,
BMI and pubertal stage. Abbreviations: BuChE: butyrylcholinesterase

Discussion

The present data suggest that children living in a rural area of Southern
Brazil were chronically exposed to environmental xenobiotics, including
pesticides and metals. Significant associations between biomarkers of exposure
to multiple metals (As, Cr, Hg, Mn and Pb), and alterations in circulating TSH
and fT4 levels may suggest that such xenobiotics act as EDCs. Moreover, we
described association between children’s environmental exposure to
cholinesterase inhibitors insecticides and glucose levels, as well as between
increased Mn levels and elevated prolactin, and observed dyslipidemia possibly
related to thyroid dysfunction. Since studies with children environmentally
exposed to xenobiotics are scarce, especially in developing countries, our study
provides relevant information regarding the adverse effects of these chemicals
on children’s health and, consequently, the possible negative consequences of
such exposures throughout their lives.

Cholinesterase inhibitor insecticides, i.e., OPs and carbamates, are
widely used in developing countries, such as Brazil. In our study, 33% of
children’s parents reported the use of such chemicals. These compounds
strongly affect the nervous system of the insects and, in a smaller degree, they

also affect the mammals, which causes concern regarding human health
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(Oulhote and Bouchard, 2013). When absorbed, they bind to the active site of
cholinesterase, leading to enzyme phosphorylation and carbamylation,
respectively (Linares et al., 2005; Linhares et al., 2013). Therefore, they are
considered cholinesterase inhibitors. According to Butler-Dawson et al. (2016),
OPs have the potential to cause adverse health effects and affect negatively the
neurodevelopment of children living in agricultural communities. Our findings
are in agreement with Garcia-Garcia et al. (2016), who showed significant
reduced BUChE activity in the high exposure period to pesticides in relation to
the low exposure period, while no significant difference was found for AChE
between the exposure periods in greenhouse workers from Spain. Although
less specific, BUChE is more sensitive to assess exposure to cholinesterase
inhibitor insecticides in biomonitoring studies (Kapka-Skrzypczak et al., 2011).
Moreover, BUChE activity represents recent exposure, while AChE activity
remains inhibited for longer than BuChE, representing chronic exposure
(Linhares et al., 2013; Garcia-Garcia et al., 2016). Indeed, in the high exposure
period, children were probably more exposed to cholinesterase inhibitors than in
the low exposure period, by direct contact through helping parents in their
agricultural practices or indirectly by playing in sheds where pesticides are
stored, and through inhalation or ingestion of contaminated drinking water and
food. Moreover, in this period, children were at risk of exposure to nicotine,
considering that tobacco is the main agricultural cultivation in the studied region.
Because of this, we performed cotinine urinary levels determination. Cotinine,
the major metabolite of nicotine, is used as biomarker of tobacco exposure
(Desouky et al., 2016). Our data showed increased cotinine levels in the high
exposure period in relation to the low exposure period.

Additionally, metals can be released to the environment in rural areas
from agricultural activities, since certain pesticides may contain some of these
elements, including As, Cd, Pb, Cr, and Ni, as contaminants (Gorman et al.,
2011; Jiao et al., 2012; Gundert-Remy et al., 2015). In addition, mancozeb, an
ethylene bisdithiocarbamate (EBDC) fungicide used in the studied region,
contain almost 20% Mn by weight, constituting a potential source of exposure to
this element (Mora et al., 2014). Our data showed that Cr and Mn were above
the recommended levels in blood and hair in both periods, suggesting chronic

exposures. In addition, we found significant increased blood levels of As, Mn
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and Ni in the high vs. low exposure period. Results for blood As and Ni levels
are in agreement with our previous findings, in which these two elements were
also higher in a period of tobacco leaves harvest, after pesticides applications,
than in a period of low exposure to pesticides in the same rural region
(Nascimento et al., 2017). In hair, As, Cr, Hg, Mn, Ni and Pb were increased in
the high exposure period when compared to the low exposure period. Metals
can deposit in keratin, a component of hair (Kordas et al., 2010); therefore, our
findings suggest a prolonged exposure of several months, with metals as
probable pesticide contaminants (Pecegueiro, 1990; Nziguheb and Smolders,
2008). Furthermore, blood As levels were inversely associated with AChE and
BuChE in the low and high exposure periods, respectively, suggesting co-
exposure. The main source of human environmental exposure to As is through
the ingestion of contaminated water, resulting in toxicological risks
(Gundert-Remy et al., 2015). In addition, anthropogenic sources including
pesticides (herbicides, insecticides, rodenticides, fungicides) might also
contribute to environmental exposure to this xenobiotic. Therefore, groundwater
contamination with As and use of cholinesterase inhibitor insecticides in
agriculture practices represent a serious problem in today’s scenario mainly
because the environmental co-exposure to such toxic agents can lead to
several hazards to human health (Dwivedi & Flora, 2011; Flora, 2016).

Thyroid system can be affected by EDCs at different levels considering
the number and complexity of the mechanisms involved in thyroid homeostasis.
Such mechanisms include thyroid cell damage, interference with the
hypothalamic-pituitary thyroid axis or alterations of the peripheral metabolism of
TH (Vigneri et al. 2016). To our knowledge, this is the first study demonstrating
the adverse effects on thyroid function of children caused by environmental
exposure to metals. Among the investigated metals, Cr was the one that most
associated with increased TSH and decreased fT4. Cr toxicity on thyroid has
not been thoroughly studied (Rana, 2014). Unlike other metals, such as Pb and
Cd, little or almost nothing has been reported concerning the adverse effects of
Cr on thyroid gland structure or its secretions (Qureshi and Mahmood, 2010).
Animal studies have showed the same associations found by the present study:
fT4 decreased and TSH increased significantly with Cr exposure (Mahmood et
al., 2008; ElBakry and Tawfik, 2014; Mohamed and El-Twab, 2016).
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Moreover, very little is known about the interrelationships between
thyroid function and Mn exposure in humans (Soldin and Aschner, 2007;
Maouche et al.,, 2015; Memon et al.,, 2015; Hutchens et al., 2017). It was
reported that Mn might affect TH homeostasis as a result of both direct
dysregulation of the thyroid gland control or interfering with the activity of
deiodinases, as well as affecting indirectly via alterations in the dopaminergic
control of the thyroid (Soldin and Aschner, 2007; Maouche et al., 2015). In a
recent study, Hutchens and colleagues (2017) reported that Mn toxicity induced
severe hypothyroidism (increased TSH and decreased T4 levels) in mice.
According to the authors, it is important to determine the thyroid status of Mn-
exposed children, as performed in the current study, since decreased TH levels
may cause, contribute to, or exacerbate the neurotoxic effects of Mn. Memon
and colleagues (2015) found similar results, i.e., decreased fT4 and increased
TSH significantly associated with blood Mn levels in hypothyroid females. As we
proposed, the authors also suggested that environmental anthropogenic
sources, especially extensive pesticide use, may contribute to increased Mn
levels in the population.

In relation to Pb, both blood and hair levels were associated with
increased TSH and decreased fT4 in the current study. While we not found
reports of association between human hair Pb levels and thyroid dysfunction,
few studies have investigated associations of B-Pb <10 pg dL* with TH levels
(Chen et al., 2013). Dundar et al. (2006) found results similar to ours with low B-
Pb levels (mean of 7 pg dL?') associated with decreased fT4 levels in
adolescents, and suggest that this is probably secondary to toxic effects of Pb
on pituitary-thyroid axis and/or early findings of primary hypothyroidism due to
impaired production of peripheral TH. Similar to our data, the rising TSH was
associated with B-Pb in an occupational study of Singh et al. (2000). Recently,
Nie et al. (2017) found positive association between B-Pb and TSH in Chinese
adults, suggesting that Pb was disrupting thyroid function, corroborated these
findings.

Furthermore, B-Hg was negatively associated with fT4, and it was not
correlated with TSH. Our data are in agreement with the study of Chen and
colleagues (2013), who also not found association of TSH with Hg in

adolescents and adults, only between Hg and T3 and Ta, suggesting that the
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exposure to this xenobiotic may not affect pituitary function. Although some
mechanisms of Hg-related TH disruption were proposed, including binding to
sulfhydryl (SH)-containing ligands in the thyroid, reduced TSH production, and
inhibition of deiodination, the effects of exposure to Hg on human thyroid
function still require more investigations (Chen et al., 2013; Li et al., 2016).

In our study, the prevalence of subclinical hypothyroidism (SH) (elevated
TSH with normal fT4) in the period of low exposure to pesticides was 7.5%, TSH
was strongly and negatively associated with fT4, showing an appropriate
response of TSH to TH levels. Interestingly, 47.1% of the children had
increased fT4 levels in this period, which suggests an increase in TH carrier
proteins or a resistance to TH in the hypothalamic-hypophysis area. This
prevalence of SH is increased when compared to the 2.9% described by Lazar
et al. (2009). In the high exposure period, the prevalence of SH was similar at
9.5%. As TSH, in this period, was positively associated with blood Cr, Mn, Hg,
as well as blood and hair Pb, a complex interaction between these chemicals
are probably related to these alterations. Interestingly, the prevalence of high
fT4 decreased from 47.5% in the low exposure period to 5.7% in the high
exposure period, suggesting an acute effect on TH carrier proteins or on TH the
hypothalamus-hypophysis axis.

Most children with SH have no symptoms. However, neuropsychological
disorders, growth problems, effects on BMI, metabolic parameters and
cardiovascular (CV) risk were described in children and adolescents with SH
(Lazarus et al., 2014). It is known that dyslipidemia (high TC and LDL-c) is
common in patients with thyroid dysfunction, especially hypothyroidism, and the
association of dyslipidemia with SH has been described (Mehran et al., 2017,
Unal et al., 2017). In the current study, fT4 was inversely correlated with both
TG and TC. Our data also showed associations between BMI and lipid profile
parameters (decreased HDL-c and increased TG). Indeed, most children were
overweight/obese in the current study, and an abnormal lipid profile could be
associated with obesity (Dos Santos et al., 2007). Furthermore, since it is
recognized that alterations in serum levels of lipids in childhood can be a risk
factor for CV diseases in adulthood (Ramos et al., 2011), we investigated an
inflammatory marker to CV risk, the hs-CRP. Values of hs-CRP between 1.0

and 3.0 mg dL! are considered as medium risk to CV diseases. Although no
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significant difference was found between the periods, mean hs-CRP levels were
within this interval in both periods. Moreover, hs-CRP was positively associated
with LDL-c and BMI. In fact, obesity is also an important predictor of CV
diseases (Dos Santos et al., 2007).

It is known that exposure to multiple classes of pesticides may represent
risk factors for diabetes. Some active ingredients of pesticides affect
neurotransmission and/or ion channel systems, which regulate pancreatic
function, including acetylcholine (e.g., organophosphate, carbamate,
neonicotinoids), sodium channels (e.g., pyrethroids), among others. As
consequence, these compounds might affect glucose homeostasis (Thayer et
al., 2012). Our data are enough to suggest that, in fact, these chemicals might
affect glucose homeostasis, since we found a negative association between
blood fasting glucose levels and BuChE activity in the period of high exposure
to pesticides. Additionally, 18 children (34%) had fasting glucose levels =100
mg dLt in the high exposure period, a condition that can be classified as pre-
diabetes by the Brazilian Society of Diabetes, which represents a risk factor for
diabetes mellitus (SBD, 2016). Indeed, case reports, cohort, and animal
experimental studies have provided evidence that cholinesterase inhibitor
insecticides induce disruption of glucose homeostasis (Rathish et al., 2016;
Ribeiro et al., 2016). The molecular mechanisms involved are diverse and
include alteration of insulin signaling pathways, lipotoxicity, inflammation and
oxidative stress (Lasram et al., 2014). Hyperglycemia and hyperinsulinemia
after acute and subchronic exposure to various doses of malathion, a common
OP, were found in rats suggesting the diabetic potential of OPs (Panahi et al.,
2006). Insulin resistance and pancreatic B-cells dysfunction characterize DM2.
Initially, there is a compensation by increased insulin production. Over time,
pancreas fails to produce sufficient insulin to stimulate adequate glucose
uptake, leading to hyperglycemia and DM2 (Montgomery et al., 2008; Fénichel
and Chevalier, 2017). Pancreatic B-cells contain muscarinic acetylcholine
receptors, which are involved in the glucose-dependent production of insulin.
OPs and carbamates insecticides inhibit cholinesterase leading to acetylcholine
accumulation, potentially causing overstimulation and subsequent down
regulation of muscarinic receptors and reducing insulin production (Montgomery
et al., 2008; Rathish et al., 2016).
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For our knowledge, this is the first study reporting association between
exposure to cholinesterase inhibitor insecticides and increased risk to DM2
development in children environmentally exposed. The prevalence of DM2 has
drastically increased worldwide during last few decades, including in children. In
parallel, there is accumulating evidence suggesting that EDCs may play a
pathophysiological role in the occurrence of metabolic diseases, together with
lifestyle factors and genetic susceptibility (Fénichel and Chevalier, 2017). In
addition, the high prevalence of overweight and obesity observed in the current
study could contribute to the risk of DM development.

In our previous works, we have reported the possible neurotoxic effects
from environmental exposure to Mn in children living in a rural area of Southern
Brazil, where their parents use pesticides containing Mn, such as the fungicide
mancozeb (Nascimento et al., 2015; 2016). When at high levels in body, this
metal can interact negatively with cellular dopamine, leading to dopamine
autoxidation and causing dopaminergic cell death (Santos et al., 2011).
Dopamine, in turn, regulates the release of PRL, a protein hormone with many
functions in humans, including synthesis/maintenance of milk secretion,
metabolism, reproduction, and maintenance of homeostasis in immune
responses and osmotic balance (Tutkun et al. 2014). This regulation is based
on dopamine binding to D2-receptors on specific pituitary cells (lactotrophs)
which are responsible for the secretion of PRL, inhibiting both the release and
the synthesis of this neurohormone (Santos et al., 2011). Due to the
neurotoxicity of Mn on the dopaminergic system and the relationship between
dopamine and PRL release and synthesis control, the measurement of PRL has
been used as a sensitive indirect marker of Mn exposure in occupational
studies (Montes et al., 2008). In the present study, serum PRL was positively
correlated with hair Mn in both periods assessed. Our findings are in agreement
with those found by Montes et al. (2011), who also reported positive
Spearman’s correlation between PRL and hair Mn in children, although their
association was weaker than ours. Similarly, Takser and colleagues (2003)
showed, for the first time, positive relation between cord blood Mn and PRL
levels. Therefore, as mentioned in previous studies, Mn-induced dopamine
decrease can lead to rise in serum PRL levels in children environmentally

exposed to elevated Mn levels.
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Our study has some limitations; the most important is the small number
of participants, with a missing of approximately 35% of children from the low
exposure period to the high exposure period. Moreover, the lack of evaluation of
biomarkers of exposure for other pesticides used in the studied region is also an
important limitation. Due to the collinearity between the levels of metals in blood
and hair, was not possible to perform an analysis of multiple regression.
Nevertheless, our data provide important information as high frequency of SH in
a small number of children chronically exposed to a mixture of xenobiotics in an
agricultural community, as well as the possible endocrine-disrupting effects of
metals on thyroid function and the negative consequences from this
disturbance, as dyslipidemia and risk to CV diseases. In addition, we showed
consistent data about the effects of Mn and cholinesterase inhibitors

insecticides on PRL levels and glucose homeostasis, respectively.

Conclusion

In summary, the present study showed that children living in a rural area
from Brazil were chronically exposed to metals, especially Cr and Mn. These
metals, together with Pb and Hg, may affect the thyroid function. Almost 10% of
the children presented SH and showed alterations in lipid profile in both periods.
The majority of children had glucose levels above 100 mg dL™ in the high
pesticide exposure period, and, for the first time, the association between serum
glucose levels and BuChE activity, a biomarker of recent exposure to
cholinesterase inhibitor insecticides, suggested a disruption on glucose
homeostasis, which might lead to DM2. The high prevalence of children with
overweight/obesity could be associated to thyroid disruption, being another
important risk factor to DM2 development. In addition, the association between
hair Mn and PRL suggest dopaminergic damage as a result of the exposure to
this metal. Given the intense use of pesticides in Brazil and the special
susceptibility of children to its adverse effects, as well as to the exposure to
metals and other xenobiotics, future research should target the effects on

children’s health, and preventing and/or minimizing these exposures.

118



Acknowledgments

The authors would like to thank the volunteers who participated in this study.
This work was partially supported by the Hospital de Clinicas de Porto Alegre
(FIPE, project number 0016052). S.N. Nascimento had a CNPq PhD research

fellowship and S.C. Garcia is a recipient of CNPq research fellowship.

Conflict of interest

The authors declare that they have no conflict of interest.

119



References

Akyildiz BN, Kondolot M, Kurtoglu S et al (2009) Organophosphate intoxication
presenting as diabetic keto-acidosis. Ann Trop Paediatric 29(2):155-158

Aschner M, Guilarte TR, Schneider JS et al (2007) Manganese: recent
advances in understanding its transport and neurotoxicity. Toxicol Appl
Pharmacol 221(2):131-147

Ben-Jonathan N, LaPensee CR, LaPensee EW (2008) What can we learn from
rodents about prolactin in humans? Endocr Rev 29(1):1-41

Boas M, Feldt-Rasmussen U, Main KM (2012) Thyroid effects of endocrine
disrupting chemicals. Mol Cell Endocrinol 355(2):240-248

Butler-Dawson J, Galvin K, Thorne PS et al (2016) Organophosphorus pesticide
exposure and neurobehavioral performance in Latino children living in an
orchard community. Neurotoxicology 53:165-172

Campos E, Freire C (2016) Exposure to non-persistent pesticides and thyroid
function: systematic review of epidemiological evidence. Int J Hyg Eniron Health
219(6):481-497

Carneiro MTWD, Porto da Silveira CL, Miekeley N et al (2002) Intervalos de
referéncia para elementos menores e tragco em cabelo humano para a
populacao da cidade do Rio de Janeiro — Brasil. Quim Nova 25:37-45

Cattaneo R, Alegretti AP, Sagebin FR et al (2006) Validacdo de método para
determinacao de cotinine em urina por cromatografia liquida de alta eficiéncia.
Rev Bras Toxicol 19:25-31

Chen A, Kim SS, Chung E, et al (2013) Thyroid hormones in relation to lead,
mercury, and cadmium exposure in the National Health and Nutrition
Examination Suvey, 2007-2008. Environ Health Perspect 121(2):181-186

Christensen YKL (2013) Metals in blood and urine, and thyroid function among
adults in the United States 2007-2008. Int J Hyg Environ Health 216(6):624-632

Conde WL, Monteiro CA (2006) Body massa indez cutoff points for evaluation
of nutritional status in Brazilian children and adolescentes. J Pediatr (Rio J)
82(4):266-272

Desouky DS, Elnemr G, Alnawawy A, Taha AA (2016) The relation between
exposure to environmental tobacco smoke and the quantity of cotinine in the
urine of school children in Taif City, Saudi Arabia. Asian Pac J Cancer Prev
17:139-145

120



Dos Santos MG, Pegoraro M, Sandrini F et al (2008) Fatores de risco no
desenvolvimento da aterosclerose na infancia e adolescéncia. Arq Bras Cardiol
90(4):301-308

Dundar B, Oktem F, Arslan MK et al (2006) The effect of long-term low-dose
lead exposure on thyroid function in adolescents. Environ Res 101(1):140-145

Dwivedi N, Flora SJ (2011) Concomitant exposure to arsenic and
organophosphates on tissue oxidative stress in rats. Food Chem Toxicol
49(5):1152-1159

EIBakry RH, Tawfik SM (2014) Histological study of the effect of potassium
dichromate on the thyroid follicular cells of adult male albino and the possible
protective role of ascorbic acid (vitamin C). J Microsc and Ultrastruct 2(2):137-
150

Ellman GL et al (1961) A new and rapid colorimetric determination of
acetylcholinesterase activity. Biochem Pharmacol 7:88-95

Fénichel P, Chevalier N (2017) Environmental endocrine disruptors: new
diabetogens? C R Biol 340(9-10):446-452

Flora SJ (2016) Arsenic and dichlorvos: Possible interaction between two
environmental contaminants. J Trace Elem Med Biol 35:43-60

Friedewald WT, Levy RI, Fredrickson DS (1972) Estimation of the concentration
of low-density lipoprotein cholesterol in plasma, without use of the preparative
ultracentrifuge. Clin Chem 18:499-502

Garcia-Garcia CR, Parrén T, Requena M et al (2016) Occupational pesticide
exposure and adverse health effects at the clinical, hematological and
biochemical level. Life Sci 145:274-283

Gorman NM, Stjernberg E, Koehoorn M et al (2011) Exposure to pesticides and
metal contaminants of fertilizer among tree planters. Ann Occup Hyg 55:752—
763

Gundert-Remy U, Damm G, Foth H et al (2015) High exposure to inorganic
arsenic by food: the need for risk reduction. Arch Toxicol 89(12):2219-2227

Hutchens S, Liu C, Jursa T et al (2017) Deficiency in the manganese efflux
transporter SLC30A10 induces severe hypothyroidism in mice. J Biol Chem
292(23):9760-9773

Iwen KA, Schroder E, Brabant G (2013) Thyroid hormones and the metabolic
syndrome. Eur Thyroid J 2(2):83-92

Jiao W, Chen W, Chang AC et al (2012) Environmental risks of trace elements
associated with long-term phosphate fertilizers applications: a review. Environ
Pollut 168:44-53

121



Kapka-Skrzypczak, Cyranka M, Skrzypczak M et al (2011) Biomonitoring and
biomarkers of organophosphate pesticides exposure — state of the art. Ann
Agric Environ Med 18(2):294-303

Karr, C (2012) Children’s environmental health in agricultural settings. J
Agromedicine 17:127-139

Kirsten D (2000) The thyroid gland: physiology and pathophysiology. Neonatal
Netw 19(8):11-26

Kordas K, Queirolo EI, Ettinger AS et al (2010) Prevalence and predictors of
exposure to multiple metals in preschool children from Montevideo, Uruguay.
Sci Total Environ 408:4488-4494

Landrigan JP, Etzel RA (2014) Children’s environmental health. Oxford, United
States

Landrigan PJ (2016) Children’s environmental health: a brief history. Acad
Pediatr 16(1):1-9

Lasram MM, Dhouib IB, Annabi A et al (2014) A review on the molecular
mechanisms involved in insulin resistance induced by organophosphorus
pesticides. Toxicology 322:1-13

Lazar L, Frumkin RB, Battat E et al (2009) Natural history of thyroid function
tests over 5 years in a large pediatric cohort. J Clin Endocrinol Metab
94(5):1678-1682

Lazarus J, Brown RS, Daumerie C et al (2014) 2014 European thyroid
association guidelines for the management of subclinical hypothyroidism in
pregnancy and in children. Eur Thyroid J 3(2):76-94

Li J, Liu Y, Kong D et al (2016) T-screen and yeast assay for the detection of
the thyroid-disrupting activities of cadmium, mercury, and zinc. Environ Sci
Pollut Res Int 23(10):9843-9851

Linares CEB, Dagios G, Carati MR et al (2005) Acethylcholinesterase and
butyrilcholinesterase plasmatic levels in farmers from Frederico Westphalen —
RS. Saude 31(1-2):47-51

Linhares AG, Assis CRD, Siqueira MT et al (2013) Development of a method for
extraction and assay of human erythrocyte acetyylcholinesterase and pesticide
inhibition. Human Exp Toxicol 32(8):837-845

Lisbéa HR, Gross JL, Orsolin A et al (1996) Clinical examination is not na
accurate method of defining the presence of goitre in schoolchildren. Clin
Endocrinol (Oxf) 45(4):471-475

122



Mahmood T, Qureshi Z, Nadeem MS et al (2008) Hexavalent chromium toxicity
in pituitary and thyroid glands. Pakistan J Zool 40(2):91-97

Maouche N, Meskine D, Alamir B et al (2015) Trace elements profile is
associated with insulin resistance syndrome and oxidative damage in thyroid
disorders: manganese and selenium interest in Algerian participants with
dysthyroidism. J Trace Elem Med Biol 32:112-121

Magbool F, Mostafalou S, Bahadar H et al (2016) Review of endocrine
disorders associated with environmental toxicants and possible involved
mechanisms. Life Sci 145:265-273

Mateus VL et al (2013) Study of the chemical composition of particulate matter
from the Rio de Janeiro metropolitan region, Brazil, by inductively coupled
plasma-mass spetrometry and optical emission spetrometry. Spectrochim. Acta
Part B At Spectrosc 86:131-136

Mehran L, Amouzegar A, Bakhtiyari M et al (2017) Variations in serum free
thyroxine concentration within the reference range predicts the incidence of
metabolic syndrome in non-obese adults: a cohort study. Thyroid 27(7):886-893

Mello-da-Silva CA, Fruchtengarten L (2005) Environmental chemical hazards
and child health. J Pediatr (Rio J.) 81(5):S207-S211

Memon NS, Kazi TG, Afridi HI et al (2015) Correlation of manganese with
thyroid function in females having hypo- and hyperthyroid disorders. Biol Trace
Elem Res 167(2):165-171

Mohamed HM, Abd El-Twab SM (2016) Gallic acid attenuates chromium-
induced thyroid dysfunction by modulating antioxidant status and inflammatory
cytokines. Environ Toxicol Pharmacol 48:225-236

Montes S, Riojas-Rodriguez H, Sabido-Pedraza E et al (2008) Biomarkers of
manganese exposure in a population living close to a mine and mineral
processing plant in Mexico. Environ Res 106(1):89-95

Montes S, Schilmann A, Riojas-Rodriguez H et al (2011) Serum prolactin rises
in Mexican school children exposed to airborne manganese. Environ Res
111(8):1302-1308

Montgomery MP, Kamel F, Saldana TM et al (2008) Incident diabetes and
pesticide exposure among licensed pesticide applicators: agricultural health
study, 2993-2003. Am J Epidemiol 167(10):1235-1246

Mora AM, van Wendel de Joode B, Mergler D et al (2014) Blood and hair

manganese concentrations in pregnant women from infants’ environmental
health study (ISA) in Costa Rica. Environ Sci Technol 48:3467-3476

123



Nascimento SN, Chardo MF, Moro AM (2014) Evaluation of toxic metals and
essential elements in children with learning disabilities from a rural area of
Southern Brazil. Int J Environ Res Public Health 11(10):10806-10823

Nascimento SN, Barth A, Goethel G et al (2015) Cognitive deficits and ALA-D-
inhibition in children exposed to multiple metals. Environ Res 136:387-395

Nascimento SN, Baierle M, Goéethel G et al (2016) Associations among
environmental exposure to manganese, neuropsychological performance,
oxidative damage and kidney biomarkers in children. Environ Res 147:32-43

Nascimento SN, Goéethel G, Baierle M et al (2017) Environmental exposure and
effects on health of children from a tobacco-producing region. Environ Sci Pollut
Res Int 24(3):2851-2865

Nie X, Chen Y, Chen Y et al (2017) Lead and cadmium exposure, higher thyroid
antibodies and thyroid dysfunction in Chinese women. Environ Pollut 230:320-
328

Nziguheba G, Smolders E (2008) Inputs of trace elements in agricultural soils
via phosphate fertilizers in Europe countries. Sci Total Environ 390(1):53-57

Oulhote Y, Bouchard M (2013) Urinary metabolites of organophosphate and
pyrethroid pesticides and behavioral problems in Canadian children. Environ
Health Perspec 121(11-12):1378-1384

Panahi P, Vosough-Ghanbari S, Pournourmohammadi S et al (2006)
Stimulatory effects of malathion on the key enzymes activities of insulin
secretion in Langerhans islets, glutamate dehydrogenase and glucokinase.
Toxicol Mech Methods 16(4):161-167

Pecegueiro M (1990) Contact dermatitis due to nickel in fertilizers. Contact
Dermatitis 22:114-115

Pignati W, Oliveira NP, da Silva AM (2014) Surveillance on pesticides:
quantification of use and prediction of impact on health, work and the
environment for Brazilian municipalities. Clin Saude Colet 19(12):4669-4678

Qureshi Z, Mahmood T (2010) Prospective role of ascorbic acid (vitamin C) in
attenuating hexavalent chromium-induced functional and cellular damage in rat
thyroid. Toxicol Ind Health 26(6):349-359

Ramos AT, Carvalho DF, Gonzaga NC et al (2011) Perfil lipidico em criangas e
adolescentes com excesso de peso. Ver Bras de Cresc Desenv Hum,
21(3):780-788

Rana SV (2014) Perspectives in endocrine toxicity of heavy metals — a review.
Biol Trace Elem Res 160(1):1-14

124



Rathish D, Agampodi SB, Jayasumana MACS et al (2016) From
organophosphate poisoning to diabetes mellitus: the incretin effect. Med
Hypotheses 91:53-55

Ribeiro TA, Prates KV, Pavanello A et al (2016) Acephate exposure during a
perinatal life program to type 2 diabetes. Toxicology 372:12-21

Russ K, Howard S (2016) Developmental exposure to environmental chemicals
and metabolic changes in children. Curr Probl Pediatr Adolesc Health Care
46(8):255-285

Santos AP, Lopes Santos M, Batoréu MC et al (2011) Prolactin is a peripheral
marker of manganese neurotoxicity. Brain Res 1382:282-290

SBD, Sociedade Brasileira de Diabetes. [http://www.diabetes.org.br/publico/]
Accessed 15 Oct 2017

Schug TT, Janesick A, Blumberg B et al (2011) Endocrine disrupting chemicals
and disease susceptibility. J Steroid Biochem Mol Biol 127:204-215

Singh B, Chandran V, Bandhu HK et al (2000) Impact of lead exposure on
pituitary-thyroid axis in humans. Biometals 13(2):187-192

Soldin OP, Aschner M (2007) Effects of manganese on thyroid hormones
homeostasis: potential links. Neurotoxicology 28(5):951-956

Takser L, Mergler D, Hellier G et al (2003) Manganese, monoamine metabolite
levels at birth, and child psychomotor development. Neurotoxicology 24(4-
5):667-674

Tanner JM, Whitehouse RH (1976) Clinical longitudinal standards for height,
weight, height velocity, weight velocity, and stages of puberty. Arch Dis Child
51(3):170179

Thayer KA, Heindel JJ, Bucher JR et al (2012) Role of environmental chemicals
in diabetes and obesity: a National Toxicology Program workshop review.
Environ Health Perspect 120(6):779-789

Tutkun E, Abusoglu S, Yilmaz H et al (2014) Prolactin levels in manganese-
exposed male workers. Pituitary 17(6):564-568

Unal E, Akin A, Yidirim R et al (2017) Association of subclinical hypothyroidism
with dyslipidemia and increased carotid intima-media thickness in children. J
Clin Res Pediatr Endocrinol 9(2):144-149

Uyemura SA, Stopper H, Martin FL et al (2017) A perspective discussion on

rising pesticide levels and colon cancer burden in Brazil. Front Public Health
5(273):1-8

125



Uwizeyimana H, Wang M, Chen W, K Kifayatullah (2017) The eco-toxic effects
of pesticide and heavy metal mixtures towards earthworms in soil. Environ
Toxicol Pharmacol 55:20-29

Vigneri R, Malandrino P, Giani F et al (2016) Heavy metals in the volcanic
environment and thyroid cancer. Mol Cell Endocrinol 457:73-80

Wegner S, Brown P, Dix D (2016) Identifying reference chemicals for thyroid
bioactivity screening. Reprod Toxicol 65:402-413

WHO, World Health Organization. Trace Elements in Human Nutrition and
Health, WHO, Geneva, Switzerland, 1996

Zoeller RT, Tan SW, Tyl RW (2007) General background on the hypothalamic-
pituitary thyroid (HPT) axis. Crit Rev Toxicol 37(1-2):11-53

126



PARTE Ill







DISCUSSAO

A wulnerabilidade especial das criancas aos efeitos téxicos de
xenobidticos ambientais quando comparadas aos adultos é bem relatada na
literatura (LANDRIGAN e GOLDMAN, 2011). Essa suscetibilidade esta
associada, principalmente, a imaturidade dos 6rgdos e sistemas infantis,
especialmente os sistemas nervoso central, imune, enddcrino e respiratoério.
Nos ultimos anos, a saude ambiental infantil tem sido motivo de preocupacéo
crescente em relacdo ao aumento na incidéncia de doencas resultantes de
riscos ambientais, tanto tradicionais quanto novos (MELLO-DA-SILVA e
FRUCHTENGARTEN, 2005; FROES ASMUS et al., 2016). Estima-se que,
entre 2005 e 2015, houve um aumento de 25 para 100 milhdes de novas
substancias quimicas utilizadas na agricultura, medicamentos, cosméticos, etc.
Esses agentes quimicos tém sido classificados como “desreguladores
enddcrinos”, uma vez que possuem a capacidade de alterar a funcéo hormonal
normal de humanos (DE LONG e HOLLOWAY, 2017).

Considerando a suscetibilidade infantil, Kunst et al. (2014) investigaram
os efeitos da exposicdo a agrotoxicos e nicotina em criancas, filhas de
fumicultores da regido central do Estado do RS. Em relagdo a um grupo de
criancas controle, que ndo residiam na é&rea rural, foi observado que as
criancas da area rural apresentaram uma menor capacidade auditiva, sendo
sugerida ototoxicidade possivelmente associada a exposicdo ambiental a
agrotoxicos OFs. Além disso, as criancas da éarea rural apresentaram
frequéncia de células alteradas no teste de MN significativamente aumentada
em relacdo as criancas controle. Estudos como esse mostram a importancia de
se investigar os efeitos adversos de xenobidticos ambientais no meio rural
sobre a saude infantil. Apesar do amplo consumo de agrotéxicos pelos Estados
brasileiros e, principalmente pelo RS, ndo existem estudos suficientes no Brasil
sobre os efeitos de agrotoxicos e outros xenobidticos envolvidos com as
praticas agricolas sobre a saude infantil (FROES ASMUS et al., 2016).

Da Silva et al. (2014) investigaram os efeitos genotéxicos em
agricultores da regido central do RS, expostos a agrotoxicos e nicotina atraves
do cultivo do tabaco. As coletas das amostras biol6gicas foram realizadas em

periodos diferentes do cultivo do tabaco, considerando que a aplicagdo de
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agrotoxicos e o contato com a nicotina variam ao longo do ano. De fato,
existem meses do ano em que 0s agrotoxicos sdo mais utilizados,
especialmente no inicio dos cultivos, enquanto o uso desses xenobidticos é
menor ou ausente em outros meses, como no periodo de colheita.

Portanto, levando-se em conta a escassez de estudos investigando os
efeitos adversos de xenobibticos ambientais no meio rural sobre a saude
infantil e, considerando que a exposicao varia ao longo dos meses do ano, o
presente estudo objetivou avaliar a saude de filhos de agricultores da regido
central do RS, em diferentes periodos agricolas do ano.

No capitulo I, observamos niveis aumentados de biomarcadores de
exposicdo a nicotina (cotinina urinaria), solventes (&cido hipurico na urina) e
metais (Cr sanguineo), bem como de biomarcadores do estresse oxidativo
(MDA e PCO) e de dano renal precoce (microalbumindria) em criancas, filhas
de agricultores, em um periodo de maior contato com xenobibticos ambientais
(junho) em relacdo a um periodo de colheita (dezembro). Associacdes
significativas foram observadas entre os biomarcadores de exposi¢ao (cotinina
e Cr) e marcadores de dano oxidativo a lipidios e proteinas (MDA e PCO,
respectivamente), sugerindo o envolvimento do processo de estresse oxidativo
na toxicidade desses xenobidticos. Alteracdes hematoldgicas, especialmente
em relacdo a diminuicdo do numero de linfécitos, também foram associadas a
exposicao ambiental ao Cr.

No capitulo Il, escolhemos dois periodos do ano diferentes daqueles do
capitulo I, porém, escolhendo um periodo de baixa exposicdo aos agrotoxicos e
outro periodo de alta exposicdo. A primeira coleta de amostras biologicas foi
realizada entre os meses de marco e abril (baixa exposicdo) e a segunda
coleta entre os meses de setembro e outubro, periodo logo apds a fase de
transplante das mudas de tabaco nas lavouras, época em que ha uso intenso
de diferentes tipos de agrotoxicos na regido estudada (alta exposicao).

Como biomarcadores de exposicdo aos inseticidas inibidores da
colinesterase, foram avaliadas as atividades das colinesterases sérica (BuChE)
e eritrocitaria (AChE). Os resultados reveralam diminuicdo significativa da
atividade da enzima sérica, BUChE, no periodo de alta exposicdo aos
agrotoxicos em comparacdo ao periodo de baixa exposicdo, sugerindo uma

exposicao recente aos inseticidas. Nossos dados vao ao encontro aos achados
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de Kapka-Skrzypczak e colaboradores (2015), que também demonstraram
baixa atividade da BUChE em criangas que viviam em uma regido de intenso
uso de agrotoxicos na Poldnia, em relagdo a um grupo de criangas controle.

Uma vez que os metais podem estar presentes como contaminantes na
formulacdo de agrotéxicos, niveis no sangue e cabelo (Mn, As, Cd, Cr, Hg, Ni e
Pb) foram quantificados. No periodo de alta exposicdo aos agrotéxicos,
observou-se aumento significativo de As, Mn e Ni no sangue em relacdo ao
periodo de baixa exposicdo. No cabelo, Cr, Hg, Ni e Pb apresentaram niveis
significativamente superiores no periodo de alta exposicdo em relacdo ao
periodo de baixa exposicao. Os niveis de Cr e Mn no sangue e cabelo foram
superiores aos valores de referéncia nos dois periodos estudados, sugerindo
gue a exposicdo ambiental a estes metais ocorre cronicamente.

Em relacdo ao Mn, estudos prévios do nosso grupo de pesquisa
sugeriram que a exposicao infantil a este elemento na &rea rural pode ser
proveniente do uso do fungicida ditiocarbamato, conhecido comercialmente
como Dithane®, cujo principio ativo € o mancozebe, em que o Mn representa
20% da sua constituicdo (NASCIMENTO et al., 2015, 2016). Esse fungicida é
utilizado pelos agricultores da regido estudada. Portanto, o fungicida pode ser
uma provavel fonte de exposicao ao metal na regido. Os niveis sanguineos de
Mn encontrados em um estudo prévio do nosso grupo de pesquisa foram
positivamente associados aos niveis do metal encontrados na agua, sugerindo
uma provavel fonte de exposicdo. De fato, os residuos de fungicida podem se
acumular na agua de consumo da regido, muitas vezes proveniente de pocos
superficiais, contaminando a populacao local através do consumo da agua. O
Mn, qguando em excesso no organismo, representa preocupagdo em relacdo a
neurotoxicidade que pode causar. Em um estudo de Bouchard et al. (2007), os
resultados obtidos indicaram que os niveis de Mn na agua da torneira foram
associados com altos niveis de Mn no cabelo de criangas avaliadas, e 0s niveis
de Mn no cabelo foram significativamente associados com o aumento nos
niveis de desordens comportamentais. Similarmente, nossos achados prévios
mostraram que os niveis de Mn na agua se correlacionaram positivamente com
0s niveis de Mn no cabelo, e estes foram inversamente associados com o QI
em criancgas, filhos de agricultores, da regido central do RS (NASCIMENTO et
al., 2015). Funcgdes cognitivas especificas, tais como memoria de trabalho e
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linguagem, também foram afetadas pelo aumento da exposicdo ao Mn em
nossas investigacdes (NASCIMENTO et al., 2016).

Sabe-se que a exposi¢cdo ambiental crénica ao Mn resulta em déficits na
funcdo do sistema dopaminérgico (LUCCHINI et al., 2014). Nesta linha, a
dosagem da prolactina sérica tem sido utilizada como um biomarcador indireto
de dano dopaminérgico em exposi¢cdes ao Mn, uma vez que o elemento causa
autooxidacdo da dopamina. Na hipofise anterior, a dopamina serve como um
inibidor da liberacdo de prolactina. Nas células lactotréficas, produtoras de
prolactina, a dopamina ativa os receptores D2 promovendo a hiperpolarizacao
e a inativacdo de canais de célcio dependentes, mantendo a inibicdo da
liberacdo do horménio. A auséncia de dopamina induz um aumento do calcio
intracelular, aumentando a producao de prolactina (BEN-JONATHAN et al.,
2008). Nossos resultados mostraram que o0s niveis de Mn no cabelo das
criancas nos dois periodos foram associados com o aumento de prolactina
sérica, sugerindo dano dopaminérgico causado pelo metal. Montes e
colaboradores (2011) encontraram resultados similares em criancas residentes
em uma comunidade proxima a uma mina no Meéxico, expostas
ambientalmente ao Mn.

Além disso, associacbes significativas foram observadas entre o
aumento nos niveis de As no sangue e menor atividade eritrocitaria da AChE,
no periodo de baixa exposicdo, e com uma menor atividade da colinesterase
sérica, BUChE, no periodo de alta exposicdo aos agrotéxicos. As atividades
das enzimas AChE eritrocitaria e BUChE sérica representam biomarcadores
validos para monitorar a exposicdo a agrotoxicos OFs e carbamatos
(GONZALEZ et al., 2012). Portanto, as associagOes observadas nos sugerem
uma co-exposicdo aos xenobibticos As e agrotdéxicos OFs e/ou carbamatos. O
estresse oxidativo resultante do aumento da producdo de espécies reativas e
diminuicdo das defesas antioxidantes € um dos principais mecanismos de
toxicidade causado por esses xenobidticos. Dwivedi e Flora (2011)
investigaram os efeitos da co-exposicdo ao As e OFs em ratos e, de fato,
notaram aumento do estresse oxidativo associado a exposicdo a esses
xenobidticos, porém, segundo 0s autores, a co-exposi¢cao ndo necessariamente

produz efeitos sinérgicos.
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Adicionalmente, nos ultimos anos ha uma preocupacao crescente em
relagdo aos efeitos de xenobibticos ambientais, incluindo muitos tipos de
agrotoxicos e alguns metais, sobre o sistema endocrino humano (MNIF et al.,
2011). Considerando que a tireoide € uma das principais glandulas cujas
funcdes sao afetadas pelos DEs, a sua funcao foi avaliada no presente estudo
atraves das dosagens dos hormoénios TSH, Ts total e T4 livre, bem como pela
dosagem dos anticorpos anti-TPO e pela realizacdo de ultrassonografia da
glandula. De uma forma geral, os niveis de TSH foram significativamente
superiores no periodo de alta exposicdo, bem como os niveis de T3 total e Ta
livre foram significativamente reduzidos, em relacdo ao periodo de baixa
exposi¢do (p<0,05). Com relagdo a avaliagdo ultrassonogréfica da tireoide,
nenhuma alteracdo de volume foi observada, porém, algumas criancas
apresentaram cistos e tireoide com textura heterogénea.

Associacfes significativas foram observadas entre os niveis de metais
no sangue (Cr, Mn, Pb e Hg) e no cabelo (Pb) com alteracdes nos niveis
circulantes de HT: aumento de TSH e diminuicdo de T4 livre. O Cr foi o metal
gue mais fortemente se associou com tais alteracdes. Atualmente, pouco se
sabe sobre os efeitos toxicos do Cr sobre a glandula tireoide (VIGNERI et al.,
2016). Uma vez que o Cr (VI) é altamente toxico, induzindo o estresse oxidativo
pela formacéo de EROs, estudos experimentais tém demonstrado que o metal
causa efeitos toxicos nas células foliculares da tireoide, provocando
hipotireoidismo (aumento de TSH e diminuicdo do T3 e Ta4 livre). Paralelamente,
estes estudos tém demonstrado que a administracdo de antioxidantes, como o
acido galico e a vitamina C, tém o potencial de atenuar os efeitos oxidativos do
Cr (VI) sobre a tireoide (ELBAKRY e TAWFIF, 2014; MOHAMED e EL-TWAB,
2016).

Em relacdo aos efeitos do Mn sobre a tireoide, um estudo com uma
espécie de peixe (Rutilus rutilus caspicus) investigou os efeitos da
contaminagdo aquética por Mn sobre a funcao tireoidiana, demonstrando que
os niveis de Tz total foram aumentados no grupo que recebeu a maior
concentracdo de Mn. Segundo os autores, altas concentragcdes de Mn podem
afetar a enzima 5’-monodeiodinase, que converte o T4 na sua forma
biologicamente ativa, o horménio Ts, porém, mais estudos sd0 necessarios

para a melhor compreensdo de como exatamente o Mn afeta os HT (HOSEINI
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et al., 2014). Outro mecanismo proposto para o efeito de desregulacdo
enddcrina do Mn sobre a tireoide esté relacionado com o dano que o metal
causa, quando em excesso no cérebro, aos neurbnios dopaminérgicos. Uma
vez que a dopamina € um modulador da secrecdo do TSH, prejuizos
ocasionados nesse neurotransmissor levam a alteracfes na sintese de HT na
tireoide, devido a mudancas no TSH (ASCHNER e SOLDIN, 2007).

O Pb foi o dnico metal cujos niveis no sangue e cabelo se
correlacionaram com diminuicdo do TSH e aumento de T4 livre. Em um estudo
com adolescentes, expostos cronicamente a baixos niveis de Pb, Dundar e
colaboradores (2006) demonstraram associacdo inversa entre niveis
sanguineos de Pb e T4 livre, porém, sem significativas alteracées no TSH e Ta.
Em relacdo ao Hg, nossos dados mostraram associacao dos niveis sanguineos
do metal apenas com diminuigdo de T4 livre, sem associagdo com alteracdes
no TSH. Um dos mecanismos propostos para a toxicidade do Hg sobre a
tireoide € inibichio da enzima que promove a deiodinacdo, ou seja,
provavelmente, a inibicdo enziméatica leva a um aumento de Ta livre, uma vez
gue nao ocorre conversao deste para Ts (CHEN et al., 2013).

Sabe-se que o0s xenobidticos ambientais tém sido relacionados também
ao aumento de desordens metabdlicas. Devido as suas propriedades de
desregulacdo enddcrina, xenobidticos como agrotoxicos, metais e ftalatos
podem induzir anormalidades na regulacdo metabdlica afetando o metabolismo
da glicose, a secrecdo de insulina e a lipogénese (DEBOST-LEGRAND et al.,
2016). Os DEs podem contribuir no desenvolvimento de sindrome metabdlica
através de processos inflamatérios. A sindrome metabdlica refere-se a
obesidade, resisténcia a insulina/intolerancia a glicose, dislipidemia (aumento
de colesterol LDL e triglicerideos e reducéo do colesterol HDL), pressao arterial
elevada e disfuncfes endoteliais e aterogénese (PETRAKIS et al., 2017).

Em vista disto, paramétros bioquimicos, incluindo glicemia de jejum,
colesterol total, colesterol HDL, colesterol LDL e triglicerideos, foram dosados
em nosso estudo. Os resultados mostraram que as criangas apresentaram
niveis significativamente superiores de glicose sérica no periodo de alta
exposicao aos agrotoxicos em relacdo ao periodo de baixa exposicao, embora
a média dos niveis estava dentro dos valores de referéncia. Além disso, 0s

niveis glicémicos foram inversamente associados com a atividade enzimatica

134



da BuChE, sugerindo um efeito dos inseticidas sobre a homeostase da glicose.
Velmerugan e colaboradores (2017) mostraram, em um estudo recente, uma
alta prevaléncia de diabetes em uma populagédo rural diretamente exposta a
inseticidas OFs. A natureza diabetogénica dos OFs foi recentemente
descoberta, porém, o exato mecanismo molecular ainda é incerto e diversos
mecanismos tém sido propostos em estudos experimentais, incluindo
resisténcia glicémica através da degradacdo da microbiota pelos OFs
(VELMERUGAN et al., 2017), resisténcia insulinica (LASRAM et al., 2014),
entre outros. Quanto ao perfil lipidico, embora nenhuma associagéo tenha sido
observada com os biomarcadores de exposicdo aos xenobidticos, nossos
dados demonstraram que as criancas apresentavam altos niveis séricos de
colesterol total, colesterol LDL e triglicerideos nos dois periodos estudados.

Ainda, de acordo com o IMC determinado nas criancas, muitas delas
apresentaram sobrepeso. Adicionalmente, o IMC foi positivamente associado a
diminuicdo dos niveis de colesterol HDL e aumento nos niveis de triglicerideos.
Atualmente, a obesidade € uma epidemia global de origem multifatorial, sendo
frequentemente associada a comorbidades, como hipertenséo, dislipidemia,
resisténcia a insulina e doecas cardiacas.

Diversos fatores tém sido atribuidos ao aumento da obesidade tais como
sedentarismo, ingestdo de dieta hipercalérica, e o aumento de agentes
quimicos parecem estar entre os fatores de risco (SANTOS-SILVA et al., 2017).
Por influenciarem no aumento da obesidade, por mecanismos diversos que
incluem prejuizos na regulacdo da proliferacdo e diferenciacdo de adipdcitos,
esses xenobidticos tém sido denominados de “obesogénicos” (GRUN e
BLUMBERG, 2009). Estudos tém demonstrado que a obesidade infantil pode,
inclusive, ser associada a exposicdo in utero da mde a agentes quimicos
(HEINDEL, 2003).

De forma geral, nossos resultados mostraram que 0 estresse oxidativo
parece ser um dos principais mecanismos envolvidos na toxicidade dos
xenobiodticos avaliados nesse estudo. O aumento na produgdo de EROs e/ou
diminuicdo na capacidade das defesas antioxidantes podem afetar o balango
oxidativo e resultar em danos em todos os componentes das células, incluindo
os lipidios, proteinas e DNA (MOSTAFALOU e ABDOLLAHI, 2013).

Consequentemente, o dano oxidativo excessivo pode ser sugerido como um
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fator de risco para o desenvolvimento de patologias infantis antes consideradas
raras, como o cancer, diabetes, etc.

Adicionalmente, nosso estudo mostrou que criangas que vivem em uma
area rural, ambientalmente expostas a uma mistura de xenobioticos, podem ter
a sua funcdo tireoidiana normal afetada pela desregulacdo enddcrina
provocada pos esses agentes, especialmente os metais, o0 que pode
representar em fator de risco para diversos efeitos adversos resultantes da
desregulacéo tireoidiana, especialmente sobre o desenvolvimento neuroldgico.
Ainda, nossos resultados mostraram associacao entre niveis glicémicos e o
biomarcador de exposicdo aos inseticidas inibidores da colinesterase,
sugerindo que tais xenobidticos podem afetar a homeostase da glicose,
representando risco para desenvolvimento de diabetes. O perfil lipidico das
criancas também se mostrou alterado nos dois periodos, assim como algumas
criangas apresentaram sobrepeso. Esses dados, quando analisados em
conjunto, alertam para possivel sindrome metabdlica nessas criangas,
representando risco de desenvolvimento de doencas que podem ter
consequéncias na sua vida adulta, como doencas cardiacas, diabetes e
obesidade.

Apesar da importancia dos dados gerados, nosso estudo apresenta
algumas limitacdes, tais como o0 baixo numero de criancas participantes. Além
disso, os valores de referéncia para metais em sangue preconizados pela OMS
sdo indicados para uma populacdo adulta e, além disso, foram publicados h&a
20 anos (OMS, 1996). Apesar de a literatura descrever que os principais efeitos
toxicos de metais relatados para adultos sdo também esperados em criangas, a
escassez de valores de referéncia apropriados para a populacdo de estudo
pode ser considerada uma importante limitacdo. No entanto, estudos como o
nosso, que evidenciam efeitos sobre a saude infantil mesmo a baixos niveis de
exposicdo a metais toxicos e a elevados niveis de metais essenciais, como o
Mn, podem colaborar para o estabelecimento de valores de referéncia para

metais em amostras biologicas para criancgas.
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CONCLUSOES

X Ha associacdo entre a exposi¢cdo a xenobidticos ambientais no
ambiente rural, especialmente metais, e danos a saude em criangcas e
adolescentes;

X Dano renal e diminuicdo das células de defesa, como linfocitos,
parecem estar relacionados a exposicdo a metais em criancas e
adolescentes no meio rural;

<> O estresse oxidativo parece ser o principal mecanismo envolvido
nos efeitos toxicos provocados por xenobibticos ambientais, como metais,
agrotoxicos e nicotina;

X A exposicdo ambiental infantil a metais, como Mn, Cr, Pb e Hg,
parece estar relacionada a desregulacdo enddécrina da tireoide, afetando
0s niveis dos hormdonios tireoidianos;

X Alteracbes metabdlicas, como aumento da glicemia, alteracées do
perfil lipidico e obesidade podem ser associadas a exposi¢cdes a multiplos

xenobidticos em criangas e adolescentes que vivem no meio rural.
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PERSPECTIVAS

X Realizar analises de expressdo de genes envolvidos no
desenvolvido de cancer, como 0 gene supressor tumoral, p53,
investigando a possivel carcinogenicidade dos xenobioticos ambientais
sobre a saude infantil;

X Avaliar a expressdo de genes que codificam a metalotioneina,

envolvida na detoxificagcdo de metais;

<> Avaliar polimorfismos de genes, como da glutationa S-transferase
(GGTM1 e GGTTY);
X Avaliar possiveis associacfes entre os biomarcadores de

genotoxicidade e biomarcadores de exposicao;

7

% Avaliar a possivel associacdo entre testes de neuropsicologia e
alteracdes dos hormonios tireoidianos, bem como com os biomarcadores

de exposicao.
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ANEXO Il — Termo de Consentimento Livre e Esclarecido (TCLE).

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

Titulo do projeto: “POTENCIAIS DESREGULADORES ENDOCRINOS E SEUS EFEITOS
SOBRE A SAUDE DE INDIVIDUOS EXPOSTOS AMBIENTALMENTE”

A crianca , pela qual vocé é responsavel,
esta sendo convidada a participar de uma pesquisa cujo objetivo principal é avaliar a possivel
relacdo entre a exposi¢cdo a alguns agentes quimicos, como metais e agrotéxicos, e problemas
nos niveis de horménios no sangue. Esta pesquisa esta sendo realizada pelo Laboratério de
Toxicologia (LATOX), da Faculdade de Farmécia da Universidade Federal do Rio Grande do
Sul.

Se vocé concordar com a participacdo da crianca na pesquisa, 0s procedimentos
envolvidos séo os seguintes: sera realizada uma coleta de amostras de 4gua da sua residéncia
(torneira da cozinha), assim como de pocos superficiais e artesianos, caso existam préximo a
sua casa; também serdo coletadas amostras de sangue (cerca de 10 mL), urina (cerca de 20
mL), uma mecha cabelo (cerca de 250 mg) e células da boca do participante, sendo estas
amostras coletadas pela manha, para realizar alguns exames de laborat6rio, como hemograma
e analises bioquimicas, assim como para realizar andlises que ndo costumam ser realizadas
em laboratérios de andlises clinicas, como a quantificagcdo de metais. Além destes exames,
serd realizada a aplicacdo de uma bateria de testes que irdo avaliar a capacidade cognitiva da
crianca, bem como um questionario sobre habitos de vida, uso de medicamentos e o estado de
salde da crianc¢a, que sera respondido por vocé.

Os possiveis riscos ou desconfortos decorrentes da participacdo na pesquisa séao:
podem ocorrer manchas roxas na pele por conta da coleta de sangue; tempo de resposta ao
questionario e aos testes de neuropsicologia pode ser prolongado; constrangimento e
desconforto, considerando o elevado nimero de perguntas dos questionérios.

Os possiveis beneficios decorrentes da participacdo na pesquisa séo: a realizacdo de
exames de laboratério, que poderdo detectar algum problema de salude desconhecido
precocemente, que podera ser tratado ou resolvido de forma precoce, com acompanhamento
médico, caso necessario.

A participagdo na pesquisa é totalmente voluntaria, ou seja, ndo é obrigatéria. Caso
vocé decida ndo autorizar a participacdo, ou ainda, retirar a autorizagdo apds a assinatura
desse Termo, ndo havera nenhum prejuizo ao participante da pesquisa.

N&o estd previsto nenhum tipo de pagamento pela participagdo na pesquisa e nao
haverd nenhum custo com respeito aos procedimentos envolvidos.

Caso ocorra alguma intercorréncia ou dano, resultante da pesquisa, 0 participante
recebera todo o atendimento necessario, sem nenhum custo pessoal.

Os dados coletados durante a pesquisa serdo sempre tratados confidencialmente. Os
resultados serdo apresentados de forma conjunta, sem a identificacdo dos participantes, ou
seja, 0s nomes ndo aparecerdo na publicacdo dos resultados.

Caso vocé tenha duavidas, podera entrar em contato com a pesquisadora responsavel,
Professora Dra Solange Cristina Garcia, pelo telefone (51) 3308-5297, com a pesquisadora
Sabrina Nunes do Nascimento, pelo telefone (51) 9999-6376 ou com o Comité de Etica em
Pesquisa da Universidade Federal do Rio Grande do Sul, pelo telefone (51) 3308-3738.

Esse Termo é assinado em duas vias, sendo uma para o participante e seu
responséavel e outra para os pesquisadores.

Nome do responsével Assinatura

Nome do pesquisador que aplicou o Termo Assinatura

Local e Data:

164



ANEXO Il — Termo de Assentimento.

TERMO DE ASSENTIMENTO

Vocé estd sendo convidado para participar da pesquisa “POTENCIAIS
DESREGULADORES ENDOCRINOS E SEUS EFEITOS SOBRE A SAUDE DE INDIVIDUOS
EXPOSTOS AMBIENTALMENTE”. Seus pais permitiram que vocé participe. Queremos saber
se existe relacdo entre a exposicdo a alguns agentes quimicos, como metais e agrotéxicos, e
problemas nos niveis de hormdnios no sangue. Esta pesquisa esta sendo realizada pelo
Laboratério de Toxicologia (LATOX), da Faculdade de Farmacia da Universidade Federal do
Rio Grande do Sul.

As criancas que irdo participar dessa pesquisa tém idade entre 6 e 14 anos de idade.
Vocé ndo precisa participar da pesquisa se nao quiser, € um direto seu, nao tera nenhum
problema se desistir.

A pesquisa sera feita na sua escola, onde serdo coletadas amostras de sangue, urina,
uma mecha de cabelo e células da boca, e também serdo realizadas uma avaliacdo com
psicologos e outra avaliagdo com médicos.

Os possiveis riscos ou desconfortos que podem ocorrer durante a sua participacdo na
pesquisa sdo: manchas roxas na pele por conta da coleta de sangue; tempo de resposta ao
questionario e aos testes de neuropsicologia pode ser prolongado; constrangimento e
desconforto, considerando o elevado nimero de perguntas dos questionarios.

Caso aconteca algo errado, vocé podera nos procurar pelo telefone (51) 3308-5297 das
pesquisadoras Sabrina N. do Nascimento e Solange C. Garcia. Mas ha coisas boas que podem
acontecer com a sua participacdo, como a realizacdo de exames de laboratério, que poderéo
detectar algum problema de salde desconhecido precocemente, que podera ser tratado ou
resolvido de forma precoce, com acompanhamento médico, caso necessario.

Ninguém saberd que vocé estd participando da pesquisa, ndo falaremos a outras
pessoas, nem daremos a estranhos as informag8es que vocé nos passar. Os resultados da
pesquisa vao ser publicados, mas sem identificar as criangcas que participaram da pesquisa.
Quando terminarmos a pesquisa, 0s seus pais/responsaveis receberao os resultados dos seus
exames sem custo.

Se vocé tiver alguma divida, vocé pode nos perguntar. O telefone esta escrito na parte
de cima do texto.

Eu, , aceito
participar da pesquisa “POTENCIAIS DESREGULADORES ENDOCRINOS E SEUS EFEITOS
SOBRE A SAUDE DE INDIVIDUOS EXPOSTOS AMBIENTALMENTE”. Entendi as coisas boas
e ruins que podem acontecer. Entendi que posso dizer “sim” e participar, mas que, a qualquer
momento, posso dizer “ndo” e desistir que ninguém vai ficar bravo. Os pesquisadores tiraram
as minhas duvidas e conversaram com 0s meus responsaveis. Recebi uma copia deste termo
de assentimento e li e concordo em participar da pesquisa.

Assinatura do menor Assinatura da pesquisadora responsével

Local e Data:
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ANEXO IV = Questionario de Avaliacao.

Questionério de Avaliacdo

Data: I
Cddigo da crianca:
Telefone:
Idade: Data de nascimento: __/_/ Sexo: ( )FEM. ( ) MASC.
Endereco:
Cidade: Zona urbana ( ) Zona
rural ()
Entrevistador: Etnia:
DADOS GERAIS
Nomes dos pais/responsaveis:
Escolaridade dos pais:
( ) ENSINO FUNDAMENTAL INCOMPLETO
() ENSINO FUNDAMENTAL COMPLETO
( ) ENSINO MEDIO INCOMPLETO
( ) ENSINO MEDIO COMPLETO
( ) ENSINO SUPERIOR INCOMPLETO
( ) ENSINO SUPERIOR COMPLETO
Profisséo dos pais:
() AGRICULTORES ( ) OUTRA: Pai: Mée:

Se pais agricultores, o que cultiva na lavoura? ( ) FUMO ( ) ARROZ ( ) MILHO
( ) MORANGO ( ) OUTROS:

Se fumo, qual o periodo de tempo em que esta em contato com o cultivo de
fumo?

()1a10anos

()11 a20anos

()21 a30anos

()31 a40 anos

()41 a50 anos

Se mulher: Trabalhou na lavoura durante a gravidez? () SIM ( ) NAO

Teve alguma dificuldade para engravidar? ( ) SIM () NAO

Teve algum aborto? () SIM () NAO Se sim, quantos?
Tem algum histérico de cancer na familia? () SIM () NAO Se sim, que tipo (s) de
cancer (es)?

Alguma pessoa da familia tem problema na tireoide ou papo? Quem?

Quando trabalha na lavoura, utiliza algum tipo de equipamento de protecédo
individual (EPI)? ( )SIM ( )NAO Quais? Mascaras Respiradoras ( ) Oculos
de Seguranca ( ) Calcados de Seguranca ( ) Luvas ( ) Aventais Impermeaveis ( )
Ha quanto tempo mora nesse municipio? anos

Qual a distancia aproximada entre a sua casa e as lavouras? km
Quem realiza as atividades relacionadas a producéo na lavoura:

()PAl  ()MAE ( )FILHOS (6 a 16 anos de idade) ( ) FILHOS (16 a 18 anos
de idade)

( ) TODOS NA FAMILIA
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E fumante? (Para os pais): ( ) SIM () NAO Ha quantos anos?
Que tipo de agrotéxicos utiliza?

DADOS DA CRIANCA

Escola:

Série:

Ha quantos anos frequenta a escola? anos

Turno em que vai para a escola: ( ) MANHA () TARDE ( ) NOITE

Frequenta a escola de segunda a sexta-feira? ( ) SIM ( ) NAO Se n&o, quantos
dias por semana?

Repetiu alguma série? ( ) SIM ( ) NAO Se sim, quantas vezes?

Vocé acha que seu filho possui dificuldades de aprendizagem na escola? ( )
SIM () NAO

Para meninas: Ja menstrua? () SIM ( ) NAO Idade da menarca:

Apresenta alguma alteracdo/problema em relagdo a menstruacdo? Qual?

Trabalha junto com os pais ajudando no cultivo do fumo? ( ) SIM () NAO ()
AS VEZES Se sim, com que frequéncia?

DADOS DE DIAGNOSTICO

Faz uso de medicamentos? ( ) SIM ( ) NAO
Quais?
Se sim, por quanto tempo?
Faz uso de Polivitaminicos? () SIM ( ) NAO

Apresenta alguns destes sintomas?

() dordecabeca ( )tontura ( ) dorde estdbmago ( ) dor pernas

( )irritagdo olhos ( )irritagdo nariz () irritacdo pele () palpitacdes
() bronquite ( ) falta de ar () rinite alérgica () dor coluna

( )cansaco ( ) problemas auditivos ( ) dor muscular ( ) sonoléncia

() alteragédo salivagcdo ( )tremores ( )ins6nia ( ) alteragdo humor
Outros sintomas:

ESTADO DE SAUDE DA CRIANCA

Apresenta ou ja apresentou anemia? ( )SIM ( ) NAO

Caquexia (perda de peso e apetite, fraqueza? ( )SIM ( ) NAO

Apatia (falta de motivacéo, entusiasmo)? ( ) SIM ( ) NAO

Apresenta alguma doenca aguda ou croénica? () SIM () NAO Se sim, qual?

E diabético? ( ) SIM ( ) NAO

Apresenta algum problema hormonal que vocé saiba, como problemas de
tireoide?

( )SIM ( )NAO

Se sim, quais?
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