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RESUMO

Um método analitico constituido por extracdo em fase sélida molecularmente
impressa (MISPE) e cromatografia gasosa acoplada a espectrometria de massas
(GC-MS) foi desenvolvido para andlise de  metabdlitos dialquil ~ fosfatos
(dietil tiosfato - DETP e dietil ditiosfato - DEDTP) em amostras de urina. Um polimero
de impressdao molecular (MIP) foi sintetizado utilizando-se 4-vinilpiridina como
mondmero funcional e etileno glicol dimetacrilato como reagente de ligagéo cruzada.
A etapa de condicionamento foi realizada da seguinte forma: 3 mL de acetonitrila, 3
mL de tampdo fosfato dibasico 0,1 mol L*, pH 11,0 e 2 mL de Agua foram
percolados por um cartucho de polipropileno contendo o MIP. A etapa de
extracdo foi executada utilizando 1,0 mL de amostra de urina com pH previamente
ajustado para 3,0. Finalmente, os analitos foram eluidos com 3 mL de acetonitrila e
derivatizados com uma solucdo de 2,3,4,5,6-brometo de pentafluorobenzil a 3% em
acetonitrila, a temperatura ambiente durante 1h. A amostra foi analisada por GC-
MS. Curvas de calibragéo analitica para DETP e DEDTP foram construidas
utilizando-se uma mistura de urina de diferentes individuos voluntarios e em
seis niveis de concentracdo. O método foi linear na faixa de 10-500 ug L™, comr
= 0,99 e limite de deteccdo de 3,0 pg L™, para ambos os analitos. A preciso intra-
dias e inter-dias foram avaliadas com base na porcentagem de desvio padrao
relativo (%RSD) e todos os resultados foram inferiores a 15% para ambos os
analitos. O método foi preciso, exato,com boa recuperacdo e robustez.
Posteriormente o método foi utilizado para determinar as concentracdes de DETP e
DEDTP em amostras de urina de ratos expostos a dissulfoton. Além da
concentracdo de dialquil fosfatos, foram determinadas a atividade de colinesterase
sanguinea e a incidéncia de microndcleos em eritrocitos policromaticos destes
mesmos animais, a fim de se estabelecer uma relacdo entre a dose de exposicédo ao
dissulfon e os parametros avaliados. Observou-se que a atividade de colinesterase
plasmatica nao reflete muito bem a correlacéo entre a dose de exposicao e efeito, ao
contrario da colinesterase eritrocitaria. A concentracdo de dialquil fosfatos
refletiu uma boa correlagdo com a dose de exposicdo. Através da frequéncia
de micronucleos em eritrocitos policromaticos, foi possivel observar que, a
semelhanca de outros praguicidas organofosforados (OF), o dissulfoton é capaz de
causar mutagenicidade.

Palavras chave: impressdo molecular, dialquil fosfatos, extracdo em fase solida,
cromatografia de gases e espectrometria de massas, organofosforados,
colinesterases, dissulfoton, testes para microndcleos.



ABSTRACT

An analytical method constituted by molecularly imprinted solid phase extraction
(MISPE) and gas chromatography mass spectrometry (GC-MS) was developed for
analyses of benzene metabolites (diethyl thiophosphate - DETP and diethyl
dithiophosphate - DEDTP) in human urine samples. A molecularly imprinted polymer
(MIP) for DETP was synthesized using 4-vinylpiridine as functional monomer and
ethylene glycol dimethacrylate as cross linker. The conditioning step of the MISPE
was processed flowing though the MIP cartridge 3 mL of acetonitrile, 3 mL of dibasic
phosphate buffer 0.1 mol L™ pH 11 and 2 mL of water. The extraction step was
executed using 1.0 mL of urine sample with pH previously adjusted to 3.0. Finally,
the analytes were eluted with 3 mL of acetonitrile and derivatized with 2,3,4,5,6-
pentafluorobenzyl bromide 3% at room temperature during 1h. The sample was
analyzed by GC-MS. Analytical calibration curves for DETP and DEDTP were
constructed using a pool of urine sample and for six levels of concentration. The
method was linear from 10 to 500 pg L™, with r = 0.99 and limit of detection of 3.0 ug
L™", for both analytes. The within-day and between-day precisions were evaluated (as
percentage of RSD) and all results were < 15% for both analytes. The method was
accurate, with good recovery and robustness. Laterthis method was used to
determine the concentrations of DETP and DEDTP in urine samples of rats exposed
to disulfoton. Besides the  concentration of dialkyl phosphates, it was
determined blood cholinesterase activity and the incidence of
micronucleated polychromatic erythrocytes in the same animals, in order to
establish a relationship between the dose of exposure and the evaluated parameters.
It was observed that the plasma cholinesterase activity did not reflect very well the
correlation between exposure dose and effect, unlike the erythrocyte
cholinesterases. The concentration of dialkyl phosphates gave a good correlation
with exposure dose. By the frequency of micronucleated polychro-matic erythrocytes
was possible to observe that, similarly to other organophosphates pesticides (OPs),
disulfoton can causes mutagenicity.

Keywords: MIP, dialkyl phosphates metabolities, SPE, gas chromatography mass
spectrometry, organophosphates, cholinesterase, disulfoton, micronucleated
polychromatic erythrocytes.
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1 INTRODUCAO

Os praguicidas ocupam uma posicdo especial entre varios agentes quimicos
aos quais o homem pode estar exposto. Estes sao deliberadamente difundidos no
ambiente. O ideal € que as acdes prejudiciais dos praguicidas sejam altamente
seletivas para os organismos alvos e indesejaveis e indcuas para os demais seres
vivos. Entretanto a maioria das substancias quimicas utilizadas como praguicidas
ndo é completamente seletiva. A falta de seletividade da acdo de um praguicida
representa um risco para o0 homem e outras formas de vida desejaveis presentes no
ambiente. Assim, atividades que impliguem no uso de praguicidas devem ser
vigiadas, controladas e selecionadas (MARONI et al., 2000).

Neste contexto destaca-se o uso dos praguicidas organofosforasdos (POF),
gue sao produtos amplamente utilizados no combate a pragas na lavoura, sendo
responsaveis por inumeras intoxicagdes humanas, inclusive fatais, decorrentes de
sua toxicidade aguda (MIDIO; SILVA, 1995; OLIVEIRA; et al., 2001).

Os POF agem como inibidores das colinesterases sanguineas, sendo que a
deplecdo da atividade enzimatica é usada como indicador na monitorizacéo
biologica de trabalhadores expostos a estes compostos (KALOYANOVA; EL
BATAWI, 1991). Entretanto, a atividade das colinesterases pode sofrer interferéncias
inerentes a exposicdo ou ndo ao POF, devido a variacdes enzimaticas que podem
ocorrer de um individuo para outro. Assim, uma outra alternativa para avaliar a
exposicao de individuos a este toxicante seria a monitorizacdo de seus produtos de
metabolizacdo na urina (os dialquil fosfatos), principal via de excrecdo destes
metabolitos (YUCRA,; et al., 2006).

Sabe-se que os POF sdo capazes de induzir mutagénese. Neste contexto, o
teste de micronucleos tem sido amplamente utilizado para detectar alteracfes
cromossOmicas in vivo e in vitro. Microndcleos podem se originar a partir de
fragmentos de cromossomos acéntricos, bem como de todo cromossomo que esteja
no processo de anéafase, durante a divisdo de células nucleadas precursoras. Eles
persistem no citoplasma por algum tempoe assim podem ser

marcados na intérfase em eritrécitos policromaticos (PCEs). Um aumento na
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frequéncia de micronucleos em PCEs (MNPCESs) é, portanto, uma indicagcdo de

aneuploidia ou inducédo de clastogenicidade.

A quantificacdo de toxicantes/metabdlitos em amostras biologicas requer
estratégias altamente seletivas devido a complexidade dessas amostras. Estudos
sobre o emprego de materiais seletivos na purificacdo de amostras biolégicas tém se
destacado na literatura, dentre os quais pode-se citar os polimeros de impressao
molecular (MIP). Os MIP sdo polimeros sintéticos que se moldam
tridimensionalmente a molécula de interesse, deixando cavidades impressas de
acordo com a forma estrutural desta molécula (ANDERSSON, 2000). A associacdo
de uma extracao seletiva de analitos da matriz biolégica com uma técnica sofisticada
de analise como cromatografia gasosa acoplada a espectrometria de massa (GC-
MS), pode ser uma boa alternativa para a quantificacdo de analitos presentes em

baixas concentragbes em amostras complexas.
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2 REVISAO DE LITERATURA

2.1 Organofosforados

A exposicao a produtos quimicos com alto risco para a populacédo € hoje uma
preocupacao geral. As exposicdes humanas podem ocorrer de forma involuntéria
através do contato com residuos ambientais, ou de forma intencional como no
suicidio, além da exposi¢cdo ocupacional. Geralmente, resultam do contato de uma
matriz fisica e quimicamente complexa, na qual o praguicida (ingrediente ativo) esta
incluido em quantidades variaveis (World and Health Organizaton (WHO), 1988).
Diante disso, os institutos de saude publica estdo frequentemente avaliando os
riscos de desenvolvimento de problemas de saude, individuais e comunitarios,
oriundos da potencial exposicdo da populagéo a contaminantes quimicos ambientais
(HERNANDEZ; SANCHO; POZO0, 2004).

Nesse contexto, os estudos com praguicidas tém se destacado em virtude
dos altos potenciais toxicos, bem como pelas condi¢cdes favoraveis de exposicao a
tais moléculas. A maioria dos estudos sobre os efeitos de praguicidas para a saude
tem se concentrado em exposi¢cdes ocupacionais de formuladores e agricultores.
Basicamente, os praguicidas sdo usados na agricultura com trés objetivos: (i)
obtencdo de grandes producdes,(ii) boa qualidade dos produtos e (iii) reducao de
trabalho. Sem duavida, esses objetivos foram alcancados nessas Ultimas décadas.
Grande parte dos praguicidas aplicados sdo dispersos dos locais de aplicacéo
através de escoamento superficial, volatilizacdo, dentre outros, resultando nao
somente em contaminacdo dos aplicadores, como também daqueles que
acompanham o procedimento nos arredores do local de aplicacdo, principalmente
criancas (AZAROFF, 1999).

Os POF representam uma das mais importantes classes de praguicidas.
Esses sdo compostos organicos derivados do acido fosférico e tiofosforicos, sendo
representados, de forma geral, pela estrutura mostrada na Figura 1. Normalmente
sdo liquidos de alta pressdo de vapor e lipossolluveis, dissolvem-se nos solventes

organicos nos quais sado formulados. Também podem se apresentar na forma de
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pos, granulados e concentrados emulsionaveis, sendo relativamente estaveis em pH
neutro. Seu peso molecular varia de 183 a 466 (WHO, 1986; MIDIO; SILVA, 1995).

i
RX—I?—OR'
OR'

Figura 1. Estrutura quimica geral dos organofosforados. X =0 ou S e R’ = CH; ou CH,CHs.
Fonte: MIDIO; SILVA, 1995.

Os POF sdo amplamente utilizados como praguicidas na agricultura, em
ambientes residenciais para o controle de pragas e no controle de vetores de
doencas. Dessa forma, tais compostos apresentam um potencial risco de exposicao
para a populacdo (DE ALWIS; NEEDHAM; BARR, 2009). Por outro lado, esses
compostos sao rapidamente hidrolisados e oxidados no ambiente e em pH alcalino,
e nado se acumulam no organismo, sendo eliminados pela urina apos
biotransformacao (WHO, 1986; VALE, 1998).

Os fosfatos (P=0) sao ativos biologicamente, enquanto que o tiofosfatos
(P=S) necessitam ser biotransformados para exercerem acao bioldgica. A forma
P=0O do composto pode ser chamada de OXON. Pelo fato da forma P=S ser
intrinsecamente mais estavel, alguns inseticidas sédo produzidos nesta forma,
podendo ser convertidos em OXONS nos tecidos (WHO, 1986; VALE, 1998).

O dissulfoton € um inseticida/acaricida organofosforado sistémico muito
utilizado para o controle de insetos que se alimentam de seiva (SZETO; et al., 1983).
O composto reduz o numero de larvas, apresentando mortalidade deste inseto entre

duas a quatro semanas apo0s a aplicacao (CLIVE, 1994).

O dissulfoton foi introduzido pela BAYER em 1956, apresentando toxicidade
para um grande numero de pragas. Apés sua aplicacdo em solos, o praguicida e/ou

metabolitos sdo absorvidos pela raiz e translocados para a folhagem (CHAPMAN et
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al., 1994). Este produto foi classificado como relativamente téxico (HARRIS; et al.,
1988). Sua estrutura € mostrada na Figura 2.

S
C,Hs0_ |l
> P—8—C,H;—S—C;Hs

CsoHs50

Figura 2. Estrutura quimica do dissulfoton: [O,0 — dietil — S — [2 — (etiltio) etil] fosforoditioato].
Fonte: MARTIN et al.,1968.

Este composto apresenta-se na forma de 6leo, cujo ponto de ebulicdo é de
128°C e presséo de vapor de 3,47 x 10 Pa a 20°C. Sua solubilidade em agua é de
12,0 mg L™ (MARTIN; et al., 1968).

O dissulfoton esta classificado como pouco residual ou rapidamente
decomposto, pois perde sua atividade no solo dentro de duas ou quatro semanas, 0
gue nao significa que tenha sido completamente inativado dentro deste periodo, pois
seus produtos de degradac&o, como o dissulfoton sulfona, persistem por mais de 64
dias no ambiente (CLIVE; et al., 1994).

A absorcao da maioria dos POF ocorre por difusdo passiva. A pele, o trato
respiratério e gastrointestinal sdo as principais vias de absorcdo destes compostos
pelo organismo humano (KALOYANOVA; EL BATAWI, 1991; ECOBICHON, 1996).
Na exposicdo ocupacional as principais vias de absorcdo sdo a dérmica e a
respiratéria, sendo a primeira mais expressiva em trabalhadores rurais (AZAROFF,
1999). A absorcéo gastrointestinal dos POF por trabalhadores expostos ndo é de
grande importancia. Geralmente a ingestdo destes compostos ocorre em casos de
tentativas de suicidio. Em estudos experimentais em ratos, a absor¢cdo da maioria
dos POF administrados por essa via mostrou-se rapida e eficiente (HAYES, 1971,
WHO, 1986).

Os POF sédo caracterizados pela instabilidade quimica e rapida
biotransformac¢do no organismo ndo possuindo efeito acumulativo. As reacdes de
biotransformacdo e as que acontecem com constituintes do tecido ocorrem logo
apos a absorcdo. Estudos de triagem em animais usando material radioativo ndo

fornecem nenhuma pista para a distribuicdo de compostos inalterados, sendo
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possivel determinar a via de excrecdo dos metabdlitos e estimar a meia vida
aproximada dos inseticidas no organismo, que € geralmente de poucas horas (WHO,
1986; KOLOYANOVA; EL BATAWI, 1991; MARONI; et al., 2000).

A via de biotransformacdo dos POF ocorre principalmente por oxidacao,
reducdo, hidrélise e conjugacdo. A oxidacdo pode resultar em produtos mais ou
menos téxicos. Em geral fosforotioatos requerem oxidagdo para a formacdo do
metabdlito ativo. A dessulfuracdo oxidativa constitui uma das principais vias de
transformacdo dos POF, e € essencialmente a ativacdo do precursor fosforotioato
(P=S) ao éster fosfato (P=0), com a formacdo de OXON, resultando em aumento da
toxicidade e maior facilidade de excrecdo. Ao mesmo tempo, a forma OXON é mais
facilmente hidrolisada e, portanto, facilmente excretada em mamiferos (WHO, 1986;
LARINI, 1997).

A O-desalquilagéo oxidativa consiste na conversao dos triésteres a diésteres,
e se trata de um processo de detoxificacdo. Varios fosfatos, exceto fosforotioatos,
sdo biotransformados por essa via nos mamiferos. A desarilacdo oxidativa, ao
contrario da O-desalquilagcéo, parece ocorrer somente com fosforotioatos e ndo com
fosfatos. A oxidacdo do grupo tioéter resulta em compostos mais ativos, com a
formacdo de sulfoxidos e sulfonas que permanecem mais tempo no organismo
(WHO, 1986; LARINI, 1997).

A oxidacdo de grupos alquila € um processo bem conhecido na
biotransformacdo de muitos POF. Como exemplo, pode ocorrer a conversdo da
fenitrotiona ao derivado hidrossoluvel menos téxico (WHO, 1986). A principal via de
degradacdo dos ésteres fosforados € a hidrolise, que pode ser realizada por
diferentes hidrolases teciduais como as carboxilesterases, fosforilesterases e
carboxilamidases. A malationa é o POF mais conhecido por sofrer acdo das
carboxilesterase. O dimetoato € o unico POF conhecido hidrolisado por amidases
teciduais em mamiferos. (WHO, 1986; ECOBICHON, 1996).

As enzimas comumente conhecidas como A-esterases ou fosforilfosfatases
sdo amplamente encontradas no figado, plasma e intestinos de mamiferos, e
produzem a maioria dos metabdlitos urinarios dos POF. A Unica reacdo de

transferases envolvendo os POF requer a glutationa, que € substrato para inUmeras
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transferases presentes no figado e em alguns outros tecidos. A reagdo com
glutationa gera produtos que sdo, na maioria dos casos, de baixa toxicidade (WHO,
1986; MARONI; et al., 2000).

As reacdes de Fase Il envolvendo a conjugacdo de &cidos carboxilicos,
alcodis, fendis e grupamentos aminas, iminas e sulfidrilas sdo bem conhecidas e
aplicadas pelos compostos enddgenos, como grupamentos formados apos
oxidagao, hidrdlise, e em outros relacionados a biotranformacéo de um POF. Cada
reacdo de conjugacdo ajuda na eliminacdo dos produtos de degradacao primaria,
que sdo usualmente destituidos de atividade anticolinesterasica. No entanto, podem
causar outros efeitos toxicos e se acumularem no organismo (WHO, 1986; QUE
HEE, 1993; ECOBICHON, 1996).

A biotranformacé&o da maioria dos POF geram dialquil fosfatos como produtos
terminais. O processo de excrecao pode ser subdividido de acordo com a velocidade
das reacgOes envolvidas, ocorrendo principalmente na urina, em menor quantidade
nas fezes e ar expirado, com um pico de 48h declinando muito rapidamente (WHO,
1986; VALE, 1998; MARONI; et al., 2000).

Os POF agem inibindo de forma irreversivel uma enzima envolvida na
regulacdo da transmissdo nervosa: a acetilcolinesterase, que € importante na
regulacdo dos niveis de acetilcolina, um neurotransmissor. Embora esta classe de
produto quimico seja eficaz contra os insetos, elas podem causar efeitos toxicos em
outros organismos. Os POF contribuem, aproximadamente, com a metade dos
inseticidas usados nos Estados Unidos (ORGANOPHOSPHATE PESTICIDES IN
FOOD, 2010).

A funcdo normal da enzima € hidrolisar a acetilcolina que foi liberada na
terminacdo nervosa colinérgica em resposta a um estimulo nervoso, impedindo seu
acumulo na fenda sinaptica. A perda da atividade pode levar a uma variedade de
efeitos resultantes de excessiva estimulacdo nervosa e culminando em parada
respiratéria e morte (MUTCH,; et al., 1992; LOTTI, 1995; ECOBICHON, 1996). Sdo
inibidores que reagem com o fragmento serina do sitio ativo das colinesterases,
permanecendo ligado a ele. O grupo hidroxila nucleofilico do fragmento serina,

localizado no sitio ativo da acetilcolinesterase, reage com o fosforo do
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organofosforado, originando uma ligacao covalente. O resultado é a desativacdo da
enzima, uma vez que o grupo hidroxila ndo esta mais disponivel para atacar o

substrato da acetilcolina.

Uma vez efetuada a ligagdo covalente entre a enzima e o0 praguicida, podem
ocorrer outros dois fendbmenos: a) a liberacdo do sitio ativo da enzima (etapa lenta);
b) formacdo de um complexo estavel (etapa rapida). Por esta razéo, diz-se que esta
ligacdo é irreversivel (KALOYANOVA; EL BATAWI, 1991; ECOBICHON, 1996;
EYER, 1995; MIDIO & SILVA, 1995).

Os sinais e sintomas tipicos da intoxicacao por POF se devem a instalagcéo da
crise colinérgica, resultando do acumulo de acetilcolina nas sinapses nervosas. Esse
guadro sintomatico pode variar quanto a intensidade, gravidade, rapidez de
instalacdo e duracdo, dependendo da via de absorcao, frequéncia e duracdo da
exposicdo. Os sinais de intoxicagdo incluem todos aqueles resultantes da
estimulacéo dos receptores muscarinicos, nicotinicos, da jungcdo neuromuscular e do
sistema nervoso central (ECOBICHON, 1996). Dependendo da severidade da
intoxicacdo esses sintomas comecam com O aparecimento de vomitos, dores
abdominais, diarréia (principalmente no caso de ingestéo), salivacdo e sudorese. O
guadro progressivo € caracterizado por fraqueza muscular, geralmente comecando
nas faces e palpebras, evoluindo para convulsdes e finalmente paralisia. O
tratamento das intoxicacdes por POF baseia-se principalmente no uso da atropina,
antidoto sintomatico e, com menor frequéncia, das oximas, antidotos especificos
gue reativam as colinesterases. (JEYARATNAM; MARONI, 1994).

2.2 Indicadores de exposicdo a organofosforados

A monitorizacdo biolégica é particularmente importante na avaliacdo da
exposicao aos praguicidas, devido as varias vias de exposicdo e a combinacéo de
exposicao ocupacional e ndo-ocupacional. Com o aumento continuo do uso desses

compostos na agricultura e a incidéncia de intoxicacdes, principalmente entre os
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trabalhadores rurais, a necessidade de monitorizagédo bioldgica tem aumentado nas
tltimas décadas.

A atividade da colinesterase sanguinea é usada como um bioindicador de
exposicdo a POF. Este parametro baseia-se no fato de que os praguicidas
organofosforados inibem a atividade tanto das colinesterases presentes nos
eritrécitos e no plasma sanguineo, como das colinesterases presentes no sistema
nervoso. A inibicdo das colinesterases esta altamente correlacionada a intensidade e
duracdo da exposicdo aos POF. Apds a intoxicacdo, a reducdo da atividade
enzimatica se prolonga por volta de 30 dias no plasma e 100 dias nos eritrécitos,
correspondendo ao tempo de sintese hepatica das pseudocolinesterase e a vida
média das células vermelhas (COYE; et al., 1986; JEYARATNAM; MARONI, 1994).

A reducéo de 50% da atividade de colinesterase no soro € um indicador de
toxicidade aguda para organofosforado. A colinesterase eritrocitaria sofre uma
deplecdo mais lenta e por isso é uma medida de exposicdo crbnica a
organofosforados (MARONI; FAIT, 1993).

Apesar do monitoramento de colinesterase ter a vantagem de fornecer uma
medida da resposta fisiologica de exposicdo ao POF, também oferece desvantagens
como, por exemplo, a variacdo enzimatica intra e inter individual, e a influéncia de
outros praguicidas (por exemplo, os carbamatos). Por outro lado, a existéncia de
flutuacBes entre uma analise e outra ha mesma amostra de sangue, contribui para a
variabilidade intra-individual. Da mesma forma, a auséncia de padrdes iniciais de
comparacao dificulta saber se a diminuicdo da atividade enzimatica ocorre devido a
exposicdo ao praguicida ou se € um valor normal para aquele individuo. Outros
fatores também podem afetar as atividades das colinesterases (idade, sexo, raca,
estado nutricional e patologias). A colinesterase eritrocitaria € menos afetada que a
colinesterase plasmatica, a ndo ser em condicbes que deteriorem a membrana da
célula vermelha (COYE; et al., 1986; JEYARATNAM; MARONI, 1994; MARONI; et
al., 2000).

Uma abordagem alternativa para monitoramento biolégico a exposicdo de
POF baseia-se na analise de seus metabdlitos dialquil fosfatos (DAPs) (Figura 3),
mais comumente dosados na urina. Nos Ultimos anos, a dosagem de DAPs tem se

tornado um método comum para a avaliacdo da exposicdo a POF em investigacdes
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epidemiologicas. Varios estudos recentes tém reportado associagfes com os efeitos
toxicos usando DAPs como biomarcadores de exposi¢do. Sao eles: dimetil fosfato
(DMP), dietil fosfato (DEP), dimetil tiofosfato (DMTP), dietil tiofosfato (DETP), dietil
ditiofosfato (DEDTP), dimetil ditiofosfato (DMDTP) (YUCRA, et al., 2006).

i
cho—lT—OH HacO—IT—OH
OCH;, OCHj3
DMP (pKa=1.23) DMTP (pKa=1.37)
S 0

HyCO—P—SH  H;CH,CO—P—OH

OCH, OCH,CHj
DMDTP (pKa=150) DEP (pKa=137)
S S
H3CHQCO—H—OH HSCHQCO—IL'—SH
OCH,CHj C|)CH20H3
DETP (pKa=1.49) DEDTP (pKa=1.62)

Figura 3. Metabdlitos dialquil fosfatos e suas constantes de ionizagdo (pKa).
Fonte: DE ALWIS; NEEDHAM; BARR, 2009.

2.3 Avaliacao da toxicidade genética: teste de micronudcleo

O teste de micronucleo foi desenvolvido inicialmente para ser um teste de
triagem para identificacdo de substancias quimicas que promovessem danos ao
material genético celular ao nivel cromossoémico (KRISHNA; HAYASHI, 2000). A
substancia-teste era administrada no animal em tratamento sub-agudo e seu efeito
era mensurado pela contagem da frequéncia de células micronucleadas na leitura
das laminas de esfregacos da medula 6ssea (KRISHNA; HAYASHI, 2000). A técnica
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envolvia o uso de linfocitos do sangue periférico e de culturas destes a partir do
sangue periférico. O uso deste teste foi ampliado para o monitoramento de
populacBes expostas a agentes potencialmente danosos ao material genético e é
usado também em ensaios voltados para a avaliacdo da genotoxicidade de
substancias quimicas (MACGREGOR; et al., 1987; HEDDLE, 1983; ASHBY;
TINWEL, 1996; OECD, 1997; KRISHNA; HAYASHI, 2000; NORPPA, 2003; OECD,
2004).

O ensaio do micronicleo tem algumas importantes vantagens quando
comparado ao teste de aberragdes cromossOmicas tais como a maior facilidade de
guantificacdo do desfecho e menor tempo necessario para treinamento de pessoal
especializado (NORPPA, 2003). Os dois desfechos, no entanto, séo relacionados e
o estudo de Hayashi et al. (1983), mostrou a relacdo existente entre as aberracdes
cromossOmicas e o0 aparecimento dos micronucleos.O principio do teste € simples:
durante a anafase, fragmentos de cromossomos ou, por vezes, CromossSomos
inteiros e cromatides acéntricas ndo acompanham os elementos cujos centrdmeros
sédo orientados pelo fuso celular. Apos a teléfase esses elementos que nao foram
orientados pelo fuso celular dao origem, nas células filhas, a nucleos secundarios
(satélites) e bem menores que os principais (KIRSCH-VOLDERS, 1997).

Os micronucleos aparecem como pequenos granulos extranucleares que
contém esses elementos fragmentados (ou ndo) de cromossomos nao incluidos em
nenhum dos nucleos das células filhas durante a anafase. Os micronucleos derivam,
portanto, de fenbmenos aneugénicos e clastogénicos e servem, igualmente, para
evidenciar esses fendmenos (NORPPA, 2003).

Esses fenbmenos, embora resultem de mecanismos diferentes, apresentam
desfecho parecido, dependendo da técnica histologica usada para evidenciar os
mesmos:. pequenos granulos que exibem a mesma coloracdo do nucleo. Os
granulos sado normalmente redondos, com bordas bem resolvidas, e raramente
apresentam-se ovais ou em forma de meia-lua, mas, por serem menores que 0S
nucleos celulares, recebem o nome de microndcleos (OECD, 1997; NORPPA, 2003).
Segundo Fenech et al. (2003) seus diametros variam entre 1/16 e 1/3 do diametro
do ndcleo principal, quando contados em cultura de linfécitos binucleados isolados
de sangue periférico.

Os fragmentos que originam o micronucleo podem também resultar da acao

de agentes quimicos que perturbem o fuso celular, produzindo aneuploidia
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(alteracdo numeérica) no lugar de aberracdo cromossémica, que constitui uma
alteracao estrutural (HAYASHI; et al., 1984).

Como o0s agentes genotoxicos atuam sobre todas as células,
indiferentemente, a ocorréncia de microndcleo em eritrécitos (um tipo de célula
normalmente anucleada) € um fenébmeno que facilita sua identificacdo e sua
contagem. Os elementos ndo orientados pelo fuso, que ndo se integraram ao
ndcleo, tampouco serdo expulsos da célula em uma fase posterior (KRISHNA;
HAYASHI, 2000). O aumento da frequéncia de micronucleos em eritrocitos refletird,
portanto, o aumento de dano induzido ao cromossomo.

Os eritrécitos podem ser divididos em dois tipos: imaturos (jovens,
policromaticos, ou policromados) e maduros (normocromaticos ou hormocromados).
A ocorréncia de micronucleos nos eritrécitos maduros nao parece estar diretamente
relacionada com o tratamento agudo in vivo. Recomenda-se que, nos tratamentos
agudos e sub-agudos, apenas os eritrocitos policromaticos sejam considerados.
Quando o tratamento € mais prolongado, em testes sub-cronicos e cronicos, pode-
se contar também a frequéncia de eritrécitos maduros micronucleados como
indicador de toxicidade (OECD, 1997).

A técnica de coloracdo usada na identificacdo do micronucleo, assim como o
treinamento dos técnicos envolvidos na leitura das laminas, apresenta menor
influéncia na variacdo da quantificacdo do desfecho, mas é recomendavel que cada
laboratério possua seu proprio historico de registro para o tratamento e as respostas
obtidas em cada teste (FENECH; et al., 2003).

2.4 Métodos de analise de metabdlitos em urina

A determinacdo dos metabdlitos na urina € um procedimento eletivo para
monitorizacdo de POF uma vez que a coleta da amostra ocorre de forma néo
invasiva. Entretanto a medida de dialquil fosfatos na urina requer métodos analiticos
mais sofisticados, que permitam a deteccdo de baixas concentracdes, como por
exemplo GC-MS (JEYARATNAM; MARONI, 1994). A primeira amostra de urina

colhida de manh& pode representar fielmente a exposi¢do diaria total. Contudo, ha
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também desvantagens como a variacao da concentracdo dos metabdlitos em fungéo
da diluicho da urina, problema esse facilmente resolvido pela correcdo com
creatinina ou densidade urinaria (YUCRA, et al., 2006).

A determinacao direta de DAPs por cromatografia liquida ndo tem sido muito
comum, devido a dificuldade de se separar os analitos. A maioria dos métodos de
analise é baseada na separacédo e quantificacdo dos metabdlitos DAPs derivatizados
por cromatografia em fase gasosa. Uma preparacdo convencional da amostra
envolve duas etapas: uma etapa de extracdo que isola os metabdlitos da matriz
urinaria seguida por uma derivatizagdo. A elevada polaridade e hidrossolubilidade
dos DAPs muitas vezes representam um problema consideravel para isola-los de
uma matriz urinaria polar. Para resolver este problema, muitos métodos de extracao
foram testados no passado, incluindo: extracdo liquido-liquido, troca-idnica,
destilacdo azeotrépica e liofilizacdo. Muitas vezes estes métodos eram demorados
e requeriam trabalho intensivo. Ademais, alguns métodos ndo conseguiram fornecer
extratos limpos, afetando a subsequente derivatizacdo e interferindo na analise por
GC (cromatografia gasosa), necessitando portanto, de pré ou pos-limpeza (DE
ALWIS; NEEDHAM; BARR, 2009) .

A extracdo em fase sodlida (SPE) tem apresentado sucesso para pré-
concentrar metabolitos de POF a partir de uma matriz urinaria em divinil benzeno-
estireno, um polimero a base de material adsorvente, que apos uma lavagem acida
produz um eluato relativamente limpo contendo os metabdlitos que foram
derivatizados, dando boas recuperacdes dos produtos alquilados. Resinas
poliméricas macroreticulares de divinil benzeno-estireno também servem como bom
suporte sdélido para reacfes de derivatizacdo analitica. Combinada com a sua alta
area superficial e adsor¢cdo elevada, que permite a adsorcdo dos analitos por
vinculacdo hidrofdébica, os polimeros divinil benzeno-estireno provaram ser bons
materiais para permitir a extracao e a derivatizacado simultdneas em solucdo aguosa
de uma variedade de classes de compostos (DE ALWIS; NEEDHAM; BARR, 2009).

Outra forma de realizar uma pré-concentracdo dos analitos na etapa de
preparo de amostra € usar materiais adsorventes seletivos e com alta capacidade de
retencdo como o0s polimeros de impressdo molecular (MIP). O conceito de

impressao molecular surgiu a partir da teoria de Linus Pauling para formagao de
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anticorpos, onde um antigeno era usado como uma molécula molde para moldar a
cadeia polipeptidica de anticorpos, resultando numa configuracdo complementar do
antigeno na respectiva cadeia de anticorpos. A partir desta concepcao, surgiu a idéia
de produzir uma estrutura rigida tridimensional (um polimero) ao redor de uma
molécula molde que pudesse atuar de forma similar ao anticorpo, ou seja, que
pudesse efetuar seletivamente o0 reconhecimento molecular (TARLEY;
SOTOMAYOR; KUBOTA; 2005; MAGALHAES:; et al., 2007; DIAS; et al., 2008)

A sintese de MIP (Figura 4) é basicamente dividida em trés etapas.
Inicialmente, a molécula modelo (MM) forma um complexo com 0s monémeros
funcionais. Em seguida, o reagente de ligacdo cruzada e o iniciador radicalar sao
adicionados, promovendo assim a polimerizacdo com formacao dos sitios seletivos.
Por fim, a MM é retirada do polimero, liberando o sitio seletivo (com forma e
tamanho complementares a MM) (ORTELLI; et al., 2002). Nessa etapa, o MIP ja
podera ser utilizado em procedimentos de extracao.

Mondmeros
funcionais

. Extragéo
Analitos

Sitio
seletivo

V -

& re-ligacao

Analitos

MIP

Figura 4. Esquema genérico da sintese de MIP.
Fonte: Do autor.
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As interagOes entre analito e MIP podem ser de natureza covalente ou néo-
covalente. Entretanto, na grande maioria dos trabalhos relata-se o uso de MIP né&o
covalentes devido a maior facilidade de desligamento da MM do polimero (HAUPT,
2001). E importante destacar que outras moléculas também podem ligar-se ao MIP
tanto no sitio especifico como também fora dele. Essas liga¢cdes sdo normalmente
mais fracas, facilitando a eliminacdo de interferentes por processos de lavagem.
Contudo, quando o interesse é de reter mais de uma molécula, procedimentos mais
brandos de lavagem sdo requisitados. Por fim, destaca-se a ampla faixa de
aplicacdo da tecnologia MIP, com énfase para procedimentos de SPE em amostras
complexas, onde os mais diversos tipos de analitos podem ser extraidos
(FIGUEIREDO; et al., 2007; FIGUEIREDO; ARRUDA, 2009).
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3 OBJETIVOS

3.1 Gerais

a) Estabelecer uma linha de pesquisa na area de andlise de metabdlitos de
praguicidas em amostras bioldgicas de ratos expostos a POF.

b) Ampliar a aplicacdo da tecnologia de impressdo molecular na é&rea de
Toxicologia Analitica, mais especificamente sintetizando e aplicando um MIP em
estudos referentes a analise de metabdlitos de organofosforados em amostras
de urina.

c) Avaliar a correlacdo entre a concentracdo de dialquil fosfatos, atividade de
colinesterase sanguinea e frequéncia de MNPCEs em ratos expostos a

dissulfoton.

3.2 Especificos

a) Otimizar as condi¢cdes de derivatizacdo e separacdo de DETP e DEDTP por
cromatografia gasosa acoplada a espectrometia de massas.

b) Sintetizar um MIP para DETP.

c) Otimizar as condi¢cbes experimentais para a extracdo simultanea de DETP e
DEDTP amostras de urina.

d) Avaliar o potencial pré-concentrador do MIP para a melhoria da sensibilidade
na extracdo de DETP e DEDTP.

e) Validar a metodologia de acordo com o FDA.

f) Aplicar a metodologia para a extracdo/separacado/quantificacdo de DETP e
DEDTP em amostras de urina de ratos expostos de forma aguda ao
dissulfoton.

g) Avaliar e correlacionar as concentracfes de dialquil fosfatos encontradas com

a atividade de colinesterase sanguinea e a incidéncia e frequéncia de
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microndcleos em eritrocitos policromaticos (MNPCEsS) nestes mesmos

animais.
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4 RESULTADOS

Conforme descrito nas normas do Programa de Pds-graduacdo em Ciéncias
Farmacéuticas, artigo 22, a critério do orientador e do discente, a dissertacao podera
ser apresentada sob a forma de 01 (um) volume contendo: uma revisao de literatura,
1 artigo cientifico (nimero minimo), sendo representativo dos resultados obtidos no
desenvolvimento da pesquisa proposta no programa, tendo o mestrando como
primeiro autor.

No presente trabalho, os resultados serdo apresentados a seguir, sob a forma
de dois artigos submetidos para publicacdo em periédicos na area de Farmacia.
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4.1 Artigo |

O artigo |, intitulado “Molecularly imprinted solid phase extraction of urinary
diethyl thiophosphate and diethyl dithiophosphate and analysis by gas
chromatography mass spectrometry” consistiu em desenvlolver e validar uma
metodologia analitica baseada em extracdo em fase solida molecularmente
impressa e GC-MS para identificar e quantificar metabdlitos dialquil fosfatos (DETP e
DEDTP) em amostras de urina. Este trabalho sera submetido a um periédico da area
a ser definido pela aluna e pelo orientador.
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Abstract

An analytical method involving molecularly imprinted solid phase extraction (MISPE)
and gas chromatography mass spectrometry (GC-MS) was developed for the
analysis of organophosphates metabolites (diethyl thiophosphate - DETP and diethyl
dithiophosphate - DEDTP) in human urine samples. A DETP imprinted polymer was
synthesized using 4-vinylpiridine as the functional monomer and ethylene glycol
dimethacrylate as the cross-linker. The conditioning step of the MISPE was
conducted by running 3 mL of acetonitrile, 3 mL of 0.1 mol L™ dibasic phosphate
buffer at pH 11 and 2 mL of water through the molecularly imprinted polymer (MIP)
cartridge. The extraction step was executed using 1.0 mL of a urine sample, with the
pH previously adjusted to 3.0. Finally, the analytes were eluted with 3 mL of
acetonitrile and derivatized with 3% 2,3,4,5,6 pentafluorobenzyl bromide solution at
room temperature for 1 h. The sample was analyzed by GC-MS in the SIM (selected
ion monitoring) mode. Analytical calibration curves for DETP and DEDTP were
constructed using a pool of urine samples and six levels of concentration. The
method was found to be linear from 10 to 500 pg L™, with r > 0.99 and a limit of
detection of 3.0 ug L™ for both analytes. The within-day and between-day precisions
were evaluated (as % RSD), and all the results were < 15% for both analytes. The

method was accurate, with good recovery and robustness.

Keywords: MIP, dialkyl phosphate metabolites, SPE, pentafluorobenzyl

bromide, gas chromatography mass spectrometry, organophosphates



31
Introduction

Organophosphate pesticides (OPs) have been widely and effectively used as
insecticides, with many applications in agricultural and residential settings [1]. In
humans, these compounds are metabolized to dialkyl phosphates (DAPs) and
excreted in the urine (80—90% of the total dose within 48 h) [2, 3]. Urinary DAPs,
such as dimethyl phosphate (DMP), diethyl phosphate (DEP), dimethyl
thiophosphate (DMTP), diethyl thiophosphate (DETP), dimethyl dithiophosphate
(DMDTP) and diethyl dithiophosphate (DEDTP), are commonly used as biomarkers
of organophosphate exposure [4,5]. Fig. 1 shows the chemical structure of DETP and
DEDTP, the DAPs that were studied in this work.

S S

|
H,CH,CO—P—OH H3CHQCO—IT—SH

OCH,CH, OCH,CHj

DETP (pKa=1.49) DEDTP (pKa=1.62)

Fig 1. DETP na DEDTP metabolites and their pKa values.

The determination of DAPs by liquid chromatography has not been a common
strategy due to the difficulty in separating these metabolites by this technique [5].
Several methods based on the gas chromatographic determination of the derivatized
DAP metabolites can be easily found in the literature [3-5]. However, due to the
presence of several concomitants in the urine samples, the use of efficient extraction
techniques is necessary to avoid interference problems during the derivatization and
chromatographic analyses. In this way, some specific techniques can be pointed out,
such as liquid-liquid extraction [6-9], solid phase extraction [10, 11], ionic exchange
extraction [12], extractive derivatization [13], azeotropic distillation [14-16] and
lyophilization [17-20], among others. However, when unspecific methods are used,
some concomitants may remain [14]. An efficient alternative for circumventing this

problem is the use of selective sorbents such as molecularly imprinted polymers
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(MIPs) [21-23]. MIPs are cross-linked synthetic polymers obtained by the
copolymerization of a functional monomer with a cross-linker in the presence of a
template molecule (print molecule). After polymerization, the polymer is washed, and
the recognition sites are complementary to the template molecules in size, shape and
chemical functionality. The imprinted polymer is able to selectively rebind the

template molecule (analyte) and other molecules with analogous structures [24, 25].

MIPs have been extensively used in the solid phase extraction of several
analytes in different matrices [26-29]. This work proposes an analytical method to
simultaneously determine DETP and DEDTP levels in urine by molecularly imprinted
solid phase extraction (MISPE) following analysis by gas chromatography mass
spectrometry (GC-MS).

Experimental

Chemicals and solutions

All the organic solvents, such as acetonitrile, tetrahydrofuran, hexane and
methanol were obtained from Vetec (Rio de Janeiro, Brazil). The solutions were
prepared with deionized water (18.2 MQcm) from a Milli-Q water purification system
(Millipore, Bedford, USA). For the MIP synthesis, DETP was used as the template, 4-
vinylpyridine was used as the functional monomer, ethylene glycol dimethacrylate
(EGDMA) was used as the crosslinking reagent and 2,2'-azobisisobutyronitrile (AIBN)
was used as the initiator (Sigma-Aldrich, Steinheim, Germany). HPLC grade
acetonitrile was used as the solvent. A solution of methanol:acetic acid (Merck,
Darmstand, Germany) at a ratio of 9:1(v/v) was used during the washing of the MIP
to remove the template. Stock solutions of DETP and DEDTP (Sigma-Aldrich,
Steinheim, Germany) were prepared at 1.0 mg L™ in HPLC grade acetonitrile, placed
in an amber flask and kept at -20°C for up to 30 days. Working solutions of 1 to 500
ug L™ were prepared daily by diluting the standard solution in methanol. A solution of
2,3,4,5,6-pentafluorobenzyl bromide (PFBBr) (Sigma-Aldrich, Steinheim, Germany) in

acetonitrile was used as the derivatization reagent.
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Gas chromatography and mass spectrometry conditions

The electron ionization (70 eV) mass spectrometric analysis was performed
using a GC-MS QP-2010 from the Shimadzu® Corporation (Kyoto, Japan) equipped
with a BPX5 (30 mx0.25 mmx0.25 pum i.d.) capillary column (SGE, Argent Place,
Ringwood, Victoria, Australia). Pure helium (99.999%) with a column flow of 1.53 mL
min™ was used as the carrier gas. A 2 pL aliquot of the standard/sample was injected
in the splittess mode and analyzed under the following conditions. The initial
temperature of the column was maintained at 140°C for 1 min, raised to 230°C at
40°C min™ and maintained at 230°C for 1 min. The column temperature was then
raised to 260°C at 20°C min™, raised to 300°C at 40°C min™and maintained at 300°C
for 0.5 min. The injector, interface and ion source temperatures were 270, 300 and
230°C, respectively. The quantitative analysis was achieved in selected ion
monitoring mode (SIM) with an event time of 0.2 s for each analyte. The ions at m/z
350 and m/z 366 were used to quantify DETP and DEDTP, respectively. The ions at
m/z 350, 274 and 213 as well as the ions at m/z 366, 185 and 157 were employed to
confirm the identity of DETP and DEDTP, respectively. The data files were acquired
with the GCMS-Solution software®.

MIP synthesis

The synthesis of the DETP-imprinted polymer was based on non-covalent
interactions between the template and the functional monomer. In a 25 mL glass
flask, 1 mmol of DETP and 4 mmol of 4-vinylpyridine were dissolved in 6 mL of
acetonitrile chloroform; this solution was sonicated for 4 h at room temperature. After
5 min, 16 mmol of EGDMA and 0.75 mmol of AIBN were added, and the mixture was
purged with nitrogen in the ultrasonic bath for 10 min. The flask was sealed and
immersed into a water bath at 65°C for 24 h. After polymerization, the monolith
obtained was mechanically ground, and the particle size was selected using a steel
sieve (75-106 um). The particles were transferred to a glass flask and washed in an
ultrasonic bath with 4:1 (v/v) methanol/acetic acid for 1.5 h. The washing procedure
was repeated 10 times, and the washing solution was renewed for each repetition.

The polymer particles were dried at 70°C, and 50 mg were packed in polypropylene
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cartridges. The non-imprinted polymer (NIP) was synthesized in the same way as the

MIP, in the absence of the template.

Sample preparation and MISPE procedure

The urine sample handling was approved by the Ethics Committee of the
Federal University of Alfenas (n° 296/2010).

Initially, 3 mL of acetonitrile, 3 mL of 0.1 mol L™" dibasic phosphate buffer at
pH 11.0 and 2 mL of water were flowed through the MIP cartridge at 1 mL min™
during the conditioning step. Then, 1.0 mL of human urine sample/standard at pH 3.0
(adjustment with 1.0 mol L™" nitric acid aqueous solution) was percolated through the
cartridge at 1 mL min~", and DETP and DEDTP were selectively extracted. Finally,
the analytes were eluted with 3 mL of acetonitrile, and the extract was evaporated to
dryness under a nitrogen stream. The derivatization reaction was performed
according to the procedure described by De Alwis et al. [5], with some modifications.
K2CO3 (15.0 mg) and 250 pL of 3% PFBBr solution (v/v in acetonitrile) were added to
the tube containing the residue from the MISPE. The extract was allowed to stand for
1 h at room temperature for the derivatization reaction. Then, the derivatized extract
was evaporated to dryness under a nitrogen stream and reconstituted in 100 pL of

tetrahydrofuran before the GC-MS analysis.

Validation study

The developed method was validated in accordance with the US FDA
guidelines (2001) [30]. The following validation parameters were evaluated: linearity,
sensitivity, precision, accuracy, recovery, detection and quantification limits and
robustness. This study was performed using a pool of blank human urine samples
spiked with DETP and DEDTP at concentrations ranging from 10 to 500 ng mL™".
The linearity and sensitivity were established through the calibration curve obtained
by a sextuplicate analysis of DETP and DEDTP at six concentration levels (10, 50,
100, 200, 350 and 500 ng mL™"). Linearity and sensitivity were expressed as the

correlation coefficient (r) and the slope of the calibration curve, respectively. Intra-
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assay precision and accuracy were assessed with five replicates of each
concentration level (50, 200 and 500 ng mL™") on the same day. Inter-assay precision
and accuracy were evaluated by three replicates analyzed at each concentration
level (50, 200 and 500 ng mL™") on separate days. The results were expressed as
percent relative standard deviations and percent relative errors for precision and
accuracy, respectively. The recovery was calculated using the extraction efficiency by
comparing the responses obtained after the analysis of a fortified blank urine sample
(n=3) and a fortified extract obtained after the MISPE procedure (with a blank urine
sample). The limits of detection (LOD) and quantification (LOQ) were calculated
based on the standard deviation (SD) and slope (S) of the calibration curve and in
accordance with the following formulas: LOD=3.3 (SD/S) and LOQ=10 (SD/S).
Ruggedness was evaluated using the Youden approach, which is based on a
fractional factorial design.

Results and discussion

MIP characterization

The synthesis provided approximately 3 g of material. The morphological
structure of the MIP and NIP can be determined from Fig. 2, which shows the
scanning electron microscopy (SEM) images of the materials. The MIP showed
higher porosity than the NIP. This characteristic is important in extraction procedures

because it favors interactions between the analytes and the absorbent [31].



36

2um EHT = 20.00 kV Signal A = SE1
WD = 7.5 mm Photo No. = 9572

2 pm EHT = 20.00 kv Signal A = SEA
WD = 7.5 mm Photo No. = 9457

Fig 2. Scanning electron micrographs of the MIP (A) and the NIP (B).

The extraction capabilities of the MIP and NIP were also investigated. DETP
aqueous solutions, ranging in concentration from 0.1 to 7.0 pg L™, were extracted as
described in the above section titled “Sample preparation and MISPE procedure”,
and the mass of the DETP retained in the polymer was calculated. Fig 3 shows the
adsorption isotherm for DETP in the polymers. It indicates that the adsorption for
both the materials increased when the DETP concentration increased. As observed,
the MIP had the highest adsorption capacity, probably because its interactions with

DETP were based on molecular recognition, whereas only non-specific interactions
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prevailed between the NIP and DETP [31, 32]. In addition, a linear Langmuir model
was employed to describe the adsorption behavior of DETP in the MIP. A good fit
was observed (r = 0.97), as shown in Fig. 4, and the adsorptive maximum capacity
was 67 pg g* (calculated as the inverse of the slope). Thus, there is a uniform
distribution of the analytes around the polymer that form a monolayer on the MIP
surface [33]. After saturation, the DETP has more affinity for the solvent than for
other molecules already adsorbed [34].
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Fig 3. Adsorption isotherms of DETP for the MIP and the NIP.
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Fig 4. Langmuir adsorption isotherm of DETP for the MIP.

Optimization of the MISPE conditions

The following variables were evaluated in a univariate manner: urine pH, mass
of the polymer and nature/volumes of the solvents for the conditioning and elution
steps. The starting conditions were as follows: a cartridge with 50 mg of MIP,
conditioning with 3 mL of acetonitrile, loading with 1 mL of urine at physiological pH
and elution with 1 mL of acetonitrile.

Initially, the ideal pH of the standards/samples was investigated with a 0.1 mol
L™" nitric acid aqueous solution to adjust the pH from 1 to 9. Different behaviors were
observed for both analytes. DETP was best extracted in an acidic medium (pH
smaller than 3.0), while DEDTP was best extracted in a basic medium (pH larger
than 6.0). Thus, the extraction was optimized at pH 3.0, where satisfactory recovery
values were obtained for both analytes (13 and 17% for DETP and DEDTP,
respectively). It is probable that electrostatic interactions prevail between the
analytes and the functional monomer at this pH range, once the DETP, DEDTP and
4-vinylpyridine are in their ionized forms.

The mass of the MIP in the cartridge (25, 50, 100 and 150 mg) was evaluated

in terms of recovery, and for DETP, non-significant changes were observed when the
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mass of the MIP increased (recoveries of 18, 20, 23 and 25% for 25, 50, 100 and 150
mg of the MIP, respectively). For DEDTP, recoveries of 16, 30, 9 and 4% were
obtained for 25, 50, 100 and 150 mg of the MIP, respectively. In this way, 50 mg of
the MIP was selected as the working condition.

The choice of elution solvent is very important to guarantee the efficient elution
of the analytes from the MIP. To evaluate this effect, ethyl acetate, tetrahydrofurane,
acetonitrile and methanol were tested, and recoveries of 17, 20, 23 and 28% and 8,
17, 30 and 13% were obtained for DETP and DEDTP, respectively. As observed, the
best recoveries were obtained with methanol and acetonitrile for DETP and
acetonitrile for DEDTP. Because acetonitrile is slightly more lipophilic than methanol,
it was more efficient for eluting DEDTP. It is also slightly more lipophilic than DETP
due to the presence of an SH group [35]. Additionally, because the MIP was
imprinted with DETP as a model, the interactions between the polymer and DEDTP
are slightly weaker, and it was more easily eluted. Therefore, acetonitrile was
selected as the elution solvent, and its volume during each elution step was also
investigated from 0.5 to 3.0 mL. An increase in recovery (from 6 to 29% for DETP
and from 9 to 32 % for DEDTP) was observed when the volume was increased (from
0.5 to 3.0 mL), possibly because larger volumes were more efficiently distributed in
the MIP cartridge, and a more effective elution was processed. A 3.0 mL volume was
selected for further experiments. Volumes larger than 3.0 mL were not appraised due

to the long time necessary to dry the extract before the derivatization step.

Conditioning solutions are necessary to prepare the adsorbent for the next
extraction, mainly by the elimination of analytes and concomitants coming from
previous extractions. First, 3 mL of acetonitrile was used as the conditioning solution;
however, the complete removal of the analytes (from the previous extraction) was
not guaranteed with this solution, especially for DEDTP, resulting in a memory effect.
As observed during the sample optimization of the pH, the interactions between the
MIP and DEDTP were weaker in a basic medium. Thus, different alkaline solutions of
0.1 mol L™ of dibasic phosphate buffer at pH ranging from 6.0 to 11.0 was passed
through the MIP (3 mL) as a second conditioning step (after acetonitrile). Almost
complete cleaning was obtained with 0.1 mol L™ dibasic phosphate buffer at pH 11.0.

Finally, 2 mL of water was passed through the MIP (after phosphate buffer), and the
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analytes and others concomitants were completely eliminated from the polymer,

avoiding the memory effect.

Fig. 5 shows the chromatograms obtained after MISPE optimization for 500 ng
mL™" of DETP and DEDTP aqueous standard, a blank urine sample and a blank
urine sample fortified with 500 ng mL™* of DETP and DEDTP. As observed, the
selectivity of MISPE was evidenced due to the absence of concomitant peaks when
the blank urine sample was analyzed by SIM. Figs. 6A and 6B show the mass
spectra for DETP and DEDTP, respectively.
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Fig 5. Chromatograms obtained after MISPE optimization in the SIM mode
(monitored using the ions at m/z 350 and m/z 366) for 500 ng mL™ DETP and the
DEDTP aqueous standard (A), blank urine sample (B) and blank urine sample
fortified with 500 ng mL™ of DETP and DEDTP (C). 1 - DETP and 2 - DEDTP.
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Fig 6. Mass spectra obtained in the SCAN mode for DETP (A) and DEDTP (B).
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Confidence parameters and method application

Table 1 shows the linear range, correlation coefficient, slope, LOD, LOQ and
recovery for the DETP and DEDTP analysis by MISPE and GC-MS. All the
parameters were obtained in accordance with FDA recommendations [30]. As
observed, the results attest to the good performance of the present method for the
DETP and DEDTP analysis in human urine samples. In addition, within-day and
between-day precision and accuracy produced acceptable relative standard
deviations and relative errors according to FDA recommendations [30], as
demonstrated in Table 2. The same MIP cartridge was used during all the
optimization and validation steps, and non-significant differences were observed in
the analytical signal until ca. 150 cycles. The robustness assessment, through
changes made in the nominal conditions, reflects the changes that can occur when a
method is transferred to other laboratories, analysts, or equipment [36]. In this
context, the Youden approach [36] allowed us to assess the robustness of the
method and noted the influence of each parameter in the final result. The variables
evaluated are described in Table 3, which also demonstrates the factorial
combination for assay and the formula to evaluate the variation effect. The results are
presented in Table 4. All the variables evaluated showed an influence in the + 10%
range, attesting to the robustness of the method. Human fortified urine samples were

analyzed by the proposed method, and the results are presented in Table 5.

Table 1
Validation parameters of the MISPE GC-MS
method for the determination of DETP and DEDTP

in urine
Validation parameters DETP DEDTP
Linear range / ng mL™* 10-500 10-500
Correlation coefficient (r) 0.9978 0.9925
Slope/ mL ng * 591.96 1014
LOD/ ng mL™* 3.0 3.0
LOQ /ng mL™ 10.0 10.0

, 28.9% 32.7%
Recovery (extraction b b
efficiency)/ % 29'4C 31'90

29.7 32.3

For 50 ng mL™* (n=5); "for 200 ng mL™* (n=5) and “for 500 ng
mL™ (n=5)
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Precision and accuracy for the MISPE GC-MS analysis of DETP and DEDTP in

urine samples.

DETP DEDTP
NC?¥ ng mL™ 50 200 500 50 200 500
Within-day ~ AC" ng mL™ 50.4 217.9 505.8 53.5 171.2 496.2
(n = 5) Precision (RSD%/%) 13.5 7.6 112 11.0 142 127
Accuracy (E%/%) 08 90 71 22 -144 -0.8
NC/ ng mL™ 50 200 500 50 200 500
Between-day AC/ng mL™ 47.2 1947 501.4 51.1 170.2 503.4
(n=4,3) Precision (RSD/%) 9.3 12.2 6.9 53 338 3.2
Accuracy (E/%) -56 -2.6 0.3 22 -149 0.7

®nominal concentration, I[’analyzed concentration, °coefficient of variation and “relative error.

Table 3
Analytical parameters and its variations evaluated by Youden test
Analytical Nominal Variation Factorial combination for Formula to
parameters  (+) ) assay variation effect
1 2 3 456 8

Injector 270.0 2550 + + + + - - - (atb+c+d)/4-
temperature (e+f+g+h)/4
(©)
Source 230.0 2190 + + - - 4+ + - (atb+e+f)/4—
temperature (c+d+g+h)/4
(C)
Interface 300.0 2850 + - + - + - - (atcte+g)/4—
temperature (b+d+f+h)/4
(©)
Total flow 20.0 19.0 + + - - - - + (atb+g+h)/4-
rate (mL (c+d+e+f)/4
min™)

3.0 2.85 + - + - - + + (atctf+h)/4—
Sample pH (b+d+e+g)/4
Elution 3.0 2.8 + - -+ + - + (at+d+e+h)/4—
volume (mL) (b+c+f+g)/4
Derivatization ~ 0.25 0.24 + - - + - + - (at+d+f+g)/4—
reagent (b+c+e+h)/4
volume (mL)
Result a bcde€F h
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Table 4
Effects of the analytical parameters used to evaluate the robustness in the
DETP and DEDTP concentrations.

Parameter value Parameter value

Analytical parameters in the resulting in the resulting
DETP (%) DEDTP (%)
Injector temperature ('C) -1.3 5.5
Source temperature ('C) 3.4 3.4
Interface temperature ("C) 7.5 4.0
Total flow rate (mL min™) 5.4 1.2
Sample pH 1.7 3.3
Elution volume (mL) 0.5 3.7
Derivatization reagent volume (mL) 3.8 3.1
Table 5
Human fortified urine samples analyzed by the proposed method.
DETP
Samples NC® 5 . [21EDTP
ng mL™ AC /_Tg E"/% AC/ ng mL E/ %
mL
1 75 73.8 -1.60 70.7 -5.73
2 150 152.2 1.47 148.6 -0.93
3 250 256.6 2.64 243.9 -2.44
4 400 399.4 -0.15 403.1 0.78
5 500 504.2 0.84 500.3 0.06

®nominal concentration, banalyzed concentration, ‘relative error

Conclusions

The developed chromatographic method involving molecularly imprinted
polymer solid-phase extraction and GC-MS was appropriate for the analysis of DETP
and DEDTP in urine samples. Good figures of merit were attained, such as low LOQ,
a wide linear range and good precision and accuracy. Additionally, other
characteristics of this method should be emphasized, such as its high selectivity, high

MIP cartridge lifetime, use of small sample volumes, possibility of MISPE
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mechanization and implementation for routine DAP monitoring in occupational

exposure to organophosphate pesticides.
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4.2 Artigo Il

O artigo I, intitulado “An estimate of exposure to disulfoton by the determination
of blood cholinesterase activity, concentration of dialkyl phosphates and
incidence of micronucleated polychromatic erythrocytes in rats” consistiu em
aplicar a metodologia analitica desenvolvida em um estudo que avalia a dose de
exposicdo ao dissulfoton, a concentracdo de dialquil fosfatos, a atividade de
colinesterase sanguinea e a incidéncia de micronucleos em eritrocitos policromaticos
em ratos. Este trabalho serd submetido a um periédico da area a ser definido pela

aluna e pelo orientador.
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Abstract

Organophosphates (OPs) are widely used as insecticides in agriculture and
residential settings. These compounds are harmful to health and the blood
cholinesterase (ChEs) activity has been commonly used to represent the level of
each exposure, according to the fact that the OPs pesticides inhibit the activity of
these enzymes. In addition, OPs are biologically metabolized to dialkylphosphates
(DAPs) and the determination of these metabolites in urine has been also reported
as a sensitive bioindicator for assessment of OPs exposure. Another possible effect
of these pesticides is their capability to induce mutagenesis. The in vivo mouse bone
marrow micronucleus test allows an effective assessment of both chromosomal
damage and chromosome loss induced by chemicals, because it is simpler and
faster than traditional chromosome analysis. In this paper, a study was processed to
verify the correlation between the disulfoton dose with blood ChEs activity, urinary
DETP and DEDTP concentration and frequency of micronucleated polychromatic
erythrocytes (MNPCESs). Four groups of rats (n=12) were exposed to 0, 2.82, 4.70
and 6.58 mg kg™ body weight of disulfoton and the blood ChEs activity, urinary
diethyl thiophosphate (DETP) and diethyl dithiophosphate (DEDTP) concentrations
and frequency of MNPCEs were determined. It was observed that the plasma ChEs
activity decreased from 2.85% to 0.52% and the erythrocyte ChEs activity decreased
from 35.9 to 3.3% when the disulfoton dose was increased from 0 to 6.58 mg kg™
body weight (correlation of 0.99). Urinary DETP concentrations as well as the
MNPCEs frequency increased from 0 to 6.58 pug mL™ and from 0 to 1.4 %,
respectively, when the disulfoton dose was increased from 0 to 6.58 mg kg™ body
weight. Based on the above is possible to suggestthat the determination of
dialkylphosphates metabolites reflects well the dose of exposure to disulfoton. It is
also possible to observe that, like other organophosphates pesticides, disulfoton is
able to induce mutagenicity in acute exposure. This is especially important when it

comes to victims of accidental ingestion or attempted suicide.

Keywords: dialkyl phosphate, cholinesterase, organophosphates, pesticides,

disulfoton, micronucleated polychromatic erythrocytes.
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Introduction

Organophosphates (OPs) are potent and effective anti cholinergic insecticides,
and remain the largest class of insecticides sold worldwide. They are widely and
effectively used in agriculture, and to a lesser extent, in domestic pest control [1].
Among themwe can mention the disulfoton (O,O-diethyl S-[2-(ethylthio)ethyl]
phosphorodithioate ) (Figure 1), which is widely used in coffee crops in Brazil. In
addition, these compounds can be responsible for serious problems of intoxication,
and, for this fact, efficient bioindicators are welcome to monitor the level of exposure
to OP, as well as the more probable effects resulting from each one.

Fig 1. Chemical structure of disulfoton.

The blood cholinesterase (ChEs) activity is widely used as a bioindicator of
OPs exposure once that these pesticides inhibit the activity of this enzyme in red
blood cells and plasma [2]. A simple procedure based on spectrophotometry can be
efficiently employed to determine the ChEs activity [3]. On the other hand, there is a
great variability in the normal enzymatic activity between different individual. Thus,
the ChEs activity in the pre-exposure should be the reference to appraise the
enzymatic activity during the exposure [4], resulting in the need of a constant
monitoring. In addition, OPs can be biologically metabolized to dialkylphosphates
(DAPs) and the determination of these metabolites in urine has also been reported
as a sensitive bioindicator to assess the OPs exposure level, especially in acute
exposure events such as occupational exposure and intentional poisonings [5,6].

Figure 2 shows the structures of the commonly measured DAPs metabolites for
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exposure to disulfoton: diethylthiophosphate (DETP), and diethyldithiophosphate
(DEDTP) [7,8].

S S

1 1
H3CH2C:O—IT—OH HgCHgCO—IT—SH
OCH,CH; OCH,CH;

DETP DEDTP

Fig 2. Dialkyl phosphates metabolites.

Another effect of the OPs is their capability to induce mutation and probably
cancer. In this way, the in vivo mouse bone marrow micronucleus test can be an
satisfactory methodology to appraise the mutagenic effect, due to the effective
assessment of both chromosomal damage and chromosome loss induced by
chemicals, as well as by the simplicity and high speed of this test in comparison with
traditional chromosome analysis [9,10]. The micronucleus can be originated from
acentric chromosome fragments as well as from whole chromosome lagging at
anaphase, during the division of the nucleated precursor cells. They persist in
cytoplasm for some time and so may be scored at interphase in polychromatic
erythrocytes (PCEs) [11-13]. An increase in micronucleated PCEs (MNPCES)
frequency is therefore an indication of aneuploidy or clastogenicity induction.

As could be seen, different bioindicators had been used individually to
evaluate the OPs exposure or specific effects of these pesticides. However, the
correlations between them and the exposure doses were not been studied until
today, and there is no classification about the efficiency of each one for monitoring
the exposure to OPs. In this context, this work aimed to study the correlation
between the three exposure doses, the blood ChEs activity, the frequency MNPCEs
and the concentration  of urinary DETP  and DEDTPin a group

of rats exposed to disulfoton.
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Experimental

Chemicals and solutions

The organic solvents as acetonitrile and tetrahydrofuran (HPLC grade) were
obtained from Vetec (Rio de Janeiro, Brazil). The water used was obtained from a
Milli-Q water purification system (Millipore, Bedford, USA). Disulfoton (O,O-diethyl S-
[2-(ethylthio)ethyl] phosphorodithioate 98,6% purity) was obtained from Fluka (Buchs,
Switzerland). The solution of disulfoton was prepared in corn oil before
each application [14]. Ditiobisnitrobenzoate (DTNB), acethylthiocoline (ATTC) and
Cyclophosphamide (CPA) were obtained from Sigma-Aldrich (Steinheim, Germany).
The 2,3,4,5,6-pentafluorobenzyl bromide (PFBBr) (Sigma-Aldrich, Steinheim,

Germany) solution was prepared at 3% (v/v) in HPLC grade acetonitrile, daily.

Study subjects and sample preparation

The animals used in this study were handled in accordance with the Ethical
Principles for Animal Research adopted by the Brazilian College of Animal
Experimentation (COBEA). The protocol used here was approved by the
Universidade Federal de Alfenas, UNIFAL-MG, Ethics Committee for Animal
Research (296/2010). For in vivo experiments, we used adult male rats weighing 275
+ 30 g. The animals were housed in metabolic cages in an experimental room under
controlled conditions of temperature (22+2°C), humidity (55£10%), and a 12 h
light/dark cycle with ad libitum access to diet and water. The animal experiment
comprised 4 groups (12 individuals each): group 1 (negative control), group 2, 3 and
4 which received a single intraperitonial injection of a corn oil solution [14] containing
2.82, 4.70 and 6.58 mg kg™ body weight, corresponding to 30, 50 and 70% of the
lethal dose 50 % - disulfoton LD50 in rats (9.40 mg kg™ body weight [15]),
respectively. For the test of MNPCEs was also used a group (6 individuals) as
positive control, in addition to other, which received 30 mg kg™ body weight of
cyclophosphamide (CP). The concentration of DETP and DEDTP were determined in

urines of 24 h of each group and collected after the disulfoton application (after 24 h).
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Urine samples were subjected to a molecularly imprinted solid phase extraction
(MISPE) followed of derivatization with PFBBr and analysis by gas chromatography
mass spectrometry (GC-MS) [16]. The densities of the urine samples were
measured and the concentrations of DETP and DEDTP were corrected by this value
[17]. Animals were sacrificed by decapitation 24 h after the treatment, and the whole
blood was collected for studies of ChEs. The ChE activities were determined by the
Ellman et al. modified method [3]. The bone marrow was processed immediately for
mutagenicity tests. The mutagenicity was evaluated using the bone marrow
micronucleus test, according to the protocol by MacGregor et al. [10].

Instrumental

To determinate the concentration of DETP and DEDTP an GC-MS QP-2010
from Shimadzu® Corporation (Kyoto, Japan) equipped with a BPX5 (30 mx0.25
mmx0.25 um i.d.) capillary column (SGE, Victoria, Australia) was used. For the
determination of blood cholinesterase activity was used a spectrophotometer UV-VIS
Biomate 5 (Thermo Electron Corporation, Rochester, USA) operating at a
wavelength of 430 nm. To perform the counting of MNPCEs was used a microscope
Eclipse 50 i (Nikon, Melville, USA).

Results and discussion

Measurements of plasma ChEs and erythrocyte ChEs have been used for a
number of years in cases of clinical poisoning and accidental OPs exposure, and in
monitoring of workers with high risk of exposure. Depression of the plasma ChEs
enzyme activity is not necessarily associated with symptoms of anti-cholinergic
toxicity and large depressions in ChEs have been noted in the absence of any effect
on erythrocyte ChEs. Decreases in the red cell enzyme activity have been suggested
to have closer relations to these symptoms. Therefore, in both clinical toxicology and
monitoring high-risk occupational activities, the measurement of both enzymes has

been recommended [4]. Thus, we evaluated the plasma and erythrocyte ChEs
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activity in animals exposed to disulfoton. As the data show a normal distribution, an
analysis of variance (ANOVA) followed by application of independent t test was used
for the statistical treatment of data. Table 1 shows the percentage of inhibition
of plasma and erythrocyte cholinesterase of groups of animals exposed to different
doses of disulfoton. The results were considered statistically significant if the p values
were 0.05 or less. There were no significant differences in plasma
cholinesterase activity between groups 1 and 2 (exposure to 30 and 50% of the LD50
of disulfoton, respectively).

Table 1. Activity of plasma and erythrocytes ChEs of rats exposed to
Disulfoton in different exposure doses

Plasma  Erythrocyte

Treatment group n ChE (%) ChE (%)
Negative Control (no exposure) 12 2.85+0.08% 35.86+3.17¢
Group 1 (exposurt_a1 to disulfoton 12 0.85+0.08° 18.75+2 60°

2,8 mg kg~ b.w)

Group 2 (exposur_elz to disulfoton 12 0.7440.10° 11.80+1.07'

4,7 mg kg™ b.w)

Group 3 (exposure to disulfoton 12 05240.05° 3.30+0.329

6,8 mg kg b.w)
Values are expressed as percentage of activity + SD. a, b, ¢, d, e, f, g Values followed by
different letters are significantly different by analysis of variance (ANOVA) followed by
application of independent T test (p < 0.05).

On the other hand, significant differences were observed among all exposed
groups and negative control (no disulfoton). In addition, statistical differences were
observed between groups 1 and 3, and between groups 2 and 3. By analyzing
the erythrocyte ChEs activity, statistical differences were observed between all
groups. The Figure 3 shows the influence of the disulfoton dose in the plasma and
erythrocyte ChEs. The liner correlation for erythrocyte ChEs activity (r = 0.99) was
better than that for plasma ChEs activity (r = 0.89), in accordance with the statistical
tests. The major problem with the determination of ChEs activity is the measure of a
small decrease in enzyme activity in comparison with the normal level [18]. In some
cases, is practically impossible to identify alterations. Besides, the best correlations
only are obtained when the ChEs activity during the exposure is compared with the

pre-exposure values of the same individual.
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Fig.3. The influence of the disulfoton dose in the plasma and erythrocyte ChEs

The concentration of DAPs metabolites in urine has been also efficiently used
as bioindicator for the exposure to OPs. A major metabolic route in mammals
produces DAPs metabolites that are excreted in urine. The advantage of this
approach is the specificity of the assay [18]. Therefore, we determined the
concentration of the DETP and DEDTP in the urine of animals exposed to disulfoton,
once that both molecules are the most important metabolites of this OP. Similarly to
the data of ChEs activity, concentrations of DETP and DEDTP had normal
distribution and therefore were evaluated by analysis of variance (ANOVA) followed
by application of independent t test. The concentrations were corrected for density
[17]. The results were considered statistically significant if the p values were 0.05 or
less. As can be seen in Table 2, there was statistical difference among all groups for
both molecules. It is also possible to observe a correlation between the dose
of exposure and the concentrations of DETP and DEDTP in urine (the concentrations

increased when the dose was increased).
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Table 2. Concentration of DETP and DEDTP in urine of rats exposed to
Disulfoton in different exposure concentrations.

DETP (g DEDTP (ug

Treatment group n L) mLY)
Negative Control (no exposure) 12 <LOQ <LOQ
Group 1 (exposure to disulfoton a d

2.8 mg kg™ b.w) 12 1.1840.14° 0.013+0.001
Group 2 (exposure to disulfoton b e

4.7 mg kg™t b.w) 12 2.40+0.31° 0.04+0.006
Group 3 (exposure to disulfoton 12 6.58+096° 0.11+0.015'

6.8 mg kg™ b.w)
Concentration values corrected by the density expressed in (ug mL™) + SD. Negative controls
had values below the limit of quantification (<LOQ). a, b, c, d, e, f Values followed by different
letters are significantly different by analysis of variance (ANOVA) followed by application of
independent T test (p < 0.05).

Besides, the concentrations of DEDTP are much smaller than the
concentrations of DETP. Perhaps because the DEDTP is quickly metabolized to the
corresponding monosulphated and oxidized metabolites, resulting in the low levels in
urine [19]. The Figure 4 shows that there is an exponential increase in the both DAPs
concentration when the disulfoton dose was increased. Based on this data we
realized that, in high concentrations, like other organophosphates such as
chlorpyrifos, the disulfoton can causes induction of CYP2B6 followed by CYP1A2
and to a lower CYP2A6, CYP2C9, CYP2C19 and CYP3A4 [20].

Using only the three first points, a satisfactory linear correlation was obtained
for both analytes (r = 0.99 and r = 0.95, respectively for DETP and DEDTP), attesting

that there are good correlations for the low doses.
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Fig.4. Correlation between the disulfoton dose exposure and the concentration of
DAPs metabolites.

Finally, the mutagenic capability of disulfoton in cases of acute exposure and
in high concentration was assessed analyzing the frequency of MNPCEs. For this
test, a positive control group of animals (n=6) was used, which received CP to
induce mutagenesis. The frequencies of MNPCEs between treated groups and their
respective controls were compared using the chi-square test [10].Table 3 shows the
frequency of MNPCEs observed. The results of the groups 2 and 3 were statistically
equal to each other and different of the value corresponding to the group 1.
Moreover, as expected, the frequencies of MNPCEs in different concentrations
of disulfoton were lower with respect to the positive control (CP)

and the spontaneously generated major (negative control).
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Table 3. The frequencies of micronucleated polychromatic erythrocytes (MNPCE) in
rats exposed to Disulfoton in three concentrations.

MN bone
Treatment group N Analyzed MN Total borrow % +
Cells Number
SE
Negative Control - 0.9% NaCl 12 24000 116% 0,48 +0,17
Posite control - CP (30 mg kg™ b.w) 6 12000 209"  1,74+0,17
Disulfoton 2,82 mg kg™ b.w 12 24000 149° 0,62 + 0,18
Disulfoton 4,7 mg kg™ b.w 12 24000 288%  1,20+0,20
Disulfoton 6,8 mg kg'l b.w 12 22000 309¢ 1,40 + 0,20
Values are expressed as percentual £ SD. a,b,c,d Means within a column, followed by different

letters are significantly different by Chi-Square Test (p < 0.05), CP= Ciclophosphamide. 2,000 analyzed
cells /animal (20,000 cells/group).

The test was valid, because the positive control induced by CP was
higher than the number of spontaneous mutations of the negative control. Thus, it
is possible to observe that disulfoton, similarly to other OPs pesticides [21], causes
mutations in the doses tested. In addition, it was also possible to observe that there
was an increase in the frequency of MNPCE when the dose of disulfoton was
increased, as showed in Figure 5. Moreover, a good correlation (r = 0.98) was

obtained when a linear model was applied to the data.
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Fig.5. Correlation between the disulfoton dose exposure and the frequency of
MNPCEs.

Conclusions

Both biological monitoring by the determination of urinary alkyl phosphates
and blood cholinesterase activity have important roles in assessing the exposure to
OPs. The traditional approach of blood ChEs measurement has well defined
guidance values to help interpret results and is directly related to risk. Measurement
of urinary DAPs metabolites is less invasive and logistically simpler. Although there
are few guidance values for urinary DAPs, this approach can be used to assess the
efficacy of control procedures and help to reduce exposure because it reflects well
the relationship between exposure dose and the concentration of metabolites in
urine. In this work it was possible to observe that the measuring of blood
cholinesterase activity and the concentration of urinary DAPs have a good correlation
with the dose of exposure to disulfoton It is possible to suggest that, similarly to
other OPs, disulfoton causes mutagenicity, even in an acute exposure. This is
especially importantwhen it comes tovictims of accidental ingestion or

attempted suicide
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5 CONCLUSOES

O método baseado em extracdo em fase solida molecularmente impressa e
cromatografia gasosa acoplada a espectrometria de massas foi adequado para a
andlise de DETP e DEDTP em amostras de urina. Boas figuras de merito foram
alcancadas, tais como baixo LOQ, ampla faixa linear e boa precisdo, exatidao e
robustez. Outras caracteristicas devem ser enfatizadas, tais como alta seletividade,
elevado tempo de vida do cartucho de MIP, uso de pequenos volumes de amostras,
possibilidade de mecanizacédo da técnica e sua implementacdo em ensaios de rotina
na monitorizacao de dialquil fosfatos em exposi¢cédo ocupacional ou ndo-ocupacional.
Tanto o monitoramento biolégico de dialquil fosfatos urinarios como a determinacao
da atividade de colinesterases sanguineas tiveram um papel importante na avaliacéo
da exposicdo ao organofosforados, tendo boas correlagbes com as doses de
exposicdo. A mensuracdo de metabolitos urinarios dialquil fosfatos é menos
invasiva e  logisticamente mais  simples. Embora  existam poucos valores de
orientacdo para estes metabolitos, esta abordagem pode ser usada para avaliar a
eficacia dos procedimentos de controle, pois reflete bem a relacdo entre a dose de
exposicdo e a concentracdo de metabdlitos na urina. Pode-se sugerir que, a
semelhanca de outros compostos organofosforados, o dissulfoton, é capaz de
causar mutacdo, mesmo em uma exposicao aguda. Isto é especialmente importante

guando se trata de vitimas de ingestdo acidental ou tentativa de suicidio.
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