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RESUMO
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Programa de Pés-Graduagdo em Ciéncias Biologicas: Bioguimica Toxicoldgica
Universidade Federal de Santa Maria

EFEITOS FARMACOLOGICOS DO DISSELENETO DE DIFENILA EM MODELOS
DE TOXICIDADE INDUZIDA POR ORGANOFOSFORADOS EM RATOS

AUTORA: Carmine Inés Acker
ORIENTADORA: Cristina Wayne Nogueira
LOCAL E DATA DA DEFESA: Santa Maria, agosto de 2012

Os agrotoxicos sdo substancias empregadas nas areas agricolas e em programas de
salde publica, para o controle de pragas e vetores que transmitem doencas. Dentre 0s
agrotoxicos, os inseticidas organofosforados (OFs) sdo considerados os mais toxicos aos
vertebrados. O disseleneto de difenila [(PhSe);] € um composto organico de selénio para o
qual ja foram descritas diversas propriedades farmacoldgicas, entre elas a atividade
antioxidante. Dessa forma, este trabalho teve como objetivos avaliar os efeitos farmacoldgicos
do (PhSe), em modelos de toxicidade aguda induzida por clorpirifés (CPF) e acefato (AC) em
ratos, bem como, avaliar os efeitos hiperglicémico e hiperlipidémico do CPF, os quais nao
estdo descritos na literatura. No primeiro protocolo experimental (artigo 1), avaliou-se o
efeito do (PhSe), na toxicidade hepéatica e hematoldgica induzida por CPF em ratos. Os
animais foram pré-tratados com (PhSe), (5 mg/kg) pela via intragastrica (p.0.) uma vez ao dia
durante 7 dias. No 8° e 9° dias o (PhSe), (5 mg/kg; p.o.) foi administrado 30 min antes da
administracdo subcutanea (s.c.) de CPF (50 mg/kg). Os animais foram mortos vinte e quatro
horas ap6s a Ultima administracdo de CPF. A atividade das enzimas aspartato
aminotransferase (AST), alanina aminotransferase (ALT) e lactato desidrogenase (LDH)
foram determinadas no plasma dos ratos. Os niveis de peroxidacéo lipidica, carbonilagdo de
proteinas e tidis ndo-protéicos (SHNP), bem como a atividade das enzimas catalase (CAT),
superoxido dismutase (SOD), glutationa peroxidase (GPx), glutationa redutase (GR) e
glutationa S-transferase (GST) foram determinados no figado dos ratos. Os parametros
hematoldgicos também foram analisados. O CPF causou aumento da atividade das enzimas
AST, ALT e LDH, aumento dos niveis de peroxidacdo lipidica e carbonilacdo de proteinas,
diminuicdo dos niveis de SHNP e inibigdo das enzimas CAT, GPx, SOD e GST. Além disso,
a exposicdo ao CPF causou toxicidade hematolodgica, evidenciada principalmente pela
diminuicdo dos niveis de leucocitos totais. O (PhSe), protegeu contra os efeitos toxicos
induzidos pelo CPF em ratos. Além disso, o (PhSe), aumentou per se 0s niveis de SHNP e a
atividade da GST no figado dos ratos. No segundo protocolo experimental (artigo 2),
investigou-se o efeito do (PhSe), nos disturbios metabolicos induzidos por AC em ratos. O
(PhSe), (10 ou 30 mg/kg; p.o.) foi administrado aos animais 1 hora antes da administragdo de
AC (140 mg/kg; p.o.). Os animais foram mortos duas horas ap6s a administracdo de AC. Os
niveis de glicose e corticosterona bem como o perfil lipidico foram determinados no plasma
dos ratos. Os fatores de risco cardiovascular e o indice aterogénico foram calculados. Os
niveis de glicogénio bem como a atividade das enzimas tirosina aminotransferase (TAT) e
glicose-6-fosfatase (G6Pase) foram analisados no figado dos ratos. A atividade da
acetilcolinesterase (AChE) cerebral também foi determinada. O AC causou aumento dos
niveis de glicose, corticosterona e trigliceridios (TG), aumento da atividade das enzimas TAT
e G6Pase e inibicdo da AChE. O fator de risco cardiovascular [(TG/lipoproteina de alta
densidade (HDL)] aumentou nos ratos expostos ao AC. O (PhSe), atenuou essas alteracdes,



exceto para o aumento dos niveis de corticosterona e para a inibicdo da AChE. No terceiro
protocolo experimental (artigo 3), investigou-se o efeito hiperglicémico e hiperlipidémico do
CPF em ratos. Também foram estudados os mecanismos envolvidos no efeito hiperglicémico
do CPF. O CPF foi administrado uma unica vez na dose de 50 mg/kg, s.c.. Os animais foram
mortos em diferentes tempos apos a administracdo de CPF (2, 4, 8, 12 e 24 horas). Os niveis
de glicose e corticosterona bem como o perfil lipidico e a atividade da paraoxonase-1 (PON-
1) foram determinados no plasma dos ratos. Os fatores de risco cardiovascular e o indice
aterogénico foram calculados. Os niveis de glicogénio bem como a atividade das enzimas
TAT e G6Pase foram analisados no figado dos ratos. A atividade da AChE cerebral também
foi determinada. O CPF causou aumento dos niveis de glicose, glicogénio, corticosterona, TG
e lipoproteina de baixa densidade (LDL), aumento da atividade das enzimas TAT e G6Pase,
diminuicdo dos niveis de HDL e da atividade da PON-1 e inibicéo da atividade da AChE. Os
fatores de risco cardiovascular e o indice aterogénico aumentaram nos animais expostos ao
CPF. Os resultados do presente trabalho demonstraram que o (PhSe), protegeu contra a
toxicidade induzida por CPF e AC em ratos. A exposi¢cdo ao CPF causou hiperglicemia e
hiperlipidemia em ratos. A ativacdo da via da gliconeogénese esta envolvida no efeito
hiperglicémico causado pelo CPF. Considerando-se que a exposicao aos OFs é cada vez mais
freqlente e que é a causa de diversas doencas, 0s resultados deste trabalho sdo de grande
importancia, uma vez que o (PhSe), pode representar uma alternativa para atenuar a
toxicidade causada pelos OFs.

Palavras-chave: Agrotoxicos, Organofosforados, Clorpirifés, Acefato, Selénio, Disseleneto de
Difenila.
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Pesticides are substances used in agricultural areas and public health programs to
control pests and disease vectors. Among pesticides, organophosphates (OPs) are considered
the most toxic to vertebrates. Diphenyl diselenide [(PhSe),] is an organoselenium compound
that presents pharmacological activities, among that the antioxidant effect. Therefore, the aim
of this study was to evaluate the pharmacological effects of (PhSe), in acute models of
toxicity induced by chlorpyrifos (CPF) and acephate (AC) in rats, as well as to investigate the
hyperglycemic and hyperlipidemic effects of CPF which has not been described. In the first
experimental protocol (article 1), the effect of (PhSe), on hepatic and hematological toxicity
induced by CPF in rats was evaluated. The animals were pre-treated by intragastric route
(p.0.) with (PhSe), (5 mg/kg) once a day for 7 days. On the 8" and 9" days, (PhSe), (5 mg/kg;
p.0.) was administered to rats 30 min prior to subcutaneous (s.c.) injection of CPF (50 mg/kg).
Twenty-four hours after the last CPF injection, rats were killed. The aspartate
aminotransferase (AST), alanine aminotransferase (ALT) and lactate dehydrogenase (LDH)
activities were determined in plasma of rats. Lipid peroxidation, protein carbonyl and non-
protein thiol (NPSH) levels as well as catalase (CAT), superoxide dismutase (SOD),
glutathione peroxidase (GPx), glutathione reductase (GR) and gluthatione S-transferase
(GST) activities were determined in livers of rats. Hematologic parameters were also assayed.
CPF caused an increase in AST, ALT and LDH activities, an increase in lipid peroxidation
and protein carbonyl levels, a decrease in NPSH levels and an inhibition of CAT, GPx, SOD
and GST activities. In addition, CPF exposure caused hematologic toxicity, evidenced mainly
by a decrease in total leukocytes levels. (PhSe), protected against toxic effects induced by
CPF in rats. Moreover, (PhSe), increased per se NPSH levels and GST activity in livers of
rats. In the second experimental protocol (article 2), the effect of (PhSe), on metabolic
disorders induced by AC in rats was investigated. (PhSe), (10 or 30 mg/kg; p.0.) was
administered to rats 1 hour prior to AC administration (140 mg/kg; p.o.). Two hours after AC
administration, rats were killed. Glucose and corticosterone levels as well as the lipid status
were determined in plasma of rats. Cardiovascular risk factor and the atherogenic index were
calculated. Glycogen levels as well as tyrosine aminotransferase (TAT) and glucose-6-
phosphatase (G6Pase) activities were determined in livers of rats. Cerebral
acetylcholinesterase (AChE) activity was assayed. AC induced an increase in glucose,
corticosterone and triglycerides (TG) levels, an increase in TAT and G6Pase activities and an
inhibition of AChE activity. The cardiovascular risk factor [(TG/ high density lipoprotein
(HDL)] was increased in AC exposed rats. (PhSe), attenuated these alterations, except for the



increase of corticosterone levels and AChE activity inhibition. In the third experimental
protocol (article 3), the hyperglycemic and hyperlipidemic effects of CPF in rats were
investigated. The mechanisms involved in hyperglycemia induced by CPF were also studied.
CPF was administered once to rats at the dose of 50 mg/kg, s.c. Animals were killed at 2, 4, 8,
12 e 24 hours after CPF administration. Glucose and corticosterone levels as well as lipid
status and paraoxonase-1 (PON-1) activity were determined in plasma of rats. Cardiovascular
risk factors and the atherogenic index were calculated. Glycogen levels as well as TAT and
G6Pase activities were determined in livers of rats. Cerebral AChE activity was assayed. CPF
caused an increase in glucose, glycogen, corticosterone, TG and low density lipoprotein
(LDL) levels, an increase in TAT and G6Pase activities, a decrease in HDL levels and PON-1
activity and AChE activity inhibition. The cardiovascular risk factors and atherogenic index
were increased in CPF exposed rats. The results of the present study demonstrated that
(PhSe), protected against toxic effects induced by CPF and AC in rats. CPF exposure caused
hyperglycemia and hyperlipidemia in rats. The gluconeogenesis pathway activation is
involved in the hyperglycemic effect caused by CPF. Considering that the crescent use of OPs
worldwide has been the cause of many severe human poisoning cases, the results of the
present work are of great importance, since that (PhSe), may represent an alternative to
alleviate the OPs-induced toxicity.

Keywords: Pesticides, Organophosphate, Chlorpyrifos, Acephate, Selenium, Diphenyl
diselenide.
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1 INTRODUCAO

Os agrotoxicos sdo substancias empregadas nas areas agricolas e em programas de
salde publica, para o controle de pragas e vetores que transmitem doencas. Atualmente,
centenas de ingredientes ativos e milhares de formulagfes estdo disponiveis no mercado
mundial, sendo que milhdes de toneladas de agrotoxicos sdo fabricados anualmente
(Soltaninejad e Abdollahi, 2009). Segundo dados da Organiza¢do Mundial da Salude, ocorrem
cerca de 3 a 5 milhdes de casos de intoxicacdo por agrotoxicos todos os anos, resultando em
centenas de mortes, principalmente entre trabalhadores agricolas. A maioria destas
intoxicagBes ocorre em paises em desenvolvimento, onde a falta de higiene, informacéo ou
controle adequado tém criado uma predisposicdo aos efeitos toxicos desses compostos.

No Brasil, os ultimos dados disponiveis pelo Sistema Nacional de Informacdes
Téxico-Farmacoldgicas (Sinitox) mostram que os agrotdxicos, divididos em quatro categorias
(agrotoxicos/uso agricola, agrotdxicos/uso doméstico, raticidas e produtos veterinarios) sdo a
2° maior causa de intoxicacdo em humanos, com 11.484 casos em 2009, ficando atras apenas
dos medicamentos. As regides brasileiras que mais registraram casos de intoxicacdo sdo a
regido sudeste com 5.151 casos (45%) e a regido sul com 2.708 (24%) (Sinitox, 2009).

Dentre o0s agrotoxicos, os inseticidas organofosforados (OFs) sdo considerados os
mais toxicos aos vertebrados (Shadnia et al., 2005; Rahimi et al., 2006). Os OFs foram
sintetizados pela primeira vez na Alemanha antes da Segunda Guerra Mundial e hoje
constituem uma das classes de agrotdxicos mais utilizados no mundo. A sua aplicacdo cada
vez mais intensa tém resultado em uma polui¢do ambiental e também no aumento do nimero
de casos de intoxicacgdes, tanto agudas quanto crénicas (Costa, 2006). Sdo exemplos de OFs:
azinfés etilico, clorpirifés (CPF), acefato (AC), diclorvos, dimetoato, diazinon, fenitrotion,
fention, fosfamidon, malation, metamidofés, monocrotofos, paration metilico. Estes
compostos sdo facilmente hidrolisados e altamente lipossoliveis, com alto coeficiente de
particdo 6leo/dgua (Soltaninejad e Abdollahi, 2009).

A absor¢do dos OFs pelo organismo humano ocorre pelas vias dérmica, respiratoria e
digestiva, e muitas vezes essa absorcao e favorecida pelos solventes presentes na formulagéo.
As intoxicacdes podem ocorrer por contato direto com os OFs, no preparo, na aplicacdo ou
em qualquer tipo de manuseio desses compostos. Podem ainda ocorrer por contato indireto,

pela contaminacdo da agua, do ar, do solo e dos alimentos. Também ha casos de intoxicagdes
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acidentais, sobretudo em criangas, e intencionais (homicidios e suicidios) (Alonzo e Corréa,
2002).

Os OFs tém como principal alvo a enzima acetilcolinesterase (AChE) que hidroliza o
neurotransmissor acetilcolina (ACh). Os principais efeitos clinicos observados em
intoxicacBes agudas com esses compostos sdo lacrimacdo, salivacdo, vomitos, diarréia, dores
de cabega, convulsdes. Esses efeitos envolvem a inibicéo irreversivel da atividade da AChE
no sangue e no sistema nervoso, resultando no acumulo de ACh e ativacdo dos receptores
muscarinicos e nicotinicos, o que pode levar a morte (Savolainen, 2001; Aygun et al., 2007).

Embora o principal alvo de toxicidade dos OFs seja a inibi¢do da atividade da AChE
no sistema nervoso central, muitos autores tém demonstrado outros efeitos toxicos, apds
exposicoes agudas e cronicas. Ja foram demonstrados efeitos toxicos em diversos sistemas e
orgdos, tais como, figado, rim, mdsculo, sistema imune, sistema hematolégico e outros
(Abdollahi et al., 2004a; Teimouri et al., 2006; Possamai et al., 2007). Alguns desses efeitos
envolvem o distarbio de processos redox com alteracbes na atividade de enzimas
antioxidantes e aumento dos niveis de peroxidacdo lipidica (Sharma et al., 2005; Fortunato et
al., 2006). Dessa forma, a inducdo de estresse oxidativo tem sido considerada um dos
mecanismos de toxicidade dos OFs (Lukaszewicz-Hussain, 2010). O estresse oxidativo é
definido como um desequilibrio entre a producdo de espécies reativas e a sua remoc¢ado pelas
defesas antioxidantes. As espécies reativas produzidas em excesso causam danos a lipidios,
proteinas e DNA e, conseqglientemente o desenvolvimento de diversas doencas (Halliwell,
2011).

Outro efeito toxico que vem sendo descrito nos ultimos anos € o disturbio da
homeostase da glicose observado apds a exposicdo a OFs. J& foi demonstrado que OFs como
AC, malation e monocrotofés causam hiperglicemia temporaria ap6s a administracdo aguda
em animais experimentais (Lasram et al., 2008; Joshi e Rajini, 2009; 2012). No entanto,
diversos mecanismos parecem estar envolvidos na hiperglicemia induzida pelos OFs. Alguns
autores relatam o envolvimento da ativacdo de enzimas da gliconeogénese (fosfoenolpiruvato
carboxiquinase, glicose-6-fosfatase (G6Pase)) e glicogendlise (glicogénio fosforilase), bem
como a inibicdo de enzimas glicoliticas (hexoquinase, fosfofrutoquinase) na hiperglicemia
induzida por OFs (Abdollahi et al., 2004b; Rezg et al., 2007).

Recentemente Joshi e Rajini (2009) descreveram que os OFs podem interferir no
funcionamento do eixo hipotalamo-pituitaria-adrenal (HPA), o qual regula o processo de
sintese e secrecdo de glicocorticoides pela glandula adrenal. A liberagdo do hormdénio

corticotropina (CRH) pelo hipotalamo estimula a glandula pituitaria a liberar o hormoénio
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adrenocorticotropico (ACTH), que por sua vez estimula a sintese e secrecdo de
glicocorticoides pela glandula adrenal. Os hormonios glicocorticoides liberados pela glandula
adrenal aumentam a producéo de glicose hepatica através do aumento da atividade de enzimas
da gliconeogénese. Recentemente foi demonstrado que os OFs causam hiperglicemia através
do aumento dos niveis de corticosterona no plasma e conseqiientemente da atividade da
tirosina aminotransferase (TAT), enzima que participa da degradagdo de aminodcidos e,
portanto, estimula a gliconeogénese (Joshi e Rajini, 2009; 2012). A inibicdo da AChE no
sistema nervoso central pelos OFs parece estar envolvida na inducdo de
hipercorticosteronemia, uma vez que o excesso de ACh estimula o hipotalamo a liberar o
CRH que ird ativar o eixo HPA e conseqiientemente estimular a gliconeogénese (Bugajski et
al., 2001).

Embora haja poucos dados na literatura com relacdo ao efeito dos OFs sobre o
metabolismo de lipidios, a hiperlipidemia também tem sido descrita como um dos efeitos
adversos da exposicdo a esses compostos. Lasram e colaboradores (2009) demonstraram que a
exposicdo aguda ao malation em ratos causou um aumento dos niveis de trigliceridios (TG) e
de lipoproteinas de baixa densidade (LDL). Foi demonstrado ainda que esse inseticida
aumentou os fatores de risco cardiovascular [TG/lipoproteina de alta densidade (HDL) e
colesterol total (CT)/HDL] e o indice aterogénico (I1A) [(CT-HDL)/HDL]. De maneira similar,
a administracdo de propetamfds em ratos levou ao aumento dos niveis de TG (Cetin et al.,
2010). No entanto, ainda ndo ha dados na literatura mostrando quais sdo 0s mecanismos
envolvidos na hiperlipidemia induzida pelos OFs.

O CPF, 0O,0’-dietil O-(3,5,6-tricloro-2-piridila) fosforotioato, é um dos cinco
inseticidas OFs mais comercializados no mundo com mais de 900 formulacdes diferentes.
Esse inseticida é utilizado na agricultura para o controle de pragas em diversas culturas e
também é aplicado em areas domésticas. Pertence a classe toxicoldgica Il (muito toxico),
apresentando dose letal de 50% dos animais (DLsg) de 135 mg/kg quando administrado pela
via oral em ratos (Eaton et al., 2008). O CPF, uma vez absorvido, ¢ metabolicamente ativado
a CPF-oxon, forma mais téxica desse inseticida, responsavel pelos efeitos tdxicos em
mamiferos (Kousba et al., 2004). Essa metabolizacdo ocorre no figado através de uma reacéo
de dessulfuracdo oxidativa catalisada pelas enzimas do citocromo P450. O CPF-oxon formado
pode ser metabolizado por esterases hepéticas e extra-hepaticas como a Paraoxonase-1 (PON-
1), enzima que participa, portanto, da detoxificagdo do CPF-oxon (Busby-Hjerpe et al., 2010).
A biotransformacéo do CPF est4 demonstrada na Figura 1.
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Diversos efeitos toxicos tém sido relatados apos exposicdes agudas e cronicas ao CPF
em animais experimentais, tais como alteracbes imunoldgicas (Thrasher et al., 1993),
hepatotoxicidade e nefrotoxicidade (Verma e Srivastava, 2003), teratogenicidade (Tian et al.,
2005), genotoxicidade (Mehta et al., 2008), entre outras. No entanto, ndo ha relatos na

literatura sobre os seus efeitos no metabolismo de carboidratos e lipidios.
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Figura 1 — Biotransformagcéo do clorpirifds (CPF).
Fonte: Adaptado de Barry et al., 2009.

O AC, O,S-dimetil-N-acetil fosforamidotioato (Figura 2), é utilizado na agricultura
para o controle de uma ampla variedade de insetos. Encontra-se como ingrediente ativo de
mais de 100 diferentes formulac6es disponiveis no mercado. Pertence a classe toxicoldgica Il
(moderadamente tdxico) e apresenta uma DLsy de 866 mg/kg quando administrado pela via
oral em ratos (Tomlin, 1995). A toxicidade do AC é atribuida & sua biotransformacgédo a
metamidofds, o qual age como um inibidor da AChE muito mais potente (Mahajna et al.,
1997).
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Figura 2 — Estrutura quimica do acefato (AC).

Alguns estudos tém demonstrado que o AC causa efeitos toxicos quando administrado
em animais experimentais, como genotoxicidade (Rahman et al., 2002), neurotoxicidade
(Chen et al., 2003) e estresse oxidativo (Datta et al., 2010). Com relacdo ao metabolismo de
carboidratos, Joshi e Rajini (2009) demonstraram que o AC causa hiperglicemia temporaria
ap6s a sua administracdo em ratos. Além disso, esses autores demonstraram que 0S
mecanismos envolvidos na hiperglicemia induzida pelo AC séao a ativacéo do eixo HPA e da
gliconeogénese, evidenciado pelo aumento dos niveis de corticosterona no plasma e da
atividade das enzimas TAT e G6Pase no figado dos ratos.

Com base na toxicidade causada pelos OFs, especialmente pelo CPF e pelo AC, torna-
se necessaria a busca de novas alternativas para reduzir os efeitos toxicos destes. Dessa forma,
destacam-se 0s compostos organicos de selénio, que nos Gltimos anos tém despertado grande
interesse, ndo somente devido a sua importancia como intermediarios em sintese organica,
mas também por apresentarem propriedades farmacol6gicas em diversos modelos
experimentais (Nogueira et al., 2004; Nogueira e Rocha, 2010). Dentre 0os compostos de
selénio que possuem acao farmacoldgica destaca-se o disseleneto de difenila [(PhSe);] (Figura
3).

O
O

Figura 3 — Estrutura quimica do disseleneto de difenila [(PhSe),].
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Estudos em animais de laboratério tém demonstrado que o (PhSe), apresenta
importantes propriedades, dentre as quais neuroprotetora (Ghisleine et al., 2003), anti-
hiperglicémica (Barbosa et al., 2006), hepatoprotetora (Borges et al., 2008), anti-
hiperlipidémica (da Rocha et al., 2009), antioxidante (Prigol et al., 2009a), entre outras.
Recentemente foi demonstrado que o (PhSe), inibe enzimas do citocromo P450, indicando
que esse composto pode interferir no metabolismo de alguns agentes que dependem de
metabolizacdo para exercer sua toxicidade (Prigol, 2010).

Com relacgdo a atividade anti-hiperglicémica, Barbosa et al., 2006 demonstraram que o
(PhSe), (1 mg/kg) administrado pela via subcuténia durante 30 e 45 dias reduziu a
hiperglicemia induzida por estreptozotocina em ratos. Barbosa et al., 2008 mostraram que a
pré-administracdo e a pos-administracdo de (PhSe), (10 mg/kg) pela via subcutanea durante 6
dias reduziu a hiperglicemia induzida por aloxano em ratos. Considerando-se a atividade anti-
hiperlipidémica, da Rocha et al., 2009 mostraram que a pré-administracdo de (PhSe), (10
mg/kg) pela via intragéstrica reduziu os niveis de CT, colesterol ndo-HDL e TG e aumentou
os niveis de HDL no plasma de camundongos com hiperlipidemia induzida por triton.

Embora o (PhSe), apresente considerdveis propriedades farmacologicas, trabalhos
também tém evidenciado a ocorréncia de efeitos toxicos. A inibicdo da atividade das enzimas
S-aminolevulinato desidratase (3-ALA-D) (Nogueira et al., 2003a) e Na®, K*, ATPase
(Borges et al., 2005) foi observada e o potencial pré-oxidante do (PhSe), parece estar
envolvido nestes efeitos. Efeitos neurotoxicos do (PhSe), também foram relatados (Nogueira
et al., 2003b), incluindo a inducdo de convulsées (Prigol et al., 2008). Entretanto, tais efeitos
neurotoxicos sdo observados apenas quando o (PhSe), é administrado em doses altas (500
mg/kg) (Prigol et al., 2009b).

Com relacdo a farmacocinética do (PhSe),, Prigol et al. (2009b) demonstraram que o
pico plasmético de (PhSe), apds a administragdo oral (500 mg/kg) foi em 30 min e a
concentracdo plasmatica maxima do composto foi de 13,13 e 10,11 ug/ml para ratos e
camundongos, respectivamente. Foi demonstrado também que o (PhSe), na dose de 500
mg/kg atinge concentragdes no plasma, no figado e no cérebro de 3,67, 5,07 e 1,15 pg/ml,
respectivamente, apds a administracdo pela via oral em filhotes de ratos (Prigol et al., 2009b).

Considerando que os OFs causam diversos efeitos toxicos, torna-se de fundamental
importancia avaliar os efeitos farmacologicos do (PhSe), como uma alternativa para reduzir a
toxicidade dos OFs, bem como, avaliar os efeitos hiperglicémico e hiperlipidémico do CPF,

que ainda ndo foram descritos.
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2 OBJETIVOS

2.1 Objetivo Geral

Tendo em vista que a exposicdo a OFs induz diversos efeitos toxicos, o objetivo do
presente trabalho foi avaliar os efeitos farmacoldgicos do (PhSe), em modelos de toxicidade
induzida por CPF e AC em ratos, bem como, os efeitos hiperglicémico e hiperlipidémico do
CPF.

2.2 Objetivos Especificos

I. Determinar os efeitos do (PhSe), no estresse oxidativo hepéatico e nas
alteracdes hematologicas induzidas pelo CPF apds uma exposicao aguda;
Il.  Awvaliar os efeitos do (PhSe), nos disturbios metabolicos induzidos pelo AC;
I1l.  Avaliar o efeito hiperglicémico e hiperlipidémico do CPF ap6s uma exposicao
aguda;

IV. Investigar os mecanismos envolvidos na hiperglicemia induzida pelo CPF.
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3 ARTIGOS CIENTIFICOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos
cientificos. Os itens Resumo, Introducdo, Materiais e Métodos, Resultados, Discussdo dos
Resultados e Referéncias encontram-se nos préprios artigos. Os artigos estdo dispostos da

mesma forma que foram publicados nas respectivas revistas cientificas.
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3.1 Artigo 1

O disseleneto de difenila atenua a toxicidade hepatica e hematoldgica induzida pela

exposicdo aguda ao clorpirifés em ratos

DIPHENYL DISELENIDE ATTENUATES HEPATIC AND HEMATOLOGIC
TOXICITY INDUCED BY CHLORPYRIFOS ACUTE EXPOSURE IN RATS
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Abstract

FPurpose In this study, we investigated the effect of diphenyl
diselenide [(PhSe),] on chlorpyrifos (CPF)-induced hepatic
and hematologic toxicity in rats.

Methods Rats were pre-treated with (PhSe), (5 mgkg) via
the oral route (oral gavage) once a day for 7 days. On the
eighth and ninth days, rats were treated with (PhSe), (5 mg/
kg) 30 min prior to CPF (50 mg/kg, by subcutaneous route).
The aspartate aminotransferase, alanine aminotransferase,
and lactate dehydrogenase activities were determined in
plasma of rats. Lipid peroxidation, protein carbonyl, and
non-protein thiol levels as well as catalase, superoxide dis-
mutase, glutathione peroxidase, glutathione reductase, and
gluthatione S-transferase activities were determined in livers
of rats. Hematological parameters were also determined.
Results The results showed that CPF caused hepatic oxida-
tive damage, as demonstrated by an increase in lipid perox-
idation and protein carbonyl levels which was associated
with a decrease in antioxidant defenses. CPF exposure
caused a reduction in the leukocyte, indicating hematologic
toxicity. (PhSe), was effective in attenuating these toxic
effects caused by CPF exposure in rats.
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Conclusions The results indicated that (PhSe), was effec-
tive in protecting the hepatic and hematologic toxicity in-
duced by acute CPF exposure in rats.

Keywords Pesticides - Chlorpyrifos - Selenium -
Organoselenium - Liver damage - Hematologic

1 Introduction

Chlorpyrifos (CPF) is a broad-spectrum organophosphate
(OP) insecticide; is extensively being used to control agricul-
tural pests and disease vectors; and is preferred to chlorinated
hydrocarbons for field applications because of its quick ac-
tion, relatively shorter half-life and poor-accumulation in the
food web (Kwong 2002; Miglioranza et al. 2002). It is meta-
bolically activated in liver to its corresponding oxygen analog,
CPF-oxon, which is primarily responsible for the mammalian
toxicity through inhibition of acetylcholinesterase in the pe-
ripheral and central nervous system (Kousba et al. 2004).
Although cholinesterase inhibition is the main mechanism
implicated in OPs toxicity, other mechanisms were reported
(Lukaszewicz-Hussain 2010). Many authors postulate that
OPs in acute and chronic intoxication disturb the redox pro-
cesses, changing the activity of antioxidant enzymes and
causing enhancement of lipid peroxidation in many organs
(Soltatinejad and Abdollahi 2009; Lukaszewicz-Hussain
2010). In fact, CPF has been reported to have multiple effects
on the target cells including generation of reactive oxygen
species and induction of intracellular oxidative stress (Khan
and Kour 2007). In this regard, previous studies have demon-
strated the toxic actions of CPF to several systems and organs,
including the liver, kidney, muscles, immune system, and
hematologic system (Goel et al. 2006; Verma et al. 2007).
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Liver is a major site for metabolism of exogenous chem-
icals (pesticides, drugs, and metals), resulting in the forma-
tion of metabolites which may be more or less toxic than the
parent compound. It is also, apart from the gastrointestinal
tract, the first major organ to be exposed to ingested toxins
due to its portal blood supply and toxins may be, at least
partially, removed from the circulation during the first pass,
providing protection to other organs while increasing the
likelihood of hepatic injury (Ncibi et al. 2008). Considering
that the hepatic damage caused by xenobiotics, including
OPs, usually involves the development of oxidative stress,
antioxidants have been used in the attempt to protect the
liver against the injury induced by these compounds (Khan
and Kour 2007; Aly et al. 2010).

In this context, it is important to highlight the compound
diphenyl diselenide [(PhSe),], a simple organoselenium
compound, that has been reported due to its pharmacologi-
cal properties (Nogueira and Rocha 2010) which include the
following: anti-hyperglycemiant (Barbosa et al. 2006), anti-
hyperlipidaemic (da Rocha et al. 2011), antioxidant (Prigol
etal. 2009a), renoprotector (Brandéo et al. 2009a), and anti-
depressant (Acker et al. 2009) in rodents. Moreover, studies
from our research group have demonstrated that (PhSe),
protects against hepatic injury and hematologic alterations
induced by toxic agents (Borges et al. 2008; Branddo et al.
2008).

In view of the above considerations, the aim of the
present study was to investigate the effect of (PhSe), on
hepatic and hematologic toxicity induced by CPF acute
exposure in rats.

2 Materials and methods
2.1 Chemicals

CPF (La Forja S.A.) was obtained from commercial grade.
The purity of CPF commercial pesticide (47.2 %) was deter-
mined by gas chromatography (GC) with flame ionization
detection according to CIPAC Handbook, volume H (1998).
(PhSe), was prepared in our laboratory according to Paulmier
(1986) and the chemical purity (99.9 %) was determined by
GC/MS. Analysis of "H and '°C NMR spectra showed ana-
lytical and spectroscopic data in full agreement with its
assigned structure. (PhSe), and CPF were dissolved in canola
oil and saline, respectively. All other chemicals were obtained
from standard commercial suppliers.

2.2 Animals
Male adult Wistar rats, weighing 200-300 g, were obtained

from a local breeding colony. Animals were kept in a
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separate animal room, on a 12-h light/12-dark cycle with
lights on at 7:00 a.m., in an air-conditioned room (2242 °C).
Commercial diet (Guabi, RS, Brasil) and tap water were sup-
plied ad libitum. Animals were used according to the guide-
lines of the Committee on Care and Use of Experimental
Animal Resources and with the approval of the Animal Use
Committee (23081.017070/2011-19), Federal University of
Santa Maria, Brazil.

2.3 Experimental procedure

Rats were divided into four groups of seven to nine animals
each. The animals were pre-treated once a day for seven
consecutive days with (PhSe), (5 mg/kg; by oral gavage).
On the eighth and ninth days, rats were treated with (PhSe),
(5 mg/kg) 30 min prior to the subcutaneous (s.c.) administra-
tion of CPF (50 mg/kg of active ingredient). Pre-treatment
time of 30 min for (PhSe), administration was based on a
previous pharmacokinetic study with this compound (Prigol et
al. 2009b). The dose of (PhSe); which does not cause toxicity
in rodents and presents pharmacological effects was chosen
based on a previous study of our research group (da Rocha et
al. 2011). The dose of CPF was based on a pilot study
performed by our research group. Due to biological variation
between animals, we performed a pilot study to determine the
CPF dose and exposure period necessary to cause liver and
hematologic toxicity under our experimental conditions. This
dose represents approximately 1/3 of reported lethal dose
(LDsp) (Eaton et al. 2008),
The protocol of rat treatment is given below:

—  Group I: canola oil (1 mlkg; p.o.) plus saline 0.9 %
(1 mlkg; s.c.);

— Group II: (PhSe), (5 mg/kg; p.o.) plus saline 0.9 %
(I mlkg; s.c.);

—  Group III: canola oil (1 ml/kg; p.o.) plus CPF (50 mg/kg;
s.c.);

—  Group IV: (PhSe), (5 mg/kg; p.o.) plus CPF (50 mg/kg;
5.C.).

The animals were observed for signs of CPF toxicity
(weight loss, salivation, tremors, and death). Twenty-four
hours after the last CPF injection, all rats were anesthetized
for blood collection by heart puncture (hemolyzed plasma
was discharged). After this procedure, the rats were killed
and the livers of animals were removed, dissected, and kept
on ice until the time of assay. The liver samples were
homogenized in 50 mM Tris-HCI (pH 7.4; 1:10w/v) and
centrifuged at 2,400xg for 10 min, except for protein car-
bonyl content determination in which the homogenate was
used without centrifugation. The low-speed supernatants
(S;) were separated and used for the other biochemical
assays.
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2.4 Hepatic and cellular markers of damage

Plasma activities of alanine and aspartate aminotransferases
(ALT and AST, respectively) and lactate dehydrogenase
(LDH) were assayed spectrophotometrically according to
Reitman and Frankel (1957) using a commercial kit
(Labtest, Diagnostica S.A., Minas Gerais, Brazil).

2.5 Hepatic lipid peroxidation levels determination

A 200 pl aliquot of S; was added to the reaction mixture
containing 500 pl of 0.8 % thiobarbituric acid, 200 pul of 8.1 %
sodium dodecyl sulfate, and 500 ul of acetic acid (pH 3.4),
and was incubated at 95 °C for 2 h. Thiobarbituric-acid-
reactive species were determined as described by Ohkawa et
al. (1979). Malondialdehyde (MDA), formed as an end prod-
uct of lipid peroxidation and served as anindex of the intensity
of lipid peroxidation. MDA reacts with thiobarbituric acid to
generate a colored product that can be measured optically at
532 nm. Lipid peroxidation levels were expressed as nano-
moles of MDA per milligram of protein.

2.6 Hepatic protein carbonyl levels determination

Liver homogenates (1/10, w/v) were prepared in 50 mM
Tris—HCI buffer, pH 7.4. The protein carbonyl determina-
tion was carried out as described by Reznick and Packer
(1994). Aliquots of 1,000 pl of the diluted homogenates
were incubated in three tubes. In two fubes, it was added
200 ul of 10 mM 2,4-dinitrophenylhydrazine in 2.0 M HCL
The other tube contains only 200 ul of 2.0 M HCl solution
(blank). Tubes were incubated for 60 min at room temper-
ature in dark and were shaken with a Vortex mixer every
15 min. After that, 0.5 ml of denaturizing buffer (sodium
phosphate buffer, pH 6.8, containing 3 % sodium dodecyl
sulfate (SDS)), 1.5 ml of ethanol, and 1.5 ml of hexane were
added. The mixture was shaken with a vortex mixer for 40 s
and centrifuged at 2,400% g for 15 min. The pellet obtained
was separated and washed two times with 1 ml of ethanol:
ethyl acetate (1:1, v/v). The pellet was dissolved in 1 ml of
denaturizing buffer solution with mixing. Absorbance was
measured at 370 nm. Protein carbonyl levels were expressed
as nanomoles of carbonyl per milligram of protein.

2.7 Hepatic non-protein thiol (NPSH) levels determination

NPSH levels were determined by the method of Ellman
(1959). An aliquot of S; was mixed (1:1) with 10 % tri-
chloroacetic acid (TCA) and cenfrifuged at 4,000 xg for
10 min, After the centrifugation, the protein pellet was
discarded and free -SH groups were determined in the clear
supemnatant. An aliquot of supematant was added in 1 M

potassium phosphate buffer, pH 7.4, and 10 mM 5,5-dithio-
bis(2-nitrobenzoic acid) (DTNB). The color reaction was
measured at 412 nm. NPSH levels were expressed as micro-
moles of NPSH per gram of tissue.

2.8 Hepatic catalase (CAT) activity assay

CAT activity was spectrophotometrically determined by the
method of Aebi (1984), which involves monitoring the disap-
pearance of H,O» in the homogenate presence at 240 nm.
Enzymatic reaction was initiated by adding an aliquot of S,
and the substrate (H,0) to a concentration of 0.3 mM in a
medium containing 50 mM potassium phosphate buffer, pH
7.0. The enzymatic activity was expressed as Units (U) per
milligram of protein (1 U decomposes 1 pmol of H,0, per
minute at pH 7.0 and 25 °C).

2.9 Hepatic superoxide dismutase (SOD) activity assay

SOD activity in S; was spectrophotometrically determined
as described by Misra and Fridovich (1972). This method is
based on the capacity of SOD in inhibiting autoxidation of
epinephrine. The color reaction was measured at 480 nm.
The S, was diluted 1:10 (v/v) for determination of SOD
activity in the test day. Aliquots of supematant were added
in a 50 mM Na,CO; buffer pH 10.3. Enzymatic reaction
was started by adding of epinephrine. One unit of enzyme
was defined as the amount of enzyme required to inhibit the
rate of epinephrine autoxidation by 50 % at 26 °C. The
enzymatic activity was expressed as Units (U) per milligram
of protein.

2.10 Hepatic glutathione peroxidase (GPx) activity assay

GPx activity was spectrophotometrically determined by the
method of Wendel (1981), through the reduced glutathione
(GSH) or reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) or glutathione reductase (GR) system, by
the dismutation of H,O- at 340 nm. S, was added in GSH/
NADPH/GR system and the enzymatic reaction was initiat-
ed by adding H,0,. In this assay, the enzyme activity is
indirectly measured by means of NADPH decay. H,O; is
decomposed, generating oxidized glutathione (GSSG) from
GSH. GSSG is regenerated back to GSH by GR present in
the assay media at the expenses of NADPH. The enzymatic
activity was expressed as nanomoles of NADPH per minute
per milligram of protein.

2.11 Hepatic glutathione reductase (GR) activity assay

GR activity was determined as described by Carlberg and
Mannervik (1985). In this assay, GSSG is reduced by GR at
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the expense of NADPH consumption, which is followed at
340 nm. GR activity is proportional to NADPH decay. The
enzymatic activity was expressed as nanomoles of NADPH
per minute per milligram of protein.

2.12 Hepatic glutathione S-transferase (GST) activity assay

GST activity was assayed spectrophotometrically at 340 nm
by the method of Habig et al. (1974). The reaction mixture
contained an aliquot of S,, 0.1 M potassium phosphate
buffer pH 7.4, 100 mM GSH and 100 mM 1-chloro-2,4-
dinitrobenzene (CDNB), which was used as substrate. The
enzymatic activity was expressed as nanomoles of CDNB
conjugated per minute per milligram of protein.

2.13 Protein quantification

Protein concentration was measured by the method of
Bradford (1976), using bovine serum albumin as standard.

2.14 Hematologic parameters determination

Erythrocyte counts, hematocrit, total leukocytes and differ-
ential leukocyte were performed. The white blood cells and
erythrocyte counts were carried out in an automatic counter
Mindray BC 2800 Vet. Determination of hematocrit was
obtained from microhematocrit centrifuge in 19,720% g ro-
tation, and the differential count was performed on blood
smears, stained with Panoptic method, using light
MICroscopy.

2.15 Statistical analysis

Statistical analysis was performed using a two-way anal-
ysis of variance (ANOVA), followed by the Duncan’s
multiple range test. Main effects are presented only when
the higher second-order interaction was non-significant.
Data were expressed as the mean(s)£S.E.M. of seven to
nine animals. A value of p<0.05 was considered to be
significant.

3 Results
3.1 Signs of toxicity

No mortality occurred during the experimental period. Signs
of cholinergic toxicity (tremors, weakness, and diarrhea)
were observed in animals exposed to CPF, but (PhSe),
was ineffective against these signs. Conceming the body
weight of rats, (PhSe), partially protected against the weight
loss caused by CPF (Table 1).
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Table 1 Effects of (PhSe), on body weight of rats exposed to CPF

Group Final body Body weight gain
weight (g) or loss (%)
Control 287.57+£7.07 8.42+2.45
(PhSe), 294.85+4.71 9.00+£2.09
CPF 234.42+6.75* —14.00+1.68*
CPF+(PhSe), 257.2247.59%, ** —1.224]1 85%, **

Data are reported as mean+S.E.M. of seven to nine animals per group

*p<0.05 as compared to the control group, **p<0.05 as compared to
the CPF group (two-way ANOVA/Duncan’s multiple range test)

3.2 Hepatic and cellular markers of damage

ALT activity data demonstrated a significant (PhSe), x CPF
interaction (' 7=23.19, p<0.0001). Post hoc comparisons
revealed that CPF increased ALT activity of rats when
compared to that of the control group. (PhSe), reduced
ALT activity increased by CPF (Table 2).

AST activity data showed a significant (PhSe),* CPF in-
teraction (F)27=43.84, p<0.00001). Post hoc comparisons
revealed that CPF increased AST activity when compared to
that of the control group. (PhSe), partially attenuated AST
activity increased by CPF (Table 2).

LDH activity results yielded a significant (PhSe),* CPF
interaction (F27=7.69, p<0.01). Post hoc comparisons
demonstrated that CPF increased LDH activity when com-
pared to that of the control group. (PhSe), reduced LDH
activity increased by CPF (Table 2).

(PhSe), at adose of 5 mg/kg, for nine consecutive days, did
not alter plasma ALT, AST, and LDH activities (Table 2).

3.3 Hepatic lipid peroxidation levels
The two-way ANOVA data of lipid peroxidation levels

revealed a significant (PhSe),* CPF interaction (F, 7=

Table 2 Effects of (PhSe), on ALT, AST and LDH activities in plasma
of rats exposed to CPF

Group ALT AST LDH

Control 61.67+3.32 96.28+5.89 410.68+27.17
(PhSe), 65.71£3.93  109.00+£5.64 488.51+46.27
CPF 111.50£8.87%  427.62+£32.10* 666.51£74.71%

CPF+(PhSe), 62.11£3.74%* 197.55£11.23% ** 451.19£44.77**

Data are reported as mean+S.E.M. of seven to nine animals per group
and expressed as Units per liter

*p<0.05 as compared to the control group, **p<0.05 as compared to
the CPF group (two-way ANOVA/Duncan’s multiple range test)
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8.10, p<0.01). Post hoc comparisons showed that CPF
exposure increased basal lipid peroxidation levels. (PhSe),
decreased lipid peroxidation to basal levels when compared
to those of the CPF group (Fig. 1a).

The lipid peroxidation levels in (PhSe), and all other
experimental groups were similar (Fig. 1a).

3.4 Hepatic protein carbonyl levels

The two-way ANOVA of protein carbonyl data demonstrated
a significant (PhSe),xCPF interaction (F27;=17.60, p<
0.001). Post hoc comparisons showed that CPF increased
protein carbonyl levels when compared to those of the control
group. (PhSe), treatment protected against the increase of
protein carbonyl levels caused by CPF (Fig. 1b).

(PhSe), at a dose of 5 mg/kg did not alter protein car-
bonyl levels in livers of rats (Fig. 1b).
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Fig. 1 Effect of (PhSe), on lipid peroxidation (a) and protein carbonyl
(b) levels in livers of rats exposed to CPF. Data are reported as the
mean(s)£S.E.M. of seven to nine animals per group and expressed as
nanomoles of MDA per milligram protein and nanomoles carbonyl per
milligram protein, respectively. *p<0.05 as compared to the control
group. #p<0.05 as compared to the CPF group (two-way ANOVA/
Duncan’s multiple range test)

3.5 Hepatic NPSH levels

The two-way ANOVA of NPSH levels data revealed a signifi-
cant (PhSe), x CPF interaction (F) ,,=15.85, p<0.001). Post
hoc comparisons showed that CPF reduced NPSH levels of
rats when compared to those of the control group. (PhSe)
treatment protected against the decrease of NPSH levels
caused by CPF (Fig. 2a).

(PhSe), at a dose of 5 mg/kg, for nine consecutive days,
increased NPSH levels in livers of rats (Fig. 2a).

3.6 Hepatic CAT activity

The two-way ANOVA of CAT activity yielded a significant
(PhSe), xCPF interaction (F)7=7.29, p<0.05). Post hoc
comparisons revealed that (PhSe), treatment partially pro-
tected against CAT inhibition induced by CPF (Fig. 2b).
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Fig. 2 Effect of (PhSe) on NPSH levels (a) and CAT activity (b) in
livers of rats exposed to CPF. Data are reported as the mean (s)=S.E.M.
of seven to nine animals per group and expressed as micromoles of
NPSH per gram tissue and units per milligram of protein, respectively.
*p<0.05 as compared to the control group. #p<0.05 as compared to
the CPF group (two-way ANOVA/Duncan’s multiple range test)
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(PhSe), at a dose of 5 mg/kg did not alter CAT activity in
livers of rats (Fig. 2b).

3.7 Hepatic SOD activity

The two-way ANOVA data of SOD activity yielded a signifi-
cant (PhSe), x CPF interaction (F ,,=12.37, p<0.01). Post hoc
comparisons revealed that CPF inhibited SOD activity when
compared fo the control group. (PhSe), treatment protected
against the inhibition of SOD activity resulting from CPF
exposure (Fig. 3a).

The hepatic SOD activity was not altered by (PhSe),
treatment (Fig. 3a).

3.8 Hepatic GPx activity

The two-way ANOVA of GPx activity showed a significant
(PhSe),x CPF interaction (F27,=8.40, p<0.01). Post hoc
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Fig. 3 Effect of (PhSe), on SOD (a) and GPx (b) activities in livers of
rats exposed to CPF. Data are reported as the mean (s)=8.EM. of
seven to nine animals per group and expressed as units per milligram
protein and nanomoles of NADPH per minute per milligram of protein,
respectively. *p<0.05 as compared to the control group. #p<0.05 as
compared to the CPF group (two-way ANOVA/Duncan’s multiple
range test)
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comparisons demonstrated that CPF inhibited GPx activity
when compared to that of the control group. (PhSe), treatment
protected against the inhibition of GPx activity caused by CPF
(Fig. 3b).

GPx activity in (PhSe), and all other experimental groups
was similar (Fig. 3b).

3.9 Hepatic GR activity

Two-way ANOVA of GR activity demonstrated that CPF
exposure did not alter the enzyme activity in livers of rats
(data not shown).

3.10 Hepatic GST activity

The two-way ANOVA of GST activity revealed a significant
main effect of CPF (F; 5,=9.28, p<0.01) and (PhSe), (F »7=
23.28, p<0.0001) in livers of rats. Post hoc comparisons
showed that (PhSe), treatment was effective against the inhi-
bition of GST activity caused by CPF (Fig. 4).

(PhSe), treatment increased GST activity in livers of rats
(Fig. 4).

3.11 Hematologic parameters

The two-way ANOVA of hemoglobin levels yielded a sig-
nificant main effect of CPF (F 5,=47.20, p<0.0001). Post
hoc comparisons showed that CPF increased hemoglobin
levels when compared to those of the control group. (PhSe),
treatment was not effective against the increase of hemoglo-
bin levels caused by CPF (Table 3).

The two-way ANOVA of hematocrit levels showed a sig-
nificant main effect of CPF (F) 59=34.73, p<0.00001). Post
hoc comparisons revealed that CPF increased hematocrit

S 2000 - *
5 #
=
o 1500 4
'§ +*
£ 1000 -
@
Z
5 500+
5
E o
o NV & Ald
& & & &
< € o5
<
c‘Q

Fig. 4 Effect of (PhSe), on GST activity in liver of rats exposed to
CPF. Data are reported as the mean(s)+5.E. M. of seven to nine animals
per group and expressed as nanomoles of CDNB per minute per milli-
gram of protein. *p<0.05 as compared to the control group. #p<0.05
as compared to the CPF group (two-way ANOVA/Duncan’s multiple
range test)
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levels when compared to those of the control group. (PhSe),
treatment was ineffective against the increase of hematocrit
levels caused by CPF (Table 3).

The two-way ANOVA of leukocyte levels demonstrated
a significant (PhSe),x CPF interaction (F)2,=8.32, p<
0.01). Post hoc comparisons showed that CPF decreased
leukocyte levels when compared to those of the control
group. (PhSe), treatment attenuated partially the decrease
of leukocyte levels caused by CPF (Table 3).

The two-way ANOVA of lymphocyte levels yielded a
significant main effect of CPF (F) 20=15.67, p<0.001). Post
hoc comparisons showed that treatment with (PhSe), was
ineffective against the decrease of lymphocyte levels caused
by CPF (Table 3).

The two-way ANOVA of the levels of monocytes revealed
a significant main effect of CPF (F p=9.86, p<0.01). Post
hoc comparisons showed that CPF increased monocyte levels
when compared to those of the control group. (PhSe), treat-
ment attenuated the increase of monocyte levels caused by
CPF (Table 3).

The two-way ANOVA of neuthrophil levels showed a
significant main effect of CPF (F 20=15.54, p<0.001). Post
hoc comparisons showed that CPF increased the levels of
neuthrophils when compared to those of the control group.
(PhSe), treatment was not effective against the increase of
neuthrophil levels caused by CPF (Table 3).

The two-way ANOVA of erythrocyte, platelet, mean
corpuscular volume (MCV), and mean corpuscular hemo-
globin concentration (MCHC) values were similar in all
experimental groups (Table 3).

(PhSe), treatment at a dose of 5 mg/kg did not alter
hematological parameters of rats (Table 3).

4 Discussion
In the current study, we reported the protective effect of (PhSe),

on hepatic and hematologic toxicity caused by CPF exposure in
rats. CPF exposure caused a significant hepatotoxicity, as

demonstrated by an increase in plasma AST, ALT, and LDH
activities, hepatic and cellular markers of damage. Moreover,
CPF exposure caused hepatic oxidative damage, clearly dem-
onstrated by an increase in lipid peroxidation and protein
carbonyl levels which was associated with a decrease in
antioxidant defenses. In addition, CPF exposure reduced
markedly the levels of leukocytes, indicating hematologic
toxicity.

CPF is a widely used insecticide, which is primarily
metabolized in the liver involving the intervention of spe-
cific cytochrome P450s through several pathways (Mutch
and Williams 2007). Some studies have reported the hepa-
totoxicity induced by CPF exposure in rats (Mansour and
Mossa 2010; Tripathi and Srivastav 2010), The results of the
present study revealed that CPF exposure caused an increase
in the activity of ALT, AST, and LDH in plasma of rats. The
increase of ALT, AST, and LDH activities indicates liver
damage with enhancement in the permeability of hepatocyte
membranes leading to leakage of these enzymes into the
blood stream (Gokcimen et al. 2007). Plasma enzymes,
including AST, ALT, and LDH, are mainly used in the
evaluation of hepatic damage (Sutcu et al. 2006). The results
demonstrated in this study showed that (PhSe), completely
attenuated the increase in AST and LDH activities and
partially attenuated the increase in AST activity, indicating
its hepatoprotective activity. Accordingly, this organosele-
nium compound has been proven to protect against hepato-
toxicity induced by other chemicals (Borges et al. 2008;
Brandido et al. 2008). The partial attenuation of the increase
in AST activity by (PhSe), may be explained by the fact that
AST is a mitochondrial enzyme, an organelle located more
internally in the cell and therefore less accessible to (PhSe),.

In this study, CPF exposure caused hepatic oxidative
damage, as demonstrated by the increase in lipid peroxida-
tion and protein carbonyls levels. (PhSe), normalized these
parameters in the liver of exposed rats, suggesting that the
antioxidant activity of (PhSe), is involved in protecting
against hepatic damage induced by CPF exposure in rats.
In this sense, some studies have proven that OPs induce

Table 3 Effects of (PhSe); on

hematological parameters of rats ~ Parameters Control (PhSe), CPF CPF+(PhSe),
exposed to CPF
Erythrocytes (10%pl) 6.62+0.39 7.33£0.19 742+037 7.66+0.22
Hemoglobin (g/dI) 13.64£0.22 14.06+0.48 16.30£0.31% 16.07+0.27*
Hematocrit (%) 42.16£1.13 4366 £1.28 49,16+0.83* 48.83£0.79*
MCV (fl) 64.41£3.07 59.51+0.24 66.92+3.06 64.69+2.63
MCHC (%) 32.40£0.55 32.22+0.62 33.14+0.10 32.92+0.38
Data are reported as mean- Platelets (10%/ul) 1.16+0.04 1.26+0.04 1.15£0.03 1.26+0.11
S.EM. of six animals per group ;
. Leukocytes (10*/ul) 14.43£135 11.76£1.08 476+0.68* 7.9640.62% **
"p<0.05 as compared to the
control group, **p<0.05 Lymphocytes (%) 74.66+2.81 67.00+8.18 51.8345.16% 50.50+6.10*
as compared to the CPF group ~ Monocytes (%) 3.00+1.02 3.33£091 10.16+£2.37* 5.33£0.98*%*
(two-way ANOVA/Duncan’s Neutrophils (%) 32.66+12.83 33.0045.58 57.33+£16.56% 56.33+20.48*

multiple range test)
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oxidative stress by generation of reactive species that can
cause lipid peroxidation, alterations in membrane fluidity,
structural modification of proteins, DNA damage, and apo-
ptosis (Verma et al. 2007; Soltatinejad and Abdollahi 2009;
Lukaszewicz-Hussain 2010). Regarding CPF, hepatic oxi-
dative stress associated to an increase in lipid peroxidation
has been reported after CPF exposure (Khan and Kour 2007;
Aly et al. 2010).

The biological systems have several mechanisms to coun-
teract the damage caused by reactive species. Antioxidant
enzymes such as CAT, GPx, SOD, GR, and non-enzymatic
antioxidants such as NPSH (mainly GSH) are the most im-
portant antioxidant defenses in biological systems (Halliwell
2011). Their concentrations are altered rapidly in the body
during xenobiotic insults, resulting in their increase or de-
crease in the body tissues. In this study, the reduced levels of
NPSH in the livers of rats intoxicated with CPF could be
associated with the elevation of lipid peroxidation and protein
carbonyl levels. (PhSe), restored NPSH levels in liver of
intoxicated rats reinforcing the protective role of this organo-
selenium compound against the oxidative damage induced by
CPF. Furthermore, (PhSe), caused an increase in NPSH
levels, indicating an induction of NPSH-related antioxidant
capacity by this compound. Accordingly, our research group
has demonstrated similar effect of (PhSe), in other experimen-
tal protocols (Barbosa et al. 2006; Luchese et al. 2009).

SOD plays an important role in the dismutation of super-
oxide radicals to form hydrogen peroxide and molecular
oxygen, and acts as the first line of defense. CAT in turn
converts the peroxide to molecular oxygen and water
(Halliwell 2011). In the present study, SOD and CAT activ-
ities were inhibited in the livers of CPF-exposed rats. The
presence of superoxide radicals has been shown to directly
inhibit the activity of CAT while singlet oxygen and peroxyl
radicals inhibit SOD and CAT activities (Khan et al. 2005).
The excessive reactive species production induced by CPF
exposure may explain the inhibition of CAT and SOD ac-
tivities. Some authors have reported that CPF exposure
causes the increase of antioxidant enzymes activities (Aly
et al. 2010; Uzun et al. 2010). However, other studies
provided evidence for the inhibition of these enzymes after
CPF exposure (Khan and Kour 2007; Verma et al. 2007). In
accordance with these authors in the present study, we
demonstrated the inhibition of antioxidant enzymes in livers
of rats. It is important to consider that the above-mentioned
studies used different regimens (i.e., different CPF doses
and treatment times), which could help to explain the con-
troversial results. Therefore, the effect of CPF on antioxi-
dant enzymes is variable and dependent on the protocol of
exposure. On the other hand, treatment with (PhSe), pro-
tected against the inhibition of SOD and CAT activities,
suggesting that the hepatoprotective effect of this compound
may involve its antioxidant action.

@ Springer

GPx is an antioxidant enzyme that has an important role
in catalyzing the reaction of H,O, and lipid hydroperoxides
with GSH to form their reduced analogs and GSSG (Arthur
2000). GST is a detoxifying enzyme that catalyzes the
conjugation of a variety of electrophilic substrates to the
thiol group of GSH, producing less toxic forms (Hayes et al.
2005). In addition, GST can interrupt lipid peroxidation
chain reactions through the detoxification of lipid hydro-
peroxides (Sharma et al. 2004). In the current study, we
found an inhibition of GPx and GST activities in the livers
of CPF-exposed rats. Since GSH is essential for the activity
of these enzymes, the inhibition of GPx and GST activities
can be attributed to the decrease in NPSH levels demon-
strated in this study. (PhSe), protected against the effects of
CPF in the GSH system, i.e., increased the activity of GPx
and GST as well as restored NPSH levels, reinforcing the idea
that the antioxidant property is involved in the hepatoprotec-
tive action of this organoselenium compound. Moreover,
(PhSe), increased per se the GST activity and NPSH levels
in the livers of rats, suggesting a plausible mechanism by
which (PhSe); acts as a protective agent in the livers of rats.
Furthermore, it has been reported that the pharmacological
activity of (PhSe), mainly involves its interaction with thiol
groups with a generation of intermediate selenol groups.
These selenol—selenolate groups can decompose H,0, and
lipid peroxides formed during the propagation phase of lipid
peroxidation (Nogueira and Rocha 2010).

Evidence has been found to suggest that OPs cause
hematologic toxicity, such as alterations in erythrocyte and
leukocyte counts (Cetin et al. 2010). The main hematologic
alteration demonstrated in the current study was the reduc-
tion in total leukocyte and lymphocyte counts and the in-
crease in neutrophil and monocyte percentages in CPF
exposed rats. These results are in accordance with other
studies that demonstrated hematologic alterations after
CPF exposure (Goel et al. 2006; Ambali et al. 2007). The
decreased levels of total leukocytes, a marker of cellular
defense, may be due to a decreased rate of production of
leukocytes or due to their decreased release into the blood
stream. Since neutrophils and monocytes are the first and
second line of defense against infectious agents and ftissue
injury (Kobayashi et al. 2003), one can suggest that the
increase in neutrophil and monocyte levels indicates a cel-
lular damage induced by CPF. Regarding the effect of
(PhSe), against these alterations, (PhSe), attenuated the
decrease of leukocyte levels and the increase of monocyte
levels, demonstrating its immunomodulatory properties.
Accordingly, (PhSe), has been proven to protect against he-
matologic toxicity induced by other agents (Branddo et al.
2008, 2009b). It is difficult to exactly explain why hemoglo-
bin and hematocrit values were increased in CPF-exposed
rats, however, this discrete alteration may be a possible de-
fense mechanism against CPF toxicity.
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5 Conclusion

This study demonstrated that (PhSe), was effective against
hepatic oxidative damage and hematologic toxicity induced
by CPF exposure in rats. The antioxidant role of (PhSe),
was proven to be involved in its hepatoprotective effect in
rats exposed to CPF. These findings are of great importance
since the crescent use of organophosphate insecticides
worldwide has been the cause of many severe human poi-
soning cases and new therapies are needed to prevent these
poisonings.
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O disseleneto de difenila protege contra os disturbios metabdlicos induzidos pela
exposicdo aguda ao acefato em ratos
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ABSTRACT: The present study investigated the effect of diphenyl diselenide [(PhSe),] on metabolic disor-
ders induced by acephate acute exposure in rats. We also investigated a possible mechanism of action of
(PhSe), against hyperglycemia induced by acephate. (PhSe), was administered to rats at a dose of 10 or
30 mg/kg by oral gavage (p.0.) 1 hour prior to acephate administration (140 mg/kg; p.o.). Glucose and cor-
ticosterone levels as well as the lipid status were determined in plasma of rats. Cardiovascular risk factors
and the atherogenic index were calculated. Glycogen levels as well as tyrosine aminotransferase (TAT)
and glucose-6-phosphatase (G6Pase) activities were determined in livers of rats. Cerebral acetylcholines-
terase (AChE) activity was assayed. Acephate induced an increase in glucose and corticosterone levels
as well as in TAT and GBPase activities. AChE activity was inhibited by acephate. Triglyceride (TG) levels
and the cardiovascular risk factor TG/high-density lipoprotein-cholesterol (HDL) were increased by ace-
phate. (PhSe), was effective against the metabolic disorders induced by acephate acute exposure in rats.

(© 2012 Wiley Periodicals, Inc. Environ Toxicol 00: 000000, 2012.

Keywords: acephate; hyperglycemia; hyperlipidemia; organophosphate; organoselenium; selenium

INTRODUCTION

Organophosphate insecticides (OPs) constitute one of
the most widely used classes of pesticides being
employed for both agricultural and domestic pest con-
trol. The use of OPs has increased considerably due to
their low toxicity and low persistence in the mamma-
lian system compared to organochlorine pesticides
(Costa, 2006). The wide application of OPs was accom-
panied by potentially hazardous impact on humans,
animals, and environment (water, air, soil, and food),
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causing severe acute and chronic poisoning (Kanbur
et al., 2008; Soltaninejad and Abdollahi, 2009). OPs are
primarily recognized for their ability to induce toxicity
in mammals through inhibition of acetylcholinesterase
(AChE) activity and subsequent activation of choliner-
gic receptors (Aardema et al., 2008).

Hyperglycemia has been investigated as another facet of
OPs toxicity. Studies with animals have shown altered glu-
cose homeostasis following acute and chronic exposure to
OPs (Kamath and Rajini, 2007; Lasram et al., 2008). The
strength of evidence provided by a systematic review indi-
cates the role of glycogenolysis, gluconeogenesis, and the
activation of hypothalamus-pituitary-adrenal (HPA) axis in
the mechanisms of OPs-induced hyperglycemia (Rahimi
and Abdollahi, 2007). Accordingly, some studies have
reported the activation of HPA axis and hepatic gluconeo-
oenesis enzymes, such as tyrosine aminotransferase (TAT)
and glucose-6-phosphatase (G6Pase) after OPs exposure in
rats (Joshi and Rajini, 2009, 2012).
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Acephate (0,S-dimethyl acetylphosphoramidothioate) is
an OP widely used in horticulture, household gardens, and
for crop protection. Acephate and its primary metabolite,
methamidophos, are toxic to various species (Rao et al.,
2006). The toxic effects of acephate on experimental ani-
mal models, such as neurotoxicity in rats (Chen et al.,
2003), genotoxicity in mice (Rahman et al., 2002), and oxi-
dative stress in rats (Datta et al., 2010) have been demon-
strated. Furthermore, it was reported that acephate causes a
temporary hyperglycemia in rats by activation of the HPA
axis and gluconeogenesis pathway (Joshi and Rajini, 2009).

Considering that the exposure to OPs, including ace-
phate, has been related to the development of hyperglyce-
mia, the development of anti-hyperglycemic drugs are of
potential interest to reduce hyperglycemia caused by OPs
exposure. In this context, the organoselenium compound di-
phenyl diselenide [(PhSe);] has numerous pharmacological
properties (Nogueira and Rocha, 2010). Of particular im-
portance are the anti-hyperglycemic (Barbosa et al., 2006),
anti-diabetic (Barbosa et al., 2008), anti-hyperlipidemic (da
Rocha et al., 2011), hepatoprotective (Borges et al., 2008),
antiulcer (Savegnago et al., 2006) and antioxidant (Luchese
et al., 2007; Prigol et al., 2009) properties demonstrated in
different experimental models.

Considering that acephate exposure causes metabolic
disorders and (PhSe), has anti-hyperglycemic property, the
aim of the present study was to investigate the protective
effect of (PhSe), on metabolic disorders induced by ace-
phate acute exposure in rats. We also investigated a possi-
ble mechanism of action of (PhSe), against hyperglycemia
induced by acephate.

MATERIAL AND METHODS

Chemicals

Acephate (Orthene 750 BR, Arysta Lifescience do Brasil
Industria Quimica e Agropecuaria LTDA) was obtained from
commercial grade. The purity of acephate commercial pesti-
cide (74.9%) was determined by gas chromatography with
flame ionization detection (GC-FID) according to Dobrat and
Martijn (1998). (PhSe); was prepared in our laboratory
according to Paulmier (1986) and the chemical purity

Abbreviations

AChE acetylcholinesterase

Al atherogenic index

GC-FID gas chromatography with flame ionization detection
HDL high-density lipoprotein-cholesterol
HPA hypothalamus-pituitary-adrenal
LDL low-density lipoprotein-cholesterol
OPs organophosphate insecticides
pHBA p-hydroxybenzaldehyde

TAT tyrosine aminotransferase

TC total cholesterol

TCA trichloroacetic acid

TG triglycerides
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(99.9%) was determined by GC/MS. Analysis of 'H and '3C
NMR spectra showed analytical and spectroscopic data in full
agreement with its assigned structure. (PhSe), and acephate
were dissolved in ethanol and saline, respectively. (PhSe),
was dissolved in ethanol to avoid a possible interference of
another vehicle (oil, for example) in the biochemical determi-
nations related to glucose and lipid metabolism. All other
chemicals were obtained from standard commercial suppliers.

Animals

Male adult Wistar rats, weighing 200-300 g, were obtained
from our own breeding colony (Federal University of Santa
Maria, Brazil). Animals were kept in a separate animal
room, on a 12 h light/12 dark cycle with lights on at 7:00
a.m., in an air-conditioned room (22°C = 2°C). Commer-
cial diet (GUABI, RS, Brasil) and tap water were supplied
ad libitum. Animals were used according to the guidelines
of the Committee on Care and Use of Experimental Animal
Resources and with the approval of the Animal Use Com-
mittee  (23081.017070/2011-19), Federal University of
Santa Maria, Brazil.

Experimental Procedure

Rats were divided into six groups of six animals each. Fol-
lowing overnight fasting (12 hours), (PhSe), was adminis-
tered to rats at a dose of 10 or 30 mg/kg by oral gavage
(p-0.) 1 hour prior to p.o. administration of acephate (140
mg/kg of active ingredient). The dose of 10 mg/kg of
(PhSe),, which does not cause toxicity in rodents, was cho-
sen based on our previous study (Barbosa et al., 2008),
which demonstrated that (PhSe), has anti-hyperglicemic
effect on alloxan-induced diabetes in rats. The dose of 30
mg/kg of (PhSe), was tested because a dose of 10 mg/kg
was not effective against all parameters evaluated in the
current study. The dose of 140 mg/kg of acephate was
selected based on a previously published study (Joshi and
Rajini, 2009), which demonstrated that acephate caused
metabolic disorders in rats.
The protocol of rat treatments is given below:

e Group I: ethanol (1 mL/kg; p.o.) plus saline 0.9% (1 mL/
kg; p.o.);
e Group II: (PhSe), (10 mg/kg; p.o.) plus saline 0.9% (1

mL/kg: p.o.);

e Group III: (PhSe), (30 mg/kg; p.o.) plus saline 0.9% (1
mL/kg: p.o.);

e Group IV: ethanol (1 mL/kg; p.o.) plus acephate (140

mg/kg; p.o.);
e Group V: (PhSe), (10 mg/kg; p.o.) plus acephate (140

mg/kg; p.o.);
e Group VI: (PhSe), (30 mg/kg; p.o.) plus acephate (140
mg/kg; p.o.).
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(PhSe), was administered at 8:00 a.m. and acephate at
9:00 a.m. Two hours after the acephate administration, all
rats were anesthetized for blood collection (2 mL) by heart
puncture. Plasma was separated by centrifugation at 2400 X
g for 10 min and stored at —20°C for biochemical analyzes
(hemolyzed plasma was discharged). After this procedure,
the rats were killed, and the livers of animals were removed,
dissected, and kept on ice until the time of assay. The livers
were kept on ice no more than three hours before assay.

The liver samples were homogenized in 50 mM Tris-
HCI (pH 7.4; 1:10 w/v) for TAT assay and in 250 mM su-
crose containing 1 mM EDTA (pH 7.0; 1:10 w/v) for
G6Pase assay and centrifuged at 2400 X g for 10 min. The
low-speed supernatants (S;) were separated and used for
TAT and G6Pase assays. The brains of rats were removed,
kept on ice, homogenized in 0.25 M sucrose buffer (1/20,
w/v), and centrifuged at 2400 X g for 10 min. The low-
speed supernatants (S,") were used for AChE assay.

Biochemical Determinations
Plasma Glucose Levels Determination

Plasma glucose levels were determined by an enzymatic
method based on the oxidase/peroxidase system using a
commercial kit (LABTEST, Diagnostica S.A., Minas Gerais,
Brasil). Plasma glucose levels were expressed as mg/dL.

Plasma Corticosterone Levels Determination

Corticosterone levels were estimated by the fluorescence
method previously described by Zenker and Bernstein
(1958). Corticosterone in plasma aliquot (200 uL) was
extracted with 2 mL of chloroform. The volume into tubes
was completed to 3 mL with distilled water. The tubes were
shaken for 15 seconds, centrifuged at 2400 X g for 5
minutes, and the aqueous layer was discharged. Then, 1 mL
of NaOH 0.1 M was added to tubes which were shaken
again for 15 seconds and centrifuged at 2400 X g for 5
minutes. The aqueous layer of each tube was discharged as
above. Aliquots of 1 mL of chloroform layer were trans-
ferred to other tubes containing 3 mL of fluorescence rea-
gent (2.4 parts concentrated H,S0O, + 1.0 part 50% etha-
nol). The tubes were shaken for 15 seconds, centrifuged at
2400 X g for 5 minutes, and the chloroform layer was dis-
charged. The tubes with sulfuric acid layer were allowed to
stand at room temperature for 2 hours. After that, the fluo-
rescence intensity emission was recorded at 540 nm (with
257 nm excitation). Corticosterone levels were expressed
as g corticosterone/dL plasma.

Plasma Lipid Levels Determination

Total cholesterol (TC), high-density lipoprotein-cholesterol
(HDL), and triglycerides (TG) levels were determined by
enzymatic colorimetric methods using commercial kits

(LABTEST, Diagnostica S.A., Minas Gerais, Brazil). Low-
density lipoprotein-cholesterol (LDL) values were obtained
by the difference between TC and HDL levels. Plasma lipid
levels were expressed as mg/dL.

To explore the lipid metabolism, we calculated the car-
diovascular risk factors TC/HDL and TG/HDL and the
atherogenic index (Al) [(TC-HDL)/HDL] (Reaven, 2003).

Hepatic Glycogen Levels Determination

The hepatic glycogen content was assaved by the method
described by Krisman (1962). Briefly, a known amount of
liver was digested in 2 mL of 30% KOH solution. Followed by
10 minutes in boiling water bath, 2 mL of ethanol was added
to the tubes to precipitate glycogen. After precipitation, glyco-
gen was resuspended in 0.2 mL 5 M HCI and 0.8 mL distilled
water. The glycogen content was measured with iodine rea-
gent at 460 nm and expressed as g of glycogen/100 g of liver.

Hepatic TAT Activity Assay

TAT was assayed by the method described by Diamondstone
(1966). The S, was diluted in 50 mM Tris-HCl (pH 7.4; 1:2 v/
v). The reaction mixture contained 6 mM L-tyrosine, 9.4 mM
o-ketoglutarate, 4 mM diethyldithiocarbamate, and 40 uM
pyridoxal-5-phosphate in a final volume of 3.2 mL. The reac-
tion was initiated by the addition of 0.025 mL of S,. The sam-
ples were incubated at 37°C for 10 min and the incubation was
stopped adding 200 uL of 10 M NaOH. After a stabilization
period of 30 min at room temperature, the absorbance of sam-
ples was measured at 331 nm. TAT activity was expressed as
nmol p-hydroxybenzaldehyde (pHBA)/min/mg protein.

Hepatic G6Pase Activity Assay

G6Pase activity was assayed based on the method reported
by Ricketts (1963). The S, was diluted in 250 mM sucrose
containing 1 mM EDTA (pH 7.0; 1:5 v/v) and incubated
(0.1 mL) with 50 mM glucose-6-phosphate for 30 minutes
at 37°C. The incubation was stopped by adding 1.0 mL of
10% trichloroacetic acid (TCA). The samples were centri-
fuged at 2400 X g for 5 min. Inorganic phosphate (Pi) lev-
els in supernatants were measured at 650 nm as described
by Fiske and Subbarow (1925). G6Pase activity was
expressed as nmol Pi/min/mg protein.

Cerebral AChE Activity Assay

AChE activity assay was carried out according to the method
reported by Ellman et al. (1961), using acetylthiocholine as
substrate. The activity of AChE was spectrophotometrically
measured at 412 nm and expressed as pmol/h/mg protein.

Protein Determination

Protein concentration was measured by the method of Brad-
ford (1976), using bovine serum albumin as standard.

Environmental Toxicology DO 10.1002/tox
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TABLE I. Effect of (PhSe), on biochemical parameters of rats exposed to acephate (AC)

Experimental Groups

Parameters Control (PhSe), (10) (PhSe), (30) AC (PhSe), (10) + AC  (PhSe), (30) + AC
Glucose® 9146 +4.25 09311 =726 10430 =701 229.30 +12.88°  132.20 + 11.78"" 121.80 +9.59"
G6Pase” 3850 + 1.88 42,13 + 1.40 3747 = 1.64 64.22 + 347" 54.55 +2.547" 46.53 + 468"
TAT® 1860+ 1.16 2135+ 105 1742 = 1.37 31.84 + 1.48" 32.36 +2.76" 2602 + 165"
Corticosterone  29.92 +2.47  31.63 +3.52 3447+ 067 5633 +3.41° 52.10 = 1.05" 5297 + 1.82°
AChE® 625+0.30  5.81+030 7.07 + 0.85 2.50 + 027 3.31 +0.63 246 026"
TC* 90.50 +8.16  90.17 = 1033 75.00 = 4.81 86.83 + 8.22 88.50 = 5.24 72.83 + 837
HDL® 4200 +3.87  37.00 =254 3400+ 237  3717*372 37.67 = 1.84 3750 +2.22
LDL* 3790 +5.65 43.27 +7.86 3347 +5.17 3883 +538 41.43 +3.90 29.60 + 6.63
TG* 4467 +3.40 4983 =459 3767 +290 6250 * 4.17 47.00 + 2.87" 4867 + 1.20%
TG/HDL L13+0.16  1.35+0.10 1.12 = 0.08 1.76 = 0.19" 1.27 = 0.12* 131 +0.07"

*Plasma glucose, TC, HDL, LDL and TG levels are expressed as mg/dL.
Y Hepatic G6Pase activity is expressed as nmol Pi/min/mg protein.
“Hepatic TAT activity is expressed as nmol pHBA /min/mg protein.

9 Plasma corticosterone levels are expressed as pg corticosterone/dL plasma.

“Cerebral AChE activity is expressed as ymol/h/mg protein.
“Denotesp < 0.05 as compared to the control group.

*Denotes p < 0.05 as compared to the AC group (two-way ANOVA/Duncan’s multiple range test).

Data are reported as means = S.E.M. of six animals per group.

Statistical Analysis

Statistical analysis was performed using a two-way analysis
of variance (ANOVA), followed by the Duncan’s Multiple
Range Test. Main effects are presented only when the
higher second-order interaction was nonsignificant. Data
were expressed as means = S.E.M. of six animals. Values
of p < 0.05 were considered statistically significant.

RESULTS

Plasma Glucose Levels

As shown in Table [, plasma glucose levels in control rats were
91.46 = 4.25 mg/dL. Acephate-exposed rats presented glucose
levels of 229.30 = 12.88 mg/dL while in acephate-exposed
rats pre-treated with (PhSe), (10 or 30 mg/kg) glucose levels
were 132.20 = 11.78 and 121.80 = 9.59 mg/dL, respectively.
The two-way ANOVA of glucose levels demonstrated a signif-
icant (PhSe), X acephate interaction (Fpap= 4451, p <
0.0001). Post-hoc comparisons revealed that acephate
increased glucose levels of rats if compared to those of the con-
trol group. (PhSe), pretreatment at doses of 10 and 30 mg/kg
attenuated the increase of glucose levels caused by acephate.

(PhSe), at doses of 10 and 30 mg/kg did not alter glu-
cose levels in plasma of rats (93.11 = 7.26 and 104.30 =
7.01 mg/dL, respectively) (Table I).

Hepatic Glycogen Levels

The two-way ANOVA showed that neither (PhSe), nor ace-
phate administration alter glycogen levels in livers of rats
(data not shown).

Environmental Toxicology DOI 10.1002/tox

Hepatic G6Pase Activity

Hepatic G6Pase activity in control rats was 38.50 * 1.88
nmol Pi/min/mg protein. Acephate-exposed rats presented
G6Pase activity of 64.22 = 3.47 nmol Pi/min/mg protein,
whereas in acephate-exposed rats pretreated with (PhSe),
(10 or 30 mg/kg) G6Pase activity were 54.55 = 2.54 and
46.53 £ 4.68 nmol Pi/min/mg protein, respectively. The
two-way ANOVA of G6Pase activity yielded a significant
(PhSe), x acephate interaction (Fay = 6.91, p < 0.05).
Post-hoc comparisons showed that acephate increased
G6Pase activity if compared to that of rats from the control
group. (PhSe), pretreatment at doses of 10 and 30 mg/kg
partially and completely protected against the increase of
G6Pase activity caused by acephate, respectively (Table I).

(PhSe), at doses of 10 and 30 mg/kg did not alter
G6Pase activity in livers of rats (42.13 = 1.40 and 37.47 =
1.64 nmol Pi/min/mg protein, respectively) (Table I).

Hepatic TAT Activity

Hepatic TAT activity in control rats was 18.60 = 1.16
nmol pHBA/min/mg protein. Acephate-exposed rats pre-
sented TAT activity of 31.84 = 1.48 nmol pHBA/min/mg
protein while in acephate-exposed rats pretreated with
(PhSe), (10 or 30 mg/kg) TAT activity were 32.36 = 2.76
and 26,02 = 1.65 nmol pHBA/min/mg protein, respec-
tively. The two-way ANOVA of TAT activity revealed a
significant main effect of acephate (Fy = 58.40, p <
00001) and (PhSe), (F52= 5.99, p < 0.05). Post-hoc
comparisons demonstrated that acephate increased TAT ac-
tivity when compared to the control group. (PhSe), pre-
treatment at a dose of 30 mg/kg partially protected against
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the increase of TAT activity resulting from acephate expo-
sure (Table I).

Hepatic TAT was not altered by (PhSe), pretreatment at
doses of 10 mg/kg and 30 mgkg (21.35 £ 1.05 and
17.42 = 1.37 nmol pHBA/min/mg protein, respectively)
(Table I).

Plasma Corticosterone Levels

As shown in Table I, plasma corticosterone levels in control
rats were 29.92 = 2.47 ug corticosterone/dL plasma. Ace-
phate-exposed rats presented corticosterone levels of 56.33
+ 3.41 pg corticosterone/dL plasma while in acephate-
exposed rats pretreated with (PhSe), (10 or 30 mg/kg) corti-
costerone levels were 52.10 = 1.05 and 52.97 * 1.82 pug
corticosterone/dL.  plasma, respectively. The two-way
ANOVA of corticosterone levels data showed a significant
main effect of acephate (F; = 93.62, p < 0.0001). Post-
hoc comparisons revealed that acephate increased corticos-
terone levels when compared to those of rats from the con-
trol group. (PhSe), pretreatment at both doses did not pro-
tect against the increase of corticosterone levels caused by
acephate.

Corticosterone levels remained unaltered in plasma of
rats which received (PhSe); at doses of 10 and 30 mg/kg
(31.63 = 352 and 34.47 = 0.67 pg corticosterone/dl
plasma, respectively) (Table I).

Cerebral AChE Activity

Cerebral AChE activity in control rats was 6.25 *= 0.30
pmol/h/mg protein. Acephate-exposed rats presented AChE
activity of 2.50 * 0.27 pmol/h/mg protein, while in ace-
phate-exposed rats pretreated with (PhSe), (10 or 30 mg/
kg) AChE activity were 3.31 = 0.63 and 2.46 = 0.26
umol/h/mg protein, respectively. The two-way ANOVA of
ACHE activity vielded a significant main effect of acephate
(Fy20= 7281, p < 0.0001). Post-hoc comparisons demon-
strated that acephate inhibited AChE activity in brains of
rats if compared to those of the control group. (PhSe), pre-
treatment at both doses did not protect against the inhibition
of AChE activity resulting from acephate exposure (Table
I).

(PhSe), at doses of 10 and 30 mg/kg did not alter AChE
activity in brains of rats (5.81 = 0.30 and 7.07 = 0.85
pmol/h/mg protein, respectively) (Table I).

Plasma Lipid Status

TC, HDL, and LDL levels were not altered in plasma of
rats administered with (PhSe), and/or acephate (Table I).
Plasma TG levels in control rats were 44.67 = 3.40 mg/
dL. Acephate-exposed rats presented TG levels of 62.50 =
4.17 mg/dL, whereas in acephate-exposed rats pretreated

with (PhSe), (10 or 30 mg/kg) TG levels were 47.00 =
2.87 and 48.67 = 1.20 mg/dL, respectively. The two-way
ANOVA of TG levels demonstrated a significant (PhSe),
X acephate interaction (Fp20= 7.32, p < 0.05). Post-hoc
comparisons revealed that acephate increased TG levels of
rats if compared to those of the control group. (PhSe), pre-
treatment at doses of 10 and 30 mg/kg completely protected
against the increase of TG levels caused by acephate
(Table I).

(PhSe), at doses of 10 and 30 mg/kg did not alter TG
levels in plasma of rats (49.83 * 4.59 and 37.67 = 2.90
mg/dL, respectively) (Table I).

The cardiovascular risk factor TG/HDL in control rats
was .13 = 0.16. Acephate-exposed rats presented TG/
HDL of 1.76 = .19, while in acephate-exposed rats pre-
treated with both doses of (PhSe), TG/HDL were 1.27 =
0.12 and 1.31 = 0.07. The two-way ANOVA of the cardio-
vascular risk factor TG/HDL data yielded a significant
(PhSe), X acephate interaction (F0= 5.96, p < 0.05).
Post-hoc comparisons showed that acephate increased TG/
HDL ratio when compared to the control group. (PhSe);
pretreatment at doses of 10 and 30 mg/kg was effective
against the increase of TG/HDL ratio caused by acephate
(Table I).

(PhSe), at doses of 10 and 30 mg/kg did not alter TG/
HDL ratio of rats (1.35 = 0.10 and 1.12 = 0.08, respec-
tively) (Table I).

The cardiovascular risk factor TC/HDL and the athero-
genic index were not altered in rats administered with
(PhSe), and/or acephate (data not shown).

DISCUSSION

In the current study, we reported the protective effect of
(PhSe), on metabolic disorders induced by acephate acute
exposure in rats. Acephate acute exposure induced hyper-
glycemia in rats, which was demonstrated by increased glu-
cose levels in plasma. Furthermore, acephate caused an
increase of corticosterone levels and hepatic TAT and
Go6Pase activities, associated with an inhibition of cerebral
AChE activity. In addition, acephate induced an increase in
plasma TG levels and of the cardiovascular risk factor TG/
HDL in rats. (PhSe), attenuated these alterations induced
by acephate, except for the increase of corticosterone levels
and AChE activity inhibition.

With agreement with Joshi and Rajini (2009) in our
study, we demonstrated the hyperglycemic effect of ace-
phate after 2 hours of a single acute administration in rats.
(PhSe), attenuated the increase of glucose levels caused by
acephate, indicating its anti-hyperglycemic property.
Accordingly, similar effect of (PhSe), was reported when
this compound was administered to diabetic rats either
induced by alloxan or streptozotocin (Barbosa et al., 2008;
Kade et al., 2009).

Environmental Toxicology DOI 10.1002/tox
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Our results showed that acephate stimulates the HPA
axis as demonstrated by the increase of corticosterone lev-
els in plasma of rats. Similarly, other authors have demon-
strated this effect after acephate and monocrotophos admin-
istration in rats (Spassova et al., 2000; Joshi and Rajini,
2009; 2012). Moreover, the activation of HPA axis seems
to be related to the inhibition of cerebral AChE activity
since the accumulation of ACh stimulates the hypothalamus
to release the corticotropin-releasing hormone (Bugajski
et al., 2001). In the present study, (PhSe), was not effective
against the AChE activity inhibition and consequently did
not protect against the increase of corticosterone levels.
These results suggest that the modulation of the HPA axis
is not involved in the anti-hyperglycemic effect of (PhSe),.

Besides to the activation of HPA axis, our results
showed increased TAT and G6Pase activities in livers of
rats exposed to acephate. These results probably are a con-
sequence of the increase of corticosterone levels. (PhSe), at
a dose of 30 mg/kg partially protected against the increase
of TAT activity and completely protected against the
increase of G6Pase. These results indicate that the modula-
tion of the gluconeogenic enzyme activities is one of the
mechanisms involved in the anti-hyperglycemic effect of
(PhSe),.

However, one cannot rule out the involvement of other
mechanisms in the anti-hyperglycemic effect of (PhSe),. In
fact, in the current study we found that (PhSe), at doses of 10
and 30 mg/kg similarly attenuated the rise in glucose levels
and differently protected against the increase of TAT and
G6Pase activities resulting from acephate exposure. (PhSe), at
a dose of 10 mg/ke did not protect against the increase of TAT
activity and partially protected against the increase of G6Pase
activity. Conversely, at a dose of 30 mg/kg (PhSe), partially
and completely protected against the increase of TAT and
G6Pase activities, respectively. Taken these results collec-
tively one can suggest that other mechanisms, besides the
modulation of the activity of these gluconeogenic enzymes,
may be involved in the anti-hyperglycemic effect of (PhSe),.
However, these mechanisms remain to be elucidated.

Furthermore, in the present study acephate caused a sig-
nificant increase in plasma TG levels and of the cardiovas-
cular risk factor TG/HDL. (PhSe), completely protected
against the increase of plasma TG levels and of the TG/
HDL ratio demonstrating its anti-hyperlipidemic and cardi-
oprotective activity. Accordingly, the anti-hyperlipidemic
property of (PhSe), was demonstrated in other experimental
protocols (da Rocha et al., 2009, 2011). However, the exact
mechanism by which (PhSe), acts as an anti-hyperlipid-
emic drug remains to be elucidated.

In conclusion, this study demonstrated that pretreatment
with (PhSe), was effective against metabolic disorders
induced by acephate acute exposure in rats. Further studies
are needed to elucidate the exact mechanism by which
(PhSe), exerted its anti-hyperglycemic and anti-hyperlipid-
emic properties, since this organoselemium compound

Environmental Toxicology DOI 10.1002/tox
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could be a promising alternative to minimize metabolic dis-
orders associated with OPs exposure.
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HIGHLIGHTS

» Hyperglycemic and hyperlipidemic effects of chlorpyrifos in rats were investigated.

» A single chlorpyrifos administration caused hyperglycemia and hyperlipidemia in rats.
» Chlorpyrifos increased corticosterone levels and gluconeogenic enzyme activities.

» Gluconeogenesis pathway is involved in the hyperglycemic effect of chlorpyrifos.

» Chlorpyrifos increased triglycerides and low-density lipoprotein-cholesterol levels.
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In this study we evaluated the hyperglycemic and hyperlipidemic effects of chlorpyrifos (CPF) after an
acute exposure in rats. The mechanisms involved in hyperglycemia induced by CPF were studied. A single
dose of CPF (50 mg kg™', subcutaneous, s.c.) was administered to overnight-fasted rats. Glucose and cor-
ticosterone levels, lipid status and paraoxonase (PON1) activity were determined in plasma of rats. Car-
diovascular risk factors and the atherogenic index were calculated. Glycogen levels, tyrosine
aminotransferase (TAT) and glucose-6-phosphatase (G6Pase) activities were determined in livers of rats.
Cerebral acetylcholinesterase (AChE) activity was also determined. CPF caused an increase in glucose and
glycogen levels as well as in TAT and G6Pase activities. The CPF exposure caused an increase in cortico-
sterone levels, an inhibition of AChE activity and a reduction of PON1 activity. Regarding the lipid status,
CPF induced an increase in triglycerides (TG) and low-density lipoprotein-cholesterol (LDL) levels and a
decrease in high-density lipoprotein (HDL) levels associated with an increase of cardiovascular risk fac-
tors and the atherogenic index. The present study demonstrated that a single CPF administration caused
hyperglycemia and hyperlipidemia in rats. The activation of the gluconeogenesis pathway, probably elic-

ited by hypercorticosteronemia, is involved in the hyperglycemic effect of CPF in rats.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The widespread use of organophosphate insecticides (OPs) in
public health and agricultural programs has caused severe envi-
ronmental pollution and potential health hazards including acute
and chronic cases of human poisoning (Soltaninejad and Abdollahi,
2009). OPs have been reported to exert their primary toxic effects
by phosphorylating the serine residue at the active site of acetyl-
cholinesterase (AChE), and thus inhibiting this enzyme. AChE is
responsible for the hydrolysis of the neurotransmitter acetylcho-
line (ACh) to choline and acetate during neurotransmission
(Kwong, 2002). In addition to cause neurotoxicity, OPs are also re-
lated to a variety of physiological abnormalities including immu-
notoxicity (Galloway and Handy, 2003), oxidative stress (Kamath

# Corresponding author. Tel.: +55 55 3220 8140; fax: +55 55 3220 8978.
E-mail address: criswn@quimica.ufsm.br (C.W. Nogueira).

0045-6535/ - see front matter @ 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.chemosphere.2012.05.059

et al., 2008; Wu et al., 2011), alterations in glucose homeostasis
(Kamath and Rajini, 2007) and hyperglycemia (Joshi and Rajini,
2009).

Among the various toxic effects caused by OPs, the mechanisms
affecting glucose homeostasis have been under investigation in the
recent years. Stimulation of hepatic gluconeogenesis and glycogen-
olysis is proposed as some of underlying mechanisms of OPs-in-
duced hyperglycemia (Abdollahi et al., 2004). Another proposed
mechanism of OPs-induced hyperglycemia is the activation of the
hypothalamus-pituitary-adrenal (HPA) axis. The activation of
HPA axis by OPs causes secretion of glucocorticoids from adrenal
cortex that in turn increases blood glucose by induction of gluco-
neogenesis pathway (Rahimi and Abdollahi, 2007). In fact, some
studies have reported the coexistence of hyperglycemia, activation
of HPA axis and increased activities of hepatic gluconeogenesis en-
zymes, such as tyrosine aminotransferase (TAT) and glucose-6-
phosphatase (G6Pase) after OPs acute exposure (Joshi and Rajini,
2009, 2012).
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In addition to the hyperglycemic effect induced by OPs, some
studies have shown that these compounds can also induce a dis-
turbance in the lipid status, such as an increase of cholesterol
and triglycerides levels that represents a risk factor for premature
atherosclerosis (Cetin et al., 2010; Lasram et al., 2009). However,
there is little information in the literature concerning the mecha-
nisms involved in hyperlipidemia induced by OPs.

Chlorpyrifos (CPF) is a broad spectrum OP widely used for a
variety of agricultural and public health applications (Rusyniak
and Nanagas, 2004). It is metabolically activated in liver to its cor-
responding oxygen analog, CPF-oxon, which is primarily responsi-
ble for the mammalian toxicity (Kousba et al., 2004). CPF-oxon can
be detoxified by hepatic and extra-hepatic esterases, such as
paraoxonase (PON1) (Busby-Hjerpe et al., 2010). Several toxic ef-
fects have been reported after acute or chronic exposure to CPF
in experimental animals, such as hepatotoxicity and nephrotoxi-
city (Verma and Srivastava, 2003), teratogenicity (Tian et al.,
2005), genotoxicity (Mehta et al., 2008), developmental toxicity
(Chen et al., 2011) among others. However, there are no reports
regarding the effect of CPF acute exposure on the glucose homeo-
stasis and lipid status in rats.

In view of the above considerations, the present investigation
was carried out to (i) investigate the hyperglycemic and hyperlipi-
demic effects of CPF following an acute exposure in rats; (ii) eluci-
date the mechanisms involved in hyperglycemia induced by CPF in
rats.

2. Materials and methods
2.1. Chemicals

CPF (La Forja S.A.) was obtained from commercial grade. The
purity of CPF commercial pesticide (47.2%) was determined by
gas chromatography with flame ionization detection (GC-FID)
according to Dobrat and Martijn (1998). CPF was dissolved in sal-
ine. All other chemicals were obtained from standard commercial
suppliers.

2.2. Animals

Male adult Wistar rats, weighing 200-300 g, were obtained
from a local breeding colony. Animals were kept in a separate ani-
mal room, on a 12 h light/12 dark cycle with lights on at 7:00 a.m.,
in an air-conditioned room (22 +2°C). Commercial diet (GUABI,
RS, Brasil) and tap water were supplied ad libitum. Animals were
used according to the guidelines of the Committee on Care and
Use of Experimental Animal Resources and with the approval of
the Animal Use Committee (23081.017070/2011-19), Federal Uni-
versity of Santa Maria, Brasil.

2.3. Experimental procedure

Asingle dose of CPF(50 mg kg ' of the active ingredient, subcu-
taneous, s.c.) was administered to overnight-fasted rats. The con-
trol groups received equal amount of saline (1 mL kg~'). The dose
of CPF was chosen based on a pilot study performed by our re-
search group.

The animals were observed for signs of CPF toxicity (as saliva-
tion, tremors, death). At the end of CPF exposure, rats were anes-
thetized for blood collection by heart puncture and killed at 2, 4,
8,12 and 24 h after CPF administration. Plasma was separated by
centrifugation at 2400g for 10 min and stored at —20 °C for bio-
chemical analyzes (hemolyzed plasma was discharged). The livers
of animals were removed, dissected and kept on ice until the time
of assay.

The liver samples were homogenized in 50 mM Tris-HCl (pH
7.4; 1:10w/v) for TAT assay and in 250 mM sucrose containing
1 mM EDTA (pH 7.0; 1:10w/v) for G6Pase assay and centrifuged
at 2400g for 10 min. The low-speed supernatants (S;) were sepa-
rated and used for TAT and G6Pase analyzes.

The brains of rats were removed, kept on ice, homogenized in
0.25M sucrose buffer (1/20, wjv) and centrifuged at 2400g for
10 min. The low-speed supernatants (S; ) were used for AChE assay.

2.4. Biochemical determinations

2.4.1. Plasma glucose levels

Plasma glucose levels were determined by an enzymatic meth-
od based on the oxidase/peroxidase system using a commercial kit
(LABTEST, Diagnostica S.A., Minas Gerais, Brasil). Plasma glucose
levels were expressed as mgdL~".

2.4.2. Plasma lipid levels

Total cholesterol (TC), high-density lipoprotein-cholesterol
(HDL) and triglycerides (TG) levels were determined by enzymatic
colorimetric methods using commercial kits (LABTEST, Diagnostica
S.A., Minas Gerais, Brazil). Low-density lipoprotein-cholesterol
(LDL) values were obtained by the difference between TC and
HDL levels. Plasma lipid levels were expressed as mg dL ™",

To explore the lipid metabolism, we calculated cardiovascular
risk factors TC/HDL and TG/HDL and the atherogenic index (AlI)
[(TC-HDL)/HDL] (Reaven, 2003).

2.4.3. Plasma corticosterone levels

Corticosterone levels were determined by the fluorescence
method previously described by Zenker and Bernstein (1958). Cor-
ticosterone in plasma aliquot (200 pL) was extracted with 2 mL of
chloroform. The volume into tubes was completed to 3 mL with
distilled water. The tubes were shaken for 15s, centrifuged at
2400g for 5min and the aqueous layer was discharged. Then,
1 mL of NaOH 0.1 M was added to tubes which were shaken again
for 15 s and centrifuged at 2400g for 5 min. The aqueous layer of
each tube was discharged as above. Aliquots of 1 mL of chloroform
layer were transferred to other tubes containing 3 mL of fluores-
cence reagent (2.4 parts concentrated H,SO4 + 1.0 part 50% etha-
nol). The tubes were shaken for 15s, centrifuged at 2400g for
5 min and the chloroform layer was discharged. The tubes with
sulfuric acid layer were allowed to stand at room temperature
for 2 h. After that, the fluorescence intensity emission was re-
corded at 540 nm (with 257 nm excitation). Corticosterone levels
were expressed as g corticosterone dL ™,

2.4.4. Plasma PON1 activity

PON1 activity was determined in plasma of rats (Ayub et al.,
1999) by measuring the initial rate of paraoxon hydrolysis to yield
p-nitrophenol at 412 nm and 25 °C. The absorbance was monitored
in the assay mixture (800 L) containing 2.0 mM paraoxon, 2.0 mM
CaCl, and 50 pL of plasma in 100 mM Tris-HCl buffer (pH 8.0). The
blank sample containing the incubation mixture without plasma
was run to correct for spontaneous substrate breakdown. The en-
zyme activity was calculated from the molar absorption coefficient
of p-nitrophenal (18.29 x 10°M'cm™') and was expressed as
UmL~" (1U of enzyme hydrolyses 1 nmol of paraoxon min™").

2.4.5. Hepatic glycogen levels

Hepatic glycogen content was determined by the method de-
scribed by Krisman (1962). Briefly, a known amount of liver was
digested in 2 mL of 30% KOH solution. Followed by 10 min in boil-
ing water bath, 2 mL of ethanol was added to the tubes to precip-
itate glycogen. After precipitation, glycogen was resuspended in
0.2 mL 5M HCl and 0.8 mL distilled water. The glycogen content
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was measured with iodine reagent at 460 nm and expressed as g of
glycogen 100 g of liver—".

2.4.6. Hepatic TAT activity

TAT was assayed by the method described by Diamondstone
(1966). The S; was diluted in 50 mM Tris-HCl (pH 7.4; 1:2v/v).
The reaction mixture contained 6 mM L-tyrosine, 9.4 mM a-keto-
glutarate, 4 mM diethyldithiocarbamate and 40 uM pyridoxal-5-
phosphate, in a final volume of 3.2 mL. The reaction was initiated
by the addition of 0.025 mL of S;. The samples were incubated at
37°C for 10 min and the incubation was stopped adding 200 pL
of 10 M NaOH. After a stabilization period of 30 min at room tem-
perature, the absorbance of samples was measured at 331 nm. TAT
activity was expressed as nmol p-hydroxybenzaldehyde (pHBA)
min~' mg protein".

2.4.7. Hepatic G6Pase activity

G6Pase activity was determined based on the method described
by Ricketts (1963 ). The S; was diluted in 250 mM sucrose contain-
ing 1mM EDTA (pH7.0; 1:5v/v) and incubated (0.1 mL) with
50 mM glucose-6-phosphate for 30 min at 37 °C. The incubation
was stopped by adding 1.0 mL of 10% trichloroacetic acid (TCA).
The samples were centrifuged at 2400g for 5 min. Inorganic phos-
phate (Pi) levels in supernatants were measured at 650 nm as de-
scribed by Fiske and Subbarow (1925). G6Pase activity was
expressed as nmol Pi min~! mg protein".

2.4.8. Cerebral AChE activity

AChE activity assay was carried out according to the method re-
ported by Ellman et al. (1961), using acetylthiocholine as substrate.
The activity of AChE was spectrophotometrically measured at
412 nm and expressed as pmol h™' mg protein~".

24.9. Protein determination
Protein concentration was measured by the method described
by Bradford (1976), using bovine serum albumin as standard.

2.5. Statistical analysis

Data are expressed as the mean (s) + SEM. of eight animals.
Statistical analysis was performed comparing the CPF group with
the control group of the corresponding exposure time using un-
paired Student's t-test. A value of p < 0.05 was considered to be sta-
tistically significant. Pearson's correlation coefficient was used for
the estimation of correlation between parameters analyzed. For
the correlation analysis, results from all animals over all time peri-
ods were used.

3. Results
3.1. Signs of toxicity

No death was observed in CPF-exposed animals until the end of
the experiment. Signs of cholinergic toxicity (as tremors, weakness
and diarrhea) were observed only in animals exposed for 24 h to
CPE.

3.2. Glucose levels

The Student's t-test of glucose levels data demonstrated that
CPF induced an increase in plasma glucose levels after 8-24h of
exposure, reaching a maximum increase (89% over control;
p <0.0001) at 24 h. Glucose levels measured at 8 and 12 h after
CPF administration were 45% (p<0.0001) and 43% (p=0.0071)

A 200 q %
=0 Control
- CP *
150 - CPF .
T
o 100 o
£
50 .
0 ¥ T g T ¥ 1
2 4 8 12 24
Time after CPF administration (hours)
B 40 -

=0- Control %
30 4 -& CPF

0 T T T T T 1
2 4 8 12 24

Time after CPF administration (hours)

Fig. 1. Effect of CPF acute administration (50 mgkg '; s.c) on plasma glucose (A)
and hepatic glycogen (B) levels in rats. Data are reported as the mean (s) £ SEM. of
eight animals per group and expressed as mgdL " and g%, respectively. (*) Denotes
p<005 a compared to the control group of the corresponding exposure time
(unpaired Student's t-test).

higher than those of the corresponding control rats, respectively
(Fig. 1A).

3.3. Glycogen levels

The Student's t-test showed that CPF induced a marked increase
of glycogen levels in livers of rats after 12 (p=0.0046) and 24 h
(p<0.0001) of exposure when compared to those of the corre-
sponding control groups. The increase of hepatic glycogen levels
were about 82% and 577% (sixfold) after 12 and 24 h of the CPF
administration, respectively (Fig. 1B).

3.4. TAT activity

The Student's t-test of TAT activity revealed that CPF increased
the enzyme activity in livers of rats after 12 (p=0.0006) and 24 h
(p <0.0001) of exposure when compared to the corresponding con-
trol groups. The increase of TAT activity was about 214% (threefold)
and 368% (fivefold) after 12 and 24 h of the CPF administration,
respectively (Fig. 2A).

3.5. G6Pase activity

The Student's t-test of G6Pase activity demonstrated that CPF
increased the enzyme activity in livers of rats after 12
(p=0.0059) and 24 h (p < 0.0001) of exposure when compared to
the corresponding control groups. The increase in G6Pase activity
was about 25% and 31% following 12 and 24 h of the CPF adminis-
tration, respectively (Fig. 2B).
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Fig. 2. Effect of CPF acute administration (50 mg kg ; s.c.) on TAT (A) and G6Pase
(B) activities in livers in rats. Data are reported as the mean (s) £ S.EM. of eight
animals per group and expressed as nmol pHBAmin "mg ' protein and nmol
Pimin " mg " protein, respectively. (*) Denotes p < 0.05 as compared to the control
group of the corresponding exposure time (unpaired Student's t-test).

3.6. Corticosterone levels

The Student’s t-test of corticosterone levels data demonstrated
that CPF increased the hormone levels in plasma of rats after 12
(p=0.0105) and 24 (p=0.0173) h of exposure when compared to

those of the corresponding control groups. In rats exposed to CPF
for 12 and 24 h, corticosterone levels were about 20% and 24%
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Fig. 3. Effect of CPF acute administration (50 mg kg '; s.c.) on plasma corticoste-
rone levels in rats. Data are reported as the mean (s) £ 5.E.M. of eight animals per
group and expressed as pug dL . (*) Denotes p < 0.05 as compared to the control
group of the corresponding exposure time (unpaired Student's t-test).

higher than those of the corresponding control rats, respectively
(Fig. 3).

3.7. AChE activity

The Student’s t-test of AChE activity data revealed that CPF
inhibited the enzyme activity in brains of rats after all analyzed
time points when compared to the corresponding control groups.
The inhibition of AChE activity was about 13% (p=0.0316), 17%
(p=0.0011), 44% (p<00001), 61% (p<00001) and 86%
(p<0.0001) after 2, 4, 8, 12 and 24 h of the CPF administration,
respectively (Fig. 4A).

3.8. Correlation analysis between corticosterone levels and
gluconeogenic enzyme activities

The Pearson's correlation analysis revealed a positive correla-
tion between plasma corticosterone levels and hepatic TAT and
G6Pase activities in the CPF-exposed rats (r=+0.47; p = 0.002 and
r=+0.36; p=0.0019, respectively; Fig. 5A and B).

3.9. PON1 activity

The Student’s t-test of PON1 activity data showed that CPF
inhibited the enzyme activity in plasma of rats after 12
(p=0.0002) and 24 h (p <0.0001) of exposure when compared to
those of the corresponding control groups. The reduction of
PONT1 activity was about 19% and 49% after 12 and 24 h of the
CPF administration, respectively (Fig. 4B).
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Fig. 4. Effect of CPF acute administration (50 mg kg *; s.c.) on cerebral AChE (A)
and plasma PONT (B) activities in rats. Data are reported as mean + S.EM. of eight
animals per group and expressed as pmol h™' mg ' protein and U mL ™", respec-
tively. (*) Denotes p<0.05 as compared to the control group of the corresponding
exposure time (unpaired Student's t-test).
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Fig. 5. Correlations between corticosterone levels and gluconeogenic enzyme
activities in CPF-exposed rats. (A) Positive correlation between corticosterone levels
and TAT activity; (B) positive correlation between corticosterone levels and G6Pase
activity. Data are individual values from all animals over all time periods.

3.10. Lipid levels

The Student’s t-test of total TC levels did not reveal alterations
(Table 1).

The Student's t-test showed a decrease of HDL levels in plasma
of rats exposed to CPF for 8-24 h when compared to the corre-
sponding control groups. The decrease of HDL levels was about
21% (p=0.0002), 16% (p=0.0058) and 25% (p = 0.0003) following
8,12 and 24 h of the CPF administration, respectively (Table 1).

The Student's t-test revealed that CPF induced an increase of
LDL levels in plasma of rats after 8-24 h of exposure when com-
pared to those of the corresponding control groups. The increase
of LDL levels was about 45% (p=0.008), 57% (p =0.0018) and 74%

(p<0.0001) following 8, 12 and 24 h of the CPF administration,
respectively (Table 1).

The Student's t-test showed that CPF increased TG levels in
plasma of rats after all analyzed time points when compared to
those of the corresponding control groups. Plasma TG levels mea-
sured at 2, 4, 8, 12 and 24 h following the CPF administration were
about 51% (p=0.001), 61% (p=0.0082), 83% (p=0.0005), 44%
(p=0.0008) and 91% (p =0.0005) higher than those of the corre-
sponding control rats, respectively (Table 1).

The Student’s t-test showed an increase of cardiovascular fac-
tors, TC/HDL and TG/HDL and the atherogenic index (Al) of rats ex-
posed to CPF when compared to the corresponding control groups.
The increase in TC/HDL, TG/HDL and Al was observed after 8-24,
2-24 and 8-24 h of the CPF administration, respectively (Table 2).

4. Discussion

In the current study, we reported the hyperglycemic and hyper-
lipidemic effects of CPF after a single acute administration in rats.
The CPF exposure caused an increase in plasma glucose and hepatic
glycogen levels and an activation of the HPA axis, as demonstrated
by an increase in corticosterone levels in plasma of rats. Moreover,
we demonstrated an increase in the hepatic activities of TAT and
G6Pase, enzymes involved in the gluconeogenesis pathway, an
inhibition of cerebral AChE activity and a reduction of plasma
PON1 activity. A significant correlation between corticosterone
levels and the activities of TAT and G6Pase was also demonstrated.
Regarding the lipid status, the CPF exposure caused an increase in
plasma TG and LDL levels and a decrease in HDL levels associated
with an increase of cardiovascular risk factors and the atherogenic
index in rats.

Evidence has been found to suggest hyperglycemia as a charac-
teristic outcome of OPs poisoning (Rahimi and Abdollahi, 2007).
Hyperglycemia in experimental animals following acute exposure
to OPs appears to be rapid in onset and transient in nature (Joshi
and Rajini, 2012; Lasram et al., 2008). In accordance with these
studies, we observed hyperglycemia after a single CPF administra-
tion in rats. However, in disagreement with these findings, we did
not found a transient hyperglycemia, but a gradual increase of glu-
cose levels until the time point, with the onset at 8 h and the max-
imum increase at 24 h after the CPF administration. It is important
to consider that the route of OPs administration used in the cited
studies was different from that of used in the present study. In fact,
in the studies above cited OP was administered by the oral route
whereas, in the present study, CPF was administered by the subcu-
taneous route. One possible explanation for the discrepancy found
in these studies is that the absorption of CPF by the subcutaneous
route was probably slower and; as a consequence, we observed a
later and not transient hyperglycemia.

Table 1
Effect of CPF acute administration on lipid status of rats,
Time (h) Group TC HDL LDL TG
2 Control 73.17+2.98 39.00 £ 0.96 25.40 £ 2.96 43.83 £2.16
CPF 78.50£4.25 40.50 £ 1.76 2943 +2.40 66.33 £4.99"
4 Control 7433£243 39.00 £ 0.68 28.67+3.09 40.00+1.75
CPF 80.00£3.26 4000 £ 1.94 2893263 64.33 £7.71"
8 Control 75.17£3.53 4117+ 1.39 2347243 36.00£2.88
CPF 77.83+3.09 3233+1.13" 34,03 £2.40° 66.00£5.97°
12 Control 76.00 £5.48 4000+ 1.19 2363247 4350+2.84
CPF 82.00+3.67 3350 + 1.60° 37.20 +2.50° £2.83 +358°
24 Control 69.50 £3.11 39.00£1.18 1820+1.29 42.83 +3.86
CPF 7267321 2933+ 1.67° 3165+ 143 81.89 £7.83"

Data are reported as the mean (s) £ SEM. of eight animals per group.

" p<0.05 as compared to the control group of the corresponding exposure time (unpaired Student's t-test). TC, HOL, LDL and TG levels were expressed as mg dL .
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Table 2
Effect of CPF acute administration on cardiovascular risk factors and atherogenic
index of rats.

Time(h) Group  TC/HDL TG/HDL Al [(TC-HDL)HDL|
2 Control 188008  1.12:005 0882008
CPF 1942000  166:0.14° 0942009
4 Control  191%0.06  1.03:005 091006
CPF 205016  164:020° 1052016
8 Control 184010  088:008 084010
CPF 2411004 206:020° 1412004
12 Control  190%0.12  1.09:006 090012
CPF 246009 189:011° 1462009
24 Control 1784007  1.10:009 0782007
CPF 2521016 293:04" 1522016

Data are reported as the mean (s) £ S.EM. of eight animals per group.
" p<0.05 as compared to the control group of the corresponding exposure time
(unpaired Student's t-test).

The mechanisms involved in the hyperglycemia induced by OPs
have been under investigation in the recent years. One of the
mechanisms proposed for the OPs-induced hyperglycemia is the
activation of the HPA axis that regulates the process of synthesis
and secretion of glucocorticoids by the adrenal cortex (Rahimi
and Abdollahi, 2007). In the stress response, hypothalamus re-
leases the corticotropin-releasing hormone (CRH) that stimulates
pituitary to release the adrenocorticotropic hormone (ACTH). ACTH
subsequently stimulates the secretion of glucocorticoids from
adrenal gland (Beishuizen and Thijs, 2003). Glucocorticoid hor-
mones (mainly cortisol in man and corticosterone in rodents) in-
crease blood glucose by induction of gluconeogenesis pathway
(Khani and Tayek, 2001). OPs have been shown to elicit activation
of HPA leading to an increase in plasma corticosterone levels (Joshi
and Rajini, 2009, 2012). Accordingly, in the current study we
showed anincrease in plasma corticosterone levels associated with
the increase of TAT and G6Pase activities after 12 and 24 h of the
CPF administration. In addition to these effects, a positive correla-
tion between corticosterone levels and TAT and G6Pase activities
in the CPF-exposed rats was demonstrated. Thus, the animals that
had the highest corticosterone levels had the highest TAT and
GG6Pase activities, Taken these results collectively one can affirm
that an increase in the gluconeogenesis pathway, probably elicited
by hypercorticosteronemia, may be the mechanism behind CPF-in-
duced hyperglycemia in rats. Furthermore, the stimulation of HPA
axis, found in this study, can be explained by the inhibition of cere-
bral AChE. In fact, studies have found evidence indicating that ACh
stimulates the release of CRH from hypothalamus in experimental
animals (Bugajski et al., 2001, 2007).

The activation of the glycogenolysis pathway (Abdollahi et al.,
2004) has been reported as a possible mechanism involved in
hyperglycemia caused by OPs. However, there are different reports
regarding the effects of OPs exposure in the hepatic glycogen lev-
els. Acute exposure to malathion showed a relationship between
increased plasma glucose levels and decreased hepatic glycogen
levels, indicating that the glycogenolysis pathway plays an impor-
tant role in the hyperglycemia caused by this insecticide (Lasram
et al., 2008). Conversely, exposure to acephate increased glucose
levels and did not alter glycogen levels, indicating that the glyco-
genolysis pathway is not involved in its hyperglycemic effect (Joshi
and Rajini, 2009). In the present study, we demonstrated that the
hyperglycemia caused by CPF was not associated with the activa-
tion of the glycogenolysis pathway and, in disagreement with
these reports; we found an increase in glycogen levels after 12
and 24 h of the CPF administration, It is important to highlight that
these above reported studies investigated the effects of other OPs
and not CPF in the glycogenolysis pathway. Therefore, one can sug-
gest that the increase in TAT and G6Pase activities, and not the

activation of the glycogenolysis pathway, is related to the hyper-
glycemia caused by CPF.

TAT is a gluconeogenic enzyme that catalyzes the degradation
of tyrosine to form p-hydroxyphenylpyruvate (Dundjerski et al,,
2003). G6Pase in turn catalyzes the final reaction of gluconeogen-
esis, the dephosphorylation of glucose 6-phosphate (G6P) to yield
glucose. On the other hand, to initiate the hepatic glycogen synthe-
sis, G6P is converted into glucose 1-phosphate (G1P) by the action
of phosphoglucomutase. The product of this reaction is converted
into UDP-glucose in a key step of glycogen biosynthesis (Radziuk
and Pye, 2001). In the present study, the increase in TAT (about
threefold and fivefold after 12 and 24 h of CPF administration,
respectively) was not proportional to the increase of G6Pase activ-
ity (about 25% and 31%, respectively). However, at the same CPF
exposure time points we found a marked increase of glycogen lev-
els (about 82% and six fold, respectively). These results suggest that
the increase of TAT activity, resulting from the HPA axis activation,
produces more p-hydroxyphenylpyruvate that in turn is converted
into G6P by the gluconeogenesis pathway. Only a small portion of
G6P formed is converted into glucose by the action of G6Pase
increasing plasma glucose levels. The remaining G6P probably is
converted into G1P by the action of phosphoglucomutase, serving
as a substrate for the glycogen biosynthesis, which explains the
great increase of glycogen levels found in the livers of rats exposed
to CPF.

In the present study, we also demonstrated the hyperlipidemic
effect of CPF after an acute administration in rats. An increase in
triglycerides and LDL levels and a decrease in HDL levels were
found in plasma of CPF-exposed rats. These alterations were asso-
ciated with the increase of cardiovascular risk factors and the ath-
erogenic index. Accordingly, Lasram et al. (2009) demonstrated
that a single malathion administration in rats caused hyperlipid-
emia and an increase of cardiovascular risk factors and the athero-
genic index. Ibrahim and El-Gamal (2003) also reported that
diazinon increased plasma triglyceride levels which were attrib-
uted to an inhibition of the lipase activity of both the hepatic tri-
glycerides and plasma lipoproteins. Underlying mechanisms of
CPF-induced hyperlipidemia are yet to be elucidated and at the
moment, it is difficult to establish whether there is a relationship
between hyperlipidemic and hyperglycemic effects of CPF. How-
ever, one can speculate that if these alterations remain over time,
the CPF exposure may represent a risk factor for the development
of cardiovascular diseases.

PONT1 is a HDL-associated plasma enzyme that plays an impor-
tant role in the toxicity of some OPs by hydrolyzing their toxic
oxon metabolites (Furlong et al., 2010). In fact, low PON1 activity
seems to be associated with higher pesticide sensitivity (Lacasaia
et al., 2010). In addition to protecting against exposure to some
OPs, PON1 is believed to have a protective role in the atheroscle-
rotic process by both contributing to HDL's protective effect
against atherosclerosis and preventing the LDL oxidation (Aviram
and Rosenblat, 2005). In the present study, we showed a reduction
of PONT1 activity that may be related to the reduction of CPF-oxon
detoxification and an increase in the sensitivity of animals to the
toxic effects caused by CPF. The reduction of PON1 activity may
not be related to the inhibition by CPF since A-esterases are not
considered to be enzymes inhibited following exposure to OPs
(Costa et al., 2002). However, whereas PON1 is part of the HDL
complex, one could explain the reduction of the enzyme activity
by the reduced HDL levels found in plasma of CPF-exposed rats. Be-
cause PON1 protects against the development of vascular diseases,
the reduction of this enzyme activity, if sustained, reinforces the
hypothesis that CPF exposure may represent a risk factor to the
development of cardiovascular diseases.
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5. Conclusion

In conclusion, the present study demonstrated that a single
acute administration of CPF caused hyperglycemic and hyperlipi-
demic effects in rats. The activation of the gluconeogenesis path-
way, probably elicited by hypercorticosteronemia, was proven to
be involved in the hyperglycemic effect of CPF in rats. The mecha-
nisms involved in the CPF-induced hyperlipidemia are yet to be
elucidated; however, if these alterations remain, the CPF exposure
may represent a risk factor for the development of cardiovascular
diseases.
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4 DISCUSSAO

A aplicacdo intensiva de agrotdxicos tem causado sérias consequéncias ao meio
ambiente e a satde dos seres humanos, principalmente aos trabalhadores rurais. A intoxicagdo
por agrotéxicos é um problema de saude publica grave, principalmente nos paises em
desenvolvimento e nos emergentes. As intoxicacfes agudas merecem especial destaque uma
vez que a falta de instrucdo e de cuidado na aplicacdo desses produtos é muito freqliente, o
que atribui aos agrotdxicos um grau de destaque como poderosos agentes de contaminacao
humana (Domingues, 2004). Entre os agrotdxicos relacionados com casos de intoxicacdo em
humanos, destacam-se os OFs tais como o CPF e o AC (Panemangalore et al., 1999; Singh et
al., 2011).

Dessa forma, no artigo 1, verificou-se o efeito da exposicdo aguda ao CPF em figado
de ratos. O presente trabalho demonstrou que a exposi¢do ao CPF causou um dano hepatico
evidenciado pelo aumento da atividade das enzimas alanina aminotransferase (ALT),
aspartato aminotransferase (AST) e lactato desidrogenase (LDH) no plasma dos ratos. O
aumento da atividade dessas enzimas no plasma indica um aumento da permeabilidade dos
hepatocitos, 0 que permite 0 extravasamento das mesmas para a corrente sanglinea
(Gokcimen et al., 2007). O dano hepatico causado pelo CPF esteve associado ao estresse
oxidativo, confirmado pelo aumento da peroxidacdo lipidica e carbonilacdo de proteinas, bem
como, pela diminuicdo das defesas antioxidantes enzimaticas (atividade da catalase (CAT),
superdéxido dismutase (SOD), glutationa peroxidase (GPx), glutationa S-transferase (GST)) e
ndo-enzimaticas (niveis de tidis ndo-protéicos (SHNP)) no figado dos animais expostos ao
CPF. Estes resultados estdo de acordo com outros trabalhos que mostraram o efeito
hepatotdxico do CPF em ratos (Khan e Kour, 2007; Verma et al., 2007).

Embora o exato mecanismo pelo qual os OFs causam estresse oxidativo ainda néo
esteja completamente elucidado, acredita-se que o aumento da producdo de espécies reativas
de oxigénio (EROs) seja uma decorréncia da metabolizagdo dessas substancias pelo citocromo
P450 (Lukaszewicz-Hussain, 2010). As enzimas do citocromo P450 s&o monooxigenases que
catalisam a adi¢do de um atomo de oxigénio no substrato (organofosforado), reagdo na qual as
EROs sdo geradas (Chambers et al., 2001). Além disso, outros mecanismos como a inibi¢do

dos complexos da cadeia de transporte de elétrons mitocondrial e a indugédo de hiperglicemia
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também parecem estar envolvidos no estresse oxidativo induzido pelos OFs (Lukaszewicz-
Hussain, 2010).

No artigo 1 avaliou-se também o efeito da exposicdo aguda ao CPF em parametros
hematoldgicos de ratos. Os resultados demonstraram que o CPF causou a diminuicdo dos
niveis de leucdcitos totais e de linfocitos e o aumento dos niveis de mondcitos, neutrofilos,
hemoglobina e hematocrito. A acentuada diminuigdo dos niveis de leucdcitos totais, um
marcador de defesa celular, pode ser explicada pela diminui¢édo da producédo dessas células ou
pela migracdo das mesmas para os sitios de dano celular causado pelo CPF. J& 0 aumento dos
niveis de neutr6filos e mondcitos, primeira e segunda linhas de defesa do organismo contra o
dano oxidativo (Kobayashi et al., 2003), pode ter ocorrido como conseqiiéncia da injaria
hepética causada pelo CPF. O discreto aumento dos niveis de hemoglobina e hematocrito nos
animais expostos ao CPF ndo foi considerado importante uma vez que esses niveis ainda
permaneceram dentro da faixa dos valores de referéncia para ratos. Outros autores
demonstraram efeitos semelhantes ap6s a exposicdo a OFs em ratos (Goel et al., 2006; Cetin
etal., 2010).

No artigo 2 foram investigados os distarbios metabdlicos induzidos pela exposi¢éo
aguda ao AC em ratos. Os resultados deste trabalho demonstraram que o AC causou 0
aumento dos niveis de glicose e corticosterona plasmatica, 0 aumento da atividade das
enzimas hepéaticas TAT e G6Pase e a inibicdo da AChE cerebral. De acordo com Joshi e
Rajini (2009), esses resultados indicam que a ativacdo do HPA é o mecanismo envolvido na
hiperglicemia induzida pelo AC. Observou-se também que a exposicdo ao AC causou 0
aumento dos niveis de TG plasmaticos e do fator de risco cardiovascular TG/HDL.

Considerando o nimero crescente de intoxicacdes e o fato de que os seres humanos
estdo cada vez mais expostos aos OFs, torna-se de fundamental importancia a busca por novos
compostos capazes de diminuir os efeitos toxicos causados pelos OFs. Nesse contexto,
destaca-se o (PhSe),, um composto organico de selénio bastante estudado por nosso grupo de
pesquisa e que apresenta diversas propriedades farmacologicas ja descritas. Dentre elas, as de
maior interesse para este trabalho sdo as atividades antioxidante (Prigol et al., 2009a),
hepatoprotetora (Borges et al., 2008), anti-hiperglicémica (Barbosa et al., 2006) e anti-
hiperlipidémica (da Rocha et al., 2009).

Dessa forma, verificou-se que o pré-tratamento com (PhSe), foi efetivo em proteger
contra o estresse oxidativo hepéatico causado pela exposicdo ao CPF no artigo 1,
demonstrando assim o seu efeito antioxidante. Além disso, o pré-tratamento com (PhSe),

aumentou per se os niveis de SHNP e a atividade da GST. Outros trabalhos do nosso grupo de
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pesquisa demonstraram que o (PhSe), aumentou per se os niveis de SHNP e a atividade da
GST (Barbosa et al., 2006; Borges et al., 2008; Luchese et al., 2009), o que indica o
envolvimento do sistema da glutationa no efeito antioxidante do (PhSe),. Verificou-se
também que o (PhSe), atenuou a diminui¢édo dos niveis de leucocitos totais e 0 aumento dos
niveis de mondcitos decorrentes da exposicdo ao CPF. Esses resultados estdo de acordo com
outros trabalhos que demonstraram o efeito protetor do (PhSe), contra as alteragdes
hematoldgicas induzidas por mercdrio (Brandéo et al., 2008; 2009).

O mecanismo envolvido no efeito antioxidante do (PhSe), e ja descrito na literatura
envolve a sua reducdo mediada por grupos tidis com a consequente geracao de intermediarios
selenol (fenilselenol). Esses intermediarios fenilselenol sdo capazes de reagir com peroxidos
lipidicos formando um alcool inerte, interrompendo dessa forma a fase de propagacdo da
peroxidacdo lipidica (Nogueira e Rocha, 2010) (Figura 1). Além disso, foi demonstrado que o
(PhSe), apresenta atividade mimética das enzimas GST e dehidroascorbato redutase, atividade
esta que é dependente da concentracdo de glutationa presente no meio (Luchese e Nogueira,
2010).
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Figura 1 — Mecanismo proposto para o efeito antioxidante do disseleneto de difenila [(PhSe),].

Fonte: Nogueira e Rocha, 2010.

No artigo 2 demonstrou-se o efeito protetor do (PhSe), contra os disturbios
metabolicos induzidos pelo AC. Os resultados mostraram que o (PhSe), atenuou 0 aumento

dos niveis de glicose decorrentes da exposi¢cdo ao AC, demonstrando assim o seu efeito anti-
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hiperglicémico. Trabalhos do nosso grupo de pesquisa demonstraram que o (PhSe), diminuiu
0s niveis de glicose em ratos diabéticos (Barbosa et al., 2008; Kade et al., 2009).

Com relacdo aos mecanismos envolvidos no efeito anti-hiperglicémico do (PhSe), no
presente trabalho, pbde-se descartar o envolvimento do eixo HPA, uma vez que o (PhSe), ndo
foi capaz de proteger contra a inibicdo da AChE cerebral e o aumento dos niveis de
corticosterona plasmatica. No entanto, verificou-se que o (PhSe), de alguma forma modula a
via da gliconeogénese, uma vez que houve uma protecdo contra o aumento da atividade das
enzimas TAT e G6Pase no figado dos animais expostos ao AC. Além disso, verificou-se que
0 (PhSe), em ambas as doses protegeu de maneira similar contra o aumento dos niveis de
glicose, entretanto, a dose de 30 mg/kg foi mais eficaz em proteger contra 0 aumento da
atividade das enzimas TAT e G6Pase do que a dose de 10 mg/kg. Esses resultados indicam
gue provavelmente outros mecanismos, além da modulacéo da via da gliconeogénese, estejam
envolvidos no efeito anti-hiperglicémico do (PhSe),. No entanto, esses mecanismos ainda
necessitam ser elucidados.

Além do efeito anti-hiperglicémico, no artigo 2 verificou-se também o efeito anti-
hiperlipidémico do (PhSe),, evidenciado pela protecdo contra o aumento dos niveis de TG e
do fator de risco cardiovascular (TG/HDL) decorrente da exposi¢cdo ao AC. Estudos do nosso
grupo de pesquisa demonstraram que o (PhSe), possui efeito anti-hiperlipidémico em outros
modelos experimentais (da Rocha et al., 2009; 2011). No entanto, 0s mecanismos através dos
quais o (PhSe), exerce esse efeito anti-hiperlipidémico ainda ndo foram elucidados.

No artigo 3 foram avaliados os efeitos hiperglicémico e hiperlipidémico do CPF em
ratos, bem como os mecanismos envolvidos na hiperglicemia induzida por esse inseticida. Os
resultados obtidos nesse trabalho demonstraram que o CPF, apds uma Unica administracao,
causou o aumento dos niveis de glicose a partir do tempo de 8 horas e esse aumento
permaneceu até 24 horas. O aumento dos niveis de glicose tem sido demonstrado como uma
das consequéncias da exposicdo a diferentes OFs em diversos modelos experimentais
(Kamath e Rajini, 2006; Rezg et al., 2007). A hiperglicemia causada pelos OFs geralmente
inicia rapidamente e é transitoria (Lasram et al., 2008; Joshi e Rajini, 2009). No entanto, em
desacordo com os trabalhos anteriormente citados, no presente trabalho ndo se observou uma
hiperglicemia transitoria, e sim, um aumento gradual dos niveis de glicose até o tempo
avaliado (24 horas). Essa diferenca de efeito pode ser atribuida ao uso de um OF diferente e a
administracdo do mesmo por uma via diferente.

A hiperglicemia induzida pelo CPF demonstrada no artigo 3 pode estar relacionada ao

estresse oxidativo hepatico causado por esse inseticida e demonstrado no artigo 1. De fato,
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para esses dois trabalhos foram empregadas as mesmas doses e a mesma via de administracdo
do CPF. Embora os niveis de glicose ndo tenham sido determinados no artigo 1,
provavelmente os animais expostos ao CPF permaneceram com hiperglicemia até o final do
tratamento. Isso pode ser sugerido considerando-se que no artigo 3 ndo foi observada a
reversao da hiperglicemia até o tempo de 24 horas e que apds esse periodo os animais do
artigo 1 receberam uma segunda administracdo de CPF e foram mortos 24 horas apés a
mesma. A hiperglicemia leva ao aumento da glicacdo ndo-enzimatica de proteinas e
conseqiientemente a formacdo dos produtos finais de glicacdo avancada (AGEs). Os AGEs
ativam receptores especificos de membrana (RAGES) e induzem a producdo intracelular de
EROs levando ao desenvolvimento do estresse oxidativo (Ceriello, 1997; Gillery, 2006).
Dessa forma, provavelmente a hiperglicemia esta envolvida na inducdo de estresse oxidativo
hepatico pelo CPF.

Os mecanismos envolvidos na hiperglicemia induzida pelo CPF também foram
investigados no artigo 3. Verificou-se um aumento inesperado dos niveis de glicogénio
hepatico em 12-24 horas apds a exposicdo ao CPF, o que descarta o envolvimento da
glicogendlise na hiperglicemia induzida por esse inseticida. No entanto, os animais expostos
ao CPF apds 12-24 horas apresentaram um aumento dos niveis de corticosterona plasmatica
bem como um aumento da atividade das enzimas gliconeogénicas TAT e G6Pase.
Demonstrou-se também uma correlacdo positiva entre 0s niveis de corticosterona e a
atividade das enzimas TAT e G6Pase. Esses resultados sugerem que a hiperglicemia induzida
pelo CPF é resultado da estimulacdo do eixo HPA e da consequente ativacdo da via da
gliconeogénese. Além disso, a estimulacdo do eixo HPA pode ter ocorrido devido a inibicao
da AChE cerebral. O excesso de ACh decorrente da inibicdo da AChE pode ter estimulado o
hipotalamo a liberar o CRH que conseqlientemente estimula todo o eixo HPA. Alguns autores
também demonstraram o envolvimento da ativagdo do eixo HPA na hiperglicemia induzida
por outros OFs (Joshi e Rajini 2009; 2012).

O aumento inesperado dos niveis de glicogénio nos animais expostos ao CPF pode ser
explicado considerando-se 0 aumento ndo-proporcional da atividade das enzimas TAT e
G6Pase. O aumento da atividade da TAT (cerca de 3 e 5 vezes ap6s 12 e 24 horas da
exposicdo ao CPF, respectivamente) forneceu um aumento dos niveis de glicose-6-fosfato.
Como o aumento da atividade da G6Pase (cerca de 25 e 31%, apds 12 e 24 horas da exposicao
ao CPF, respectivamente) ndo foi proporcional ao aumento da atividade da TAT, sugere-se
que apenas uma pequena porcdo da glicose-6-fosfato formada tenha sido convertida em

glicose livre pela G6Pase. A glicose-6-fosfato remanescente provavelmente foi convertida em
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glicose-1-fosfato pela agdo da fosfoglicomutase, servindo assim como substrato para a
glicogénese.

Além do efeito hiperglicémico do CPF, investigou-se também o seu efeito
hiperlipidémico. Os resultados do artigo 3 mostraram que 0s animais expostos ao CPF
tiveram um aumento dos niveis de TG e colesterol LDL bem como uma diminuicdo dos
niveis de colesterol HDL, o que caracteriza a hiperlipidemia induzida pelo CPF. Observou-se
ainda um aumento dos fatores de risco cardiovascular e do indice aterogénico. Os resultados
desse estudo estdo de acordo com outros autores que demonstraram o efeito hiperlipidémico
de outros OFs (Lasram et al., 2009; Cetin et al., 2010). Nesse trabalho ndo foi possivel
demonstrar o0 mecanismo pelo qual o CPF causa hiperlipidemia e nem se existe uma relagéo
entre 0 seu efeito hiperglicémico e hiperlipidémico. No entanto, se essas alteracfes se
mantiverem ap0s o tempo avaliado (24 horas), a exposi¢cdo ao CPF pode representar um fator
de risco para o desenvolvimento de doencgas cardiovasculares.

Outra alteracdo demonstrada no artigo 3 foi a diminuic¢do da atividade da PON-1. A
diminuicdo da atividade dessa enzima provavelmente diminuiu a detoxificacdo do CPF-oxon
e aumentou a suscetibilidade dos animais aos efeitos toxicos do CPF demonstrados nesse
trabalho. Além disso, considerando-se que a PON-1 é uma enzima associada a HDL, a
diminuigéo da atividade da PON-1 provavelmente ndo ocorreu devido a uma inibicdo direta
pelo CPF, e sim devido a diminuicéo dos niveis de HDL demontrada nos animais expostos ao
CPF.

A analise destes 3 trabalhos aqui descritos permite um maior entendimento sobre os
efeitos tdxicos causados pelos OFs CPF e AC, bem como revela a importancia dos efeitos
farmacoldgicos do (PhSe), para diminuir os efeitos toxicos induzidos por essas substancias.
Os resultados demonstraram que a exposicdo ao CPF causa toxicidade hepética e
hematoldgica, hiperglicemia e hiperlipidemia em ratos. Os mecanismos envolvidos na
hiperglicemia induzida pelo CPF sdo a ativacdo do HPA e da via da gliconeogénese. A
exposicdo ao AC também causou hiperglicemia e hiperlipidemia em ratos. O (PhSe), protegeu
contra a toxicidade hepatica e hematoldgica induzida pelo CPF e contra os distarbios
metabdlicos causados pelo AC. Considerando-se que a exposi¢cdo aos OFs é cada vez mais
frequente e que é a causa de diversas doencgas, os resultados deste trabalho sdo de grande
importancia, uma vez que o (PhSe), pode representar uma alternativa para atenuar a

toxicidade causada pelos OFs.
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5 CONCLUSOES

De acordo com os resultados obtidos, pode-se concluir que:
e O (PhSe), protegeu contra o dano oxidativo hepatico causado pela exposi¢do aguda ao

CPF em ratos.

e O (PhSe), atenuou a diminuicdo dos niveis de leucocitos totais e 0 aumento dos niveis
de mondcitos decorrentes da exposicao aguda ao CPF em ratos.
e O (PhSe), aumentou per se os niveis de SHNP e a atividade da enzima GST, indicando

que o seu efeito antioxidante envolve a interacdo com o sistema da glutationa.

e O (PhSe), protegeu contra a hiperglicemia e hiperlipidemia induzidas pela exposigéo
aguda ao AC em ratos. A modulacdo da via da gliconeogénese, estd envolvida, pelo menos
em parte, no efeito anti-hiperglicémico do (PhSe),.

e O CPF causou hiperglicemia e hiperlipidemia ap6s uma exposic¢do aguda em ratos. A
hiperglicemia provavelmente é um dos mecanismos envolvidos no estresse oxidativo hepatico
causado pelo CPF.

e A ativacdo do eixo HPA e a conseqlente ativacdo da via da gliconeogénese estdo

envolvidas no efeito hiperglicémico do CPF.
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6 PERSPECTIVAS

Considerando os resultados obtidos nessa tese, as perpectivas para trabalhos
posteriores sdo:

e Determinar os efeitos do (PhSe), na hiperglicemia e hiperlipidemia induzida por CPF.

e Investigar 0s possiveis mecanismos envolvidos na acdo farmacoldgica do (PhSe),

contra a toxicidade causada por CPF e AC.

e Avaliar se a co-administracdo de (PhSe), e atropina ou oximas (tratamento classico
das intoxicacbes por OFs) é mais efetiva que as suas administracfes isoladas em reduzir os

danos causados por OFs.
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