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RESUMO
Dissertagdo de Mestrado
Programa de Pés-Graduagdo em Bioquimica Toxicoldgica
Universidade Federal de Santa Maria, RS, Brasil

ANALISE DAS PROPRIEDADES ANTIOXIDANTES DAS OXIMAS 3-(FENIL
HIDRAZONA) BUTANO-2-ONA E BUTANO-2,3-DIONATIOSEMICARBAZONA
AUTOR: Gustavo Orione Puntel
ORIENTADOR: Félix Alexandre Antunes Soares
CO-ORIENTADOR: Jodo Batista Teixeira da Rocha
LOCAL E DATA DA DEFESA: Santa Maria, 12 de maio de 2008.

As oximas sdo compostos quimicos utilizados para reativar a enzima actilcolinesterase
(AChE) inibida por organofosforados (OPs). Os OPs, além de serem classicamente
reconhecidos como inibidores da AChE, também estdo envolvidos em situacdes que geram
estresse oxidativo. Contudo, pesquisas enfocando as possiveis propriedades antioxidantes das
oximas sdo escassas na literatura. O objetivo deste estudo foi investigar o potencial
antioxidante e as propriedades toxicas das oximas 3-(fenil hidrazona) butano-2-ona e butana-
2,3-dionatiosemicarbazona em camundongos, e entender o(s) possivel(is) mecanismo(s)
pelo(s) qual(is) elas atuam. Inicialmente investigamos a existéncia e o(s) mecanismo(s)
pelo(s) qual(is) a oxima 3-(fenil hidrazona) butano-2-ona exerce suas propriedades
antioxidantes (Manuscrito 1). Os resultados obtidos mostram que a peroxidagdo lipidica
induzida por peréxido de hidrogénio (H,O,), por malonato, e por fons ferrosos (Fe™") foi
diminuida em baixas concentracdes da oxima. O tratamento dos camundongos com a oxima
ndo alterou os niveis basais de peroxidagdo lipidica, nem preveniu a peroxidacdo lipidica
induzida em experimentos ex vivo. Os resultados obtidos sugerem que a oxima 3-(fenil
hidrazona) butano-2-ona pode ser empregada como um satisfatério composto antioxidante. A
auséncia de sinais de toxicidade ap6s a administracio in vivo da oxima 3-(fenil hidrazona)
butano-2-ona em camundongos indica que esta pode ser uma droga segura para futuros
estudos. O outro objetivo deste estudo foi investigar a existéncia e o(s) mecanismo(s) pelo(s)
qual(is) a oxima butana-2,3-dionatiosemicarbazona exerce suas propriedades antioxidantes
(Manuscrito 2). Os resultados obtidos indicam uma significativa atividade da oxima em
neutralizar H,O,, o radical 1,1-difenil-2-picrilhidrazil (DPPH®), e a formacdo de 6xido nitrico
(NO), em baixas concentragdes. Além disso, a oxima butana-2,3-dionatiosemicarbazona
diminuiu significativamente a degradacdo da desoxirribose induzida por Fe’ e pela reagao
Fe’" + H,0,, e também a hidroxilacdo do benzoato induzida pela reacdo ions férricos (Fe3+) +
H,0,. Além disso, a oxima apresentou um efeito inibitério significativo na reagcdo da ©-
fenantrolina com Fe”* Uma diminui¢do significativa na peroxidagdo lipidica basal e na
peroxidacdo lipidica induzida por agentes pro-oxidantes no cérebro, figado e rim de
camundongos foi observada tanto in vitro quanto ex vivo. A oxima butana-2,3-
dionatiosemicarbazona ndo determinou mudangas nos niveis de tidis (-SH) no figado, rim e
cérebro, bem como ndo modificou a atividade da enzima delta-aminolevulinato desidratase (5-
ALA-D) nestes tecidos de camundongos em experimentos ex vivo. Os resultados obtidos
indicam que as oximas testadas apresentaram propriedades antioxidantes significativas, e que
futuros estudos sdo necessarios para aumentar o conhecimento a respeito do exato mecanismo
de a¢do antioxidante destas oximas.

Palavras-chave:  oxima  3-(fenil hidrazona) butano-2-ona; oxima butana-2,3-
dionatiosemicarbazona antioxidante, espécies reativas.
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Dissertation of Master’s Degree
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ANALYSIS OF THE ANTIOXIDANT PROPERTIES OF THE 3-(PHENYL
HYDRAZONE) BUTANE-2-ONE AND BUTANE-2,3-
DIONETHIOSEMICARBAZONE OXIMES
AUTHOR: Gustavo Orione Puntel
ADVISOR: Félix Alexandre Antunes Soares
CO-ADVISOR: Jodo Batista Teixeira da Rocha
DATE AND PLACE OF THE DEFENSE: Santa Maria, 12" may 2008

Oximes are chemical compounds used to reactivate the inhibited acetylcholinesterase (AChE)
enzyme by organophosphates (OPs). The OPs, besides classically recognized as AChE
irreversible inhibitors, are also involved in the generation of oxidative stress conditions.
However, researches focusing on the possible antioxidant properties of oximes are lacking in
the literature. The aim of this study was to investigate the potential antioxidant and toxic
properties of 3-(phenylhydrazono)butan-2-one oxime and butane-2,3-dionethiosemicarbazone
oxime in mice, and to understand the mechanism(s) by which they act. Firstly, we
investigated the existence and the mechanism(s) by which 3-(phenylhydrazono)butan-2-one
oxime exert its antioxidant properties (Manuscript 1). The obtained results show that in vitro
hydrogen peroxide (H,0,), malonate, or ferrous ions (Fe*")-induced lipid peroxidation was
decreased by low concentrations of the oxime. Oxime treatment did not modify the basal
peroxidation level nor prevented the induced lipid peroxidation determined ex vivo. The
obtained results suggest that 3-(phenylhydrazono)butan-2-one oxime could be employed as a
satisfactory antioxidant compound. The absence of toxicity signs after in vivo administration
of 3-(phenylhydrazono)butan-2-one oxime to mice may indicate that it could be a safe drug
for further studies. The other objective of this study was to investigate the existence and the
mechanism(s) by which butane-2,3-dionethiosemicarbazone oxime exert its antioxidant
properties (Manuscript 2). The obtained results indicate a significant HyO,, nitric oxide (NO)
and 1,1-diphenyl-2-picrylhydrazyl (DPPH®) scavenging activity at low oxime concentrations.
Besides, the butane-2,3-dionethiosemicarbazone oxime significantly diminished the
deoxyribose degradation induced by Fe** or Fe** + H,0,, and also the benzoate hydroxylation
induced by ferric ions (Fe3+) + H,0, reaction. Besides, the oxime showed a significant
inhibitory effect on 6-phenantroline reaction with Fe**. A significant decrease in the basal and
pro-oxidants induced lipid peroxidation in brain, liver, and kidney of mice was observed both
in vitro and ex vivo. In addition, in our ex vivo experiments the butane-2,3-
dionethiosemicarbazone oxime did not determine significant changes in thiol (-SH) levels of
liver, kidney and brain, as well as did not modify the delta-aminolevulinate dehydratase (8-
ALA-D) activity in these tissues of mice. The obtained results indicate that the oximes tested
depicted significant antioxidant properties, and that further studies are necessary to improve
our knowledge regarding the exact antioxidant action mechanism of these oximes.

Key-words: 3-(phenylhydrazono)butan-2-one oxime, butane-2,3-dionethiosemicarbazone

oxime, antioxidant, reactive species.
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APRESENTACAO

No item INTRODUCAO, esti descrita uma sucinta revisdo bibliografica sobre os
temas trabalhados nesta dissertacéo.

Os resultados que fazem parte desta dissertacio estdo apresentados sob a forma de
manuscritos, os quais se encontram no ittm MANUSCRITOS. As secdes Materiais e
Métodos, Resultados, Discussdo dos Resultados e Referéncias Bibliograficas, encontram-se
nos proprios manuscritos e representam a integra deste estudo.

Os itens, DISCUSSAO E CONCLUSOES, no final desta dissertagdo, apresentam
interpretacdes e comentdrios gerais sobre os manuscritos contidos neste trabalho.

No item PERSPECTIVAS estdo expostos os possiveis estudos para continuagdo do
estudo do autor, referente a esse assunto.

As REFERENCIAS BIBLIOGRAFICAS se referem somente s citagdes que
aparecem nos itens INTRODUCAO e DISCUSSAO desta dissertagio.



1. INTRODUCAO

1.1. Oximas

As oximas s@o compostos quimicos que obedecem a férmula molecular geral
R;R,CNOH. Segundo a identidade dos radicais R1 e R2 ligados ao carbono que estabelece a
ligacdo com a porcdo N-OH, as oximas podem ser classificadas como aldoximas ou
cetoximas. As aldoximas possuem uma cadeia lateral organica como um dos radicais ligados
ao carbono, e um atomo de hidrogénio como sendo o segundo radical. As cetoximas, por sua
vez, apresentam duas cadeias laterais organicas como radicais. As oximas sdo, em sua
maioria, s6lidos cristalinos com pouca solubilidade em dgua e derivados da condensacdo de
uma por¢do hidroxilamida (NH,OH) com um aldeido ou uma cetona por catélise acida. O
termo oximas foi primeiramente definido no século XIX e deriva da contra¢do das palavras
oxigénio e imida (oxigénio+imida = oxima) (Arena, 1997).

As oximas s3o compostos utilizados farmacologicamente no tratamento de
intoxicacdes por pesticidas organofosforados (OPs). Nestas condigdes, o protocolo de
tratamento compreende a utilizagdo de um composto antagonista de receptores muscarinicos
(atropina) e no uso de oximas (Wiener e Hoffman, 2004). O mecanismo de acdo das oximas
envolve a sua capacidade de reativar as enzimas colinesterases (ChEs), como por exemplo a
ACHhE, reversivelmente inibida por carbamatos ou irreversivelmente inibidas pelos pesticidas
OPs (Nigg e Knaak, 2000). Estudos recentes demonstraram que a acdo das oximas, muitas
vezes, envolve a sua reacdo direta como o residuo de fosfato ligado ao residuo de serina no
sitio ativo da AChE (Stenzel e cols., 2007). Como resultado desta reagdo ocorre a
desfosforilagdo da AChE seguida da fosforilacdo da oxima. O grupo fosfato ligado a molécula
de oxima pode ser desligado de modo espontaneo, ou em uma reacdo enzimdtica catalizada
pela enzima paraoxonase (PAN) (Stenzel e cols., 2007).

Em situacdes de intoxicacdo por pesticidas OPs, além da inibi¢do irreversivel da
enzima AChE, ocorre o surgimento de um estado de estresse oxidativo caracterizado pelo
aumento nos niveis de indicadores de dano oxidativo (Herndndez e cols., 2005; Lépez e cols.,
2007; Abdollahi e cols., 2004; Banerjee e cols., 1999; Silva e cols., 2006 e 2008; Gultekin e
cols., 2000; Gupta e cols., 2001; Fortunato e cols., 2006; Verma, 2001; Noriega e cols., 2002;

Dowla e cols., 1996; Panemangalore e cols., 1999). Apesar da reconhecida capacidade das



oximas em reativar a enzima AChE, ndo h4 estudos relatando a existéncia de propriedades
antioxidantes destas moléculas. Desta forma, estudos conduzidos com o objetivo de investigar
a existéncia, bem como o(s) mecanismo(s) pelo(s) qual(is) as oximas exercem a sua atividade
antioxidante poderiam auxiliar na elaboragdo de protocolos de tratamento para intoxicagdes

com pesticidas OPs.

1.2. Pesticidas organofosforados (OPs)

As oximas sdo geralmente utilizadas como antidotos no tratamento de intoxicag¢des por
agentes toxicos de acdo no sistema nervoso (Worek e cols., 2004). Dentre os agentes toxicos
de acdo no sistema nervoso estdo os pesticidas organofosforados (OPs). Os pesticidas OPs
exercem seus efeitos toxicos mediante a inibicdo irreversivel da atividade de esterases, como
por exemplo as enzimas colinesterases (ChEs) (Nigg e Knaak, 2000). Dentre as ChEs que sdo
irreversivelmente inibidas pelos OPs estd a enzima acetilcolinesterase (AChE). A enzima
AChE ¢ responsavel pela degradacdo do neurotransmissor acetilcolina (ACh) das sinapses
colinérgicas, e sua inibicdo determina o acimulo de ACh no espaco sindptico (Nigg e Knaak,
2000). O acimulo de ACh no espago sinaptico, por sua vez, pode acarretar no
desenvolvimento de uma situagdo de super-estimulagdo colinérgica tanto ao nivel do sistema
nervoso central (SNC) quanto ao nivel das jungdes neuromusculares periféricas (Worek e
cols., 2007). Como resultado de uma super-estimulacdo colinérgica ocorre uma massiva
disfuncdo de indmeras funcdes fisiologicas relacionadas a funcionalidade do sistema
colinérgico e eventualmente a morte por faléncia respiratdria (Eddleston e cols., 2006).

O mecanismo de inibicdo enzimdtica exercido pelos OPs envolve a fosforilacdo
irreversivel de um residuo de serina presente no sitio ativo das ChE. O grupo hidroxila (OH)
nucleofilico do residuo de serina presente no sitio ativo da AChE € responsavel pela ligagdo e
conseqiiente hidrélise do neurotransmissor ACh. A ligac¢do da por¢ao acila da ACh no OH do
residuo de serina determina a sua hidrélise em colina e acetato. Apds a hidrdlise da ACh
ocorre a liberag¢do da colina, sendo que a porcao acila da ACh permanece ligada ao residuo de
serina. Em um dltimo momento ocorre a hidrélise do residuo de serina acetilado com a
subseqilente liberacdo da por¢do acetato. Uma vez que os fragmentos de colina e acetato
deixarem o sitio ativo da AChE uma nova molécula de ACh pode ser degradada (Nigg e
Knaak, 2000).

Em situagées onde ha uma intoxicacdo por OPs ocorre a ligacdo covalente e
irreversivel do dtomo de fésforo presente nas moléculas dos OPs com o OH do residuo de

serina presente no sitio ativo da enzima AChE. Como resultado observa-se a inativagdo da



enzima AChE determinada pela sua incapacidade de liberar o grupo fosfato do seu sitio ativo
(Nigg e Knaak, 2000). E importante salientar que a enzima AChE inibida por pesticidas OPs
pode sofrer um processo espontineo de desalquilagdo devido a ruptura da ligagdo entre o
grupo alquil e o 4tomo de oxigé€nio e assim resultar num processo de inativagdo irreversivel da
mesma (“aging”). Por outro lado, a inibicdo da enzima AChE pode ser também
espontaneamente reativada mediante um processo de desfosforilacdo espontidnea da enzima
inibida. A estrutura dos pesticidas OPs é fundamental para o entendimento dos processos de
inibi¢do irreversivel e de reativacdo espontanea da enzima AChE fosforilada (Worek e cols.,
2007; Stenzel e cols., 2007).

Além dos documentados efeitos dos pesticidas OPs na fun¢ido de enzimas ChE como,
por exemplo, da enzima AChE, estudos recentes revelam um efeito significativo destes no
desenvolvimento de uma situagdo de estresse oxidativo (Herndndez e cols., 2005; Lépez e
cols., 2007; Abdollahi e cols., 2004). Em determinadas situacdes os OPs podem acarretar
mudangas em rotas metabdlicas intracelulares e assim determinar o surgimento de uma
situacdo de estresse oxidativo caracterizada pelo aumento no dano oxidativo (Banerjee e cols.,
1999). O dano oxidativo causado por diferentes pesticidas OPs ja foi caracterizado em
diferentes espécies de animais, como em camundongos (Silva e cols., 2006 e 2008) e ratos
(Gultekin e cols., 2000; Gupta e cols., 2001), e também em tecidos humanos (Banerjee e cols.,
1999). Neste contexto, um aumento na producio de espécies reativas ao acido tiobarbitidrico
(TBARS) em cérebro de camundongos (Fortunato e cols., 2006; Verma, 2001), e eritrécitos
humanos (Gultekin e cols., 2000), bem como uma redug¢éo na atividade da enzima 3-ALA-D
no figado de ratos (Noriega e cols., 2002) e em eritrocitos humanos (Dowla e cols., 1996;
Panemangalore e cols., 1999) foram relatados apds intoxicagdo por pesticidas OPs. Apesar da
existéncia de vdrios estudos relacionando a intoxicagdo por pesticidas OPs com o
desenvolvimento de dano oxidativo tecidual, o exato mecanismo pelo qual estes estdo
envolvidos na génese do estado de estresse oxidativo ainda é desconhecido (Abdollahi e cols.,

2004).

1.3. Estresse oxidativo

O estado de estresse oxidativo é caracterizado pelo desequilibrio entre a geracdo de
espécies reativas (ERs) e a capacidade dos organismos neutralizarem-nas (Gutteridge e
Halliwell, 1994). As situagdes de intoxicacdo por pesticidas OPs podem acarretar na geragao
de ERs acima da capacidade dos sistemas de defesa antioxidante celulares (Banerjee e cols.,

1999). Nestas condicdes, as excessivas ERs podem reagir com uma série de biomoléculas



celulares e desencadear sua disfuncdo num mecanismo definido como dano oxidativo

(Halliwell, 2006; Augusto e cols., 2002).

1.3.1. Espécies reativas (ERs) e radicais livres (RLs)

As células aerdbias estdo continuamente produzindo ERs como parte de seu processo
metabdlico (Halliwell, 2006). As ERs geradas em baixas concentragdes cumprem um
importante papel fisioldgico relacionado a manutengdo da “homeostase redox” envolvida nos
processos de sinalizacdo intracelular (Droge, 2002; Pacher e cols., 2007), e também nos
mecanismos de defesa organica contra processos infecciosos e no desenvolvimento adequado
da resposta inflamatéria a um dano tecidual (Halliwell, 2006). No entanto, uma exacerbada
geracdo de ERs estd relacionada a origem de disfunc¢des organicas caracteristicas de processos
patoldgicos (Halliwell, 2006; Augusto e cols., 2002)

Os RLs sdo moléculas capazes de existéncia independente, por isto o termo “livre”,
que tem um ou mais elétrons desemparelhado em sua 6rbita externa (Gutteridge e Halliwell,
1994). Os RLs se caracterizam por serem moléculas altamente instdveis, por terem uma vida
média muito curta medida em microssegundos, e por procurarem sua estabilidade através do
pareamento de seus elétrons. A reatividade dos RLs pode ser estabelecida com moléculas
radicais ou ndo-radicais (Halliwell, 2006). As ERs, por sua vez, sdo moléculas que possuem
uma alta reatividade mas que ndo sdo, necessariamente, RLs capazes de existéncia
independente (Halliwell, 2006). A reatividade das ERs pode ser estabelecida pela acdo destas
como agentes oxidantes ou redutores das biomoléculas circundantes, o que determina que tais
moléculas ndo sejam classificadas simplesmente como agentes oxidantes (Halliwell, 2006).
Dentre as diferentes formas de ERs existentes destacam-se as derivadas de dtomos de
oxigénio, as chamadas espécies reativas de oxigénio (EROs). As principais EROs vinculadas
ao estresse oxidativo decorrente de situagdes estressantes ao organismo sdo o radical anion
superéxido (O7°), o radical hidroxil (OH®), o peréxido de hidrogénio (H,0,), o 6xido nitrico

(NO) e o peroxinitrito (ONOO").

1.3.2. Sistemas de defesa antioxidantes

Os sistemas de defesa antioxidantes s@o os responsdveis pela neutralizacdo das
excessivas ERs geradas durante situagOes estressantes ao organismo. Estes sistemas atuam de
modo a controlar os niveis de ERs no meio intracelular, desta forma, impedindo a disfunc¢io
de biomoléculas intracelulares mediadas por tais espécies. De modo geral, os sistemas de

defesa antioxidantes endégenos celulares sdo classificados em enzimaticos (a catalase (CAT),



a superéxido dismutase (SOD), a glutationa peroxidase (GSH-Px)) ou ndo-enzimdtico (as
vitaminas A, E, e C, os flavondides, as ubiquinonas e a glutationa reduzida- GSH) (Gianni e

cols., 2004).

1.3.3. Dano oxidativo

O equilibrio entre a geracdo de ERs e a capacidade dos sistemas de defesa
antioxidantes celulares € essencial para que se mantenha a homeostase endégena necessdria as
funcdes intracelulares. A geracdo excessiva de ERs ou a diminui¢do da capacidade dos
sistemas de defesa antioxidantes pode culminar com o comprometimento de biomoléculas
celulares e desencadear a sua disfungdo num mecanismo definido como dano oxidativo
(Halliwell, 2006; Augusto e cols., 2002). O mecanismo de dano oxidativo pode estar
relacionado a reacdo de RLs com moléculas ndo radicais, e a acdo de ERs como agentes

redutores ou oxidantes das biomoléculas teciduais circundantes (Halliwell, 2006).

1.3.3.1. Peroxidagdo lipidica

Dentre as biomoléculas mais acometidas pelo dano oxidativo mediado por ERs e RLs
estdo as membranas celulares. As membranas celulares bioldgicas apresentam uma estrutura
geral comum que compreende uma bicamada lipidica associada a proteinas. Os componentes
lipidicos das membranas sdo principalmente fosfolipideos, os quais possuem uma cabeca
polar e duas caudas hidrofébicas apolares. As caudas hidrofébicas sdo compostas por acidos
graxos, os quais podem apresentar uma ou mais insaturagdes (Alberts e cols., 1994; Halliwell
e Gutteridge, 1989). O mecanismo de dano oxidativo as membranas celulares envolve a
remoc¢do de atomos de hidrogénio (H) das ligacdes C-H, presentes nos dacidos graxos
componentes da membrana, mediada pela acio de RLs (Halliwell, 2006). Os radicais de
carbono (C"), resultantes da remogdo do H, reagem rapidamente com oxigénio molecular (O»)
gerando radicais peroxil (RO,"), os quais sdo reativos o bastante para promover a oxidagio de
outros dcidos graxos e proteinas constituintes da membrana. A propagacdo do dano oxidativo
aos componentes lipidicos das membranas bioldgicas € definida como peroxidacao lipidica.

O comprometimento das membranas decorrentes da peroxidacdo lipidica determina a
perda de suas caracteristicas arquitetonicas. Nestas condi¢des, as membranas tornam-se
suscetiveis a criagdo de verdadeiras fendas iOnicas, o que favorece a entrada e saida
indiscriminada de metabdlitos e detritos da célula, favorecendo sua ruptura e lise com

conseqiiente necrose celular (Josephy, 1997; Timbrell, 2000).



1.4. Marcadores de dano oxidativo empregados no estudo

1.4.1. Espécies reativas ao acido tiobarbitirico (TBARS)

As espécies reativas ao dcido tiobarbitirco (TBARS) sdo caracterizadas como sendo
produtos finais do dano oxidativo aos lipidios de membrana durante o processo de
peroxidacdo lipidica. Dentre os produtos finais da peroxidacdo lipidica de membranas ocorre
a formacdo de molondialdeido (MDA). O MDA formado pode reagir com o éacido
tiobarbitdrico (TBA) e resultar na formagdo de complexos coloridos TBA-MDA, os quais
possuem um coeficiente de absor¢cdo maxima em 532 nanometros (nm) (Ohkawa e cols.,
1979). Desta forma, a anélise da formacdo de TBARS pode ser empregada convenientemente
como um indice do comprometimento lipidico oriundo do dano oxidativo resultante de uma

situacdo estressante ao organismo (Puntel e cols., 2007).

1.4.2. Atividade enzimatica delta-aminolevulinato desidratase (6-ALA-D)

A enzima 3-ALA-D é uma enzima de natureza sulfidrilica que pode ser inibida em
diferentes situagdes pro-oxidantes aos organismos (Folmer e cols., 2003; Perottoni e cols.,
2005). Um dos mecanismos pelo qual a atividade da enzima 3-ALA-D pode ser inibida
envolve a oxidacdo dos grupos tidlicos pela a¢do de pesticidas OPs (Noriega e cols., 2002;
Dowla e cols., 1996; Panemangalore e cols., 1999), e pela acdo de compostos com alta
afinidade por grupos tidlicos (Barbosa e cols.,1998; Maciel e cols., 2000; Farina e cols.,
2001). A auséncia de alteracOes significativas na atividade da enzima 3-ALA-D indica a
preservacdo dos grupos tidlicos presentes no sitio ativo da enzima. Desta forma, a atividade
da enzima 8-ALA-D pode ser utilizada convenientemente como um marcador de dano

oxidativo em situacdes de estresse oxidativo (Maciel e cols., 2000).

1.4.3. Niveis de grupos sulfidrilicos (-SH)

Os grupos sulfidrilicos ou tidlicos (-SH) cumprem papéis importantes nos sistemas
bioldgicos. Os grupos —SH sd@o constituintes da cadeia lateral do residuo de aminoédcido
essencial cisteina. O residuo de cisteina, por sua vez, estd envolvido na constituicio de
diversas proteinas e enzimas sendo fundamental para a funcionalidade destas. Outra
importante func¢do do residuo de cisteina € a contrucdo do antioxidante glutationa (GSH). A
GSH ¢é um tripeptideo composto pelos residuos de aminoécidos L-cisteina, L-glutamato, e
glicina que é empregado como substrato para a acdo de enzimas com cardcter antioxidante

como a glutationa peroxidase (GSH-Px), e a catalase (CAT). Além disso, a GSH é empregada



como um substrato necessario a acdo das enzimas glutationa-S-transferases (GST), as quais
possuem importancia fundamental nos processos de metabolizacdo de xenobidticos (Sheehan
e cols., 2001). A excessiva geracdo de ERs, em decorréncia de situacdes estressantes,
determina a progressiva oxidag@o dos grupos —SH e consequente alteragc@o na funcionalidade
de enzimas, proteinas e nos sistemas de defesa antioxidantes (Sies, 1997; Vertuani e cols.,
2004). Desta forma, a andlise dos niveis de grupos —SH pode ser utilizada convenientemente

como um marcador de dano oxidativo em situagdes de estresse oxidativo

1.5. Agentes proé-oxidantes usados no estudo

1.5.1. Malonato

O malonato € um inibidor reversivel da sucinato desidrogenase (SDH) (EC 1.3.99.1),
uma enzima chave no metabolismo oxidativo, devido a sua semelhanga estrutural com o
substrato da enzima, o sucinato (Maragos e Silverstain, 1995; Schulz e cols., 1996). Assim
sendo, seu acimulo prejudica o metabolismo aerdbio.

Ao inibir a SDH o malonato acarreta em uma interrup¢do do transporte de elétrons
pela cadeia de transporte de elétrons mitocondrial, e assim do processo fosforilagdo oxidativa.
Como resultado da interrupg¢ao no processo de fosforilacdo oxidativa ocorre uma deplecdo nos
niveis de adenosina trifosfato (ATP). Nessas condi¢des, ocorre uma despolarizagdo das
membranas celulares devido a faléncia de vdrias ATPases, principalmente da Na*/K*/ATPase
(Greene e cols., 1993), que mantém a tensdo e o gradiente de {ons através da membrana
plasmatica. Desta forma, a inibi¢do da SDH causada pelo malonato leva a disfungio
mitocondrial, geracdo de radicais livres, excitotoxicidade secunddria e apoptose (Dedeoglu e

cols., 2002).

1.5.2. Ferro

O ferro é o metal de transicdo mais abundante nos tecidos bioldgicos (Welch e cols.,
2002). A quantidade normal de ferro presente em um adulto sauddvel é estimada em 3-4 g
(Emery, 1991). O ferro atua como um cofator essencial para uma grande variedade de
proteinas como citocromos, proteinas contendo o grupo prostético heme, e proteinas ferro-
enxofre (Fe-S) (Welch e cols.,, 2002). Da mesma forma, enzimas contendo ferro sdo
fundamentais para os processos bioquimicos celulares de transporte de oxigénio, metabolismo
e respiracdo cellular, e também na sintese de DNA (Welch e cols., 2002).

Os metais de transicdo estdo, de modo geral, envolvidos em muitas reacdes

bioquimicas de oxidacdo fundamentais. Contudo, as mesmas propriedades fisicas que



permitem ao ferro atuar como um eficiente cofator protéico, permitem que este promova a
oxidacdo deletéria de importantes biomoléculas celulares, como lipidios, proteinas e o DNA
(Welch e cols., 2002).

De modo geral, o ferro pode determinar a producéo de ERs por diferentes mecanismos
(Braughler e cols., 1986; Minotti e Aust, 1987 e 1992):

a) Por degradar hidroperdxidos lipidicos pré-existentes (ROOH) nos tecidos, formando o
radical lipidico alcoxil (RO™);

b) Por participar nas reagdes do tipo Fenton produzindo radicais hidroxil (OH");

¢) Por formar complexos com oxigénio, tal como os complexos Fe**-0,-Fe’*, os quais
podem iniciar as rea¢des de peroxidacdo lipidica (Oubidar e cols., 1996).

Além disso, dados na literatura sugerem que a razdo entre fons de ferro no estado
ferroso (Fe™) e no estado férrico (Fe®*) é um fator fundamental na iniciagdo e propagagdo das
reacoes de peroxidacdo lipidica (Braughler e cols., 1986). Assim, compostos capazes de
interagir com fons ferrosos (Fe2+) ou férricos (Fe3 ™) podem ajustar indiretamente a atividade

desses fons por modular diferentes razdes Fe’*/ Fe™*.

1.5.3. Peréxido de hidrogénio (H,0,)

O perdéxido de hidrogénio (H,O,) € um dcido fraco liquido de coloragdo azul de
pequena intensidade, que ndo apresenta coloracido quando diluido, e que é levemente mais
viscoso que a agua. O H,O, possui propriedades oxidantes bastante intensas sendo utilizado
como um potente agente descolorante, desinfetante, oxidante, e antiséptico. Devido a sua
intensa capacidade oxidante, o H,O, é considerado uma ER altamente reativa (Greenwood e
Earnshaw, 1997).

Além disso, € importante salientar que o H,O, estd diretamente envolvido na génese
de OH® mediada pela reacdo de Fenton. Segundo a reacio de Fenton fons Fe** reagem com a
espécie reativa H,O, resultando na formagdo de OH" e fons hidroxilas (OH’). De acordo com
seu mecanismo de dano, os OH® podem atacar agucares como a pentose desoxirribose além de
reagir com outras biomoléculas intracelulares, sejam estas radicais ou ndo, e transforma-las

em espécies reativas ao abstrairem um elétron destas (Halliwell, 2006).

1.5.4. Nitroprussiato de sédio (NPS)
O nitroprussiato de s6édio (NPS) é um composto quimico com a férmula molecular

7z

Na,[Fe(CN)sNO]-2H,0O que € classicamente reconhecido como um doador da ER 6xido



nitrico (NO) na presenca de agentes redutores (Bates e cols.,, 1991). O NO liberado da
decomposi¢cdo da molécula de NPS, na presenca de biomoléculas intracelulares, pode reagir
com anions superoxidos (O’ e determinar a formacao de peroxinitritos (ONOQO). A espécie
reativa ONOQO' esta diretamente envolvida na génese do dano oxidativo tecidual (Villa e cols.,
1994).

Além de liberar NO, ao ser degradada a molécula de NPS libera complexos de
pentacianoferratos, os quais também podem estar envolvidos na origem do dano tecidual

induzido por NPS (Rao e cols., 1991; Roncaroli e cols., 2005; Bates e cols., 1991).



2.

OBJETIVOS

2.1. Objetivo Geral

Analisar as propriedades antioxidantes e toxicoldgicas, bem como estudar o(s)

mecanismo(s) através do(s) qual(is), as oximas 3-(fenil hidrazona) butano-2-ona e butana-2,3-

dionatiosemicarbazona exercem seus possiveis efeitos antioxidantes.

2.2. Objetivos Especificos

Investigar a capacidade das oximas estudadas em limitar a formagdo de TBARS
induzida por diferentes agentes pro-oxidantes em diferentes tecidos de camundongo in
Vitro.

Investigar a capacidade das oximas estudadas em neutralizar a formacdo de ERs tais
como OH’e NO in vitro.

Investigar a capacidade das oximas estudadas em neutralizar ERs como o H;O; e o
radical DPPH" in vitro.

Investigar a capacidade das oximas estudadas em interagir com fons ferrosos (Fe*").
Analisar os efeitos do tratamento de camundongos com as oximas estudadas na
peroxidacdo lipidica basal e a induzida por diferentes agentes pro-oxidantes em
diferentes tecidos de camundongos a partir de andlises ex vivo.

Analisar a toxicidade ex vivo do tratamento de camundongos com as oximas estudadas a
partir da andlise da atividade da enzima &-ALA-D e dos niveis de tidis (SH) em
diferentes tecidos de camundongos.

Avaliar a toxicidade in vivo das oximas estudadas, quando administradas
subcutaneamente em camundongos, a partir da andlise da dose letal para cinqiienta por

cento da amostra (LDs).



3.  MANUSCRITOS

Os resultados que fazem parte desta dissertacdo estdo apresentados sob a forma de
manuscritos, os quais se encontram aqui organizado. Os itens Materiais e Métodos, Resultados,
Discussao dos Resultados e Referéncias Bibliograficas, encontram-se nos proprios manuscritos.
Os manuscritos estdo dispostos na forma em que foram submetidos para publicacio nas revistas

cientificas.
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ABSTRACT

Oximes are a class of compounds normally used to reverse the acetylcholinesterase
(AChE) inhibition caused by organophosphates. Conversely, researches focusing on the
possible antioxidant properties of these compounds are lacking in the literature. The aim of
this study was to investigate the potential antioxidant and toxic properties of 3-
(phenylhydrazone) butan-2-one oxime in mice. In vitro, hydrogen peroxide-induced lipid
peroxidation was decreased by low concentrations of the oxime (0.1 uM to 1.0 pM);
(p<0.05). Similarly, lipoperoxidation induced by malonate and iron (Fe™*) was significantly
decreased by the oxime (0.4 UM to 1.0 uM) (p<0.05). Oxime pre-treatment did not modify the
basal peroxidation level nor prevented the induced lipid peroxidation determined ex-vivo. The
present results suggest that 3-(phenylhydrazone) butan-2-one oxime could be a good
antioxidant compound. The absence of toxicity signs after in vivo administration of 3-
(phenylhydrazone) butan-2-one oxime to mice may indicate that it could be a safe drug for

further studies.

Keywords: oximes, antioxidant, oxygen reactive species;
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INTRODUCTION

Experimental points of evidence have indicated a key role for reactive species (RS) as
potential cytotoxic agents (Halliwell 2006). Most importantly, several acute and chronic
pathological conditions can be associated with an increase in RS production that surpasses
cellular endogenous antioxidant system capacity for their neutralization (Gutteridge and
Halliwell 1994; Halliwell et al. 1999). In view of the apparent role of RS in several acute and
chronic human diseases, the interest in the development of new compounds that improve the
antioxidant systems is of interest (Urso and Clarkson 2003; Nogueira et al. 2004; Halliwell
2006; Puntel et al. 2007).

Some organic intoxication conditions, like the ones caused by pesticides, may induce
changes in intracellular metabolism routes leading to an imbalance between the generation of
oxidant molecules and the intracellular antioxidant systems (Banerjee et al. 1999).
Organophosphates (OPs), which are some of the cholinesterase inhibitor chemicals, are used
predominately as pesticides and may induce an oxidative stress status both in rats (Gultekin et
al. 2000; Gupta et al. 2001) and human organisms (Banerjee et al. 1999). Moreover, studies
have demonstrated the effects of OPs on lipid peroxidation in rat brains (Verma 2001) and
human erythrocytes (Gultekin et al. 2000). However, the exact mechanism by which OPs
induce oxidative damages is not fully understood (Abdollahi et al. 2004).

Oximes are compounds generally used to reverse the AChE inhibition caused by OPs
(Worek 2004). Since studies have proposed a link between organophosphate poisoning and
changes in human cellular antioxidant systems (Banerjee et al. 1999), researches on
compounds acting as cholinesterase reactivators with antioxidant properties may be a good
approach for OP intoxication treatments. Conversely, to the best of our knowledge, there are
no data concerning possible antioxidant properties of oximes.

Therefore, the aim of this study was to examine, in vitro, the capacity of 3-
(phenylhydrazone) butan-2-one oxime (Figure 1) as a potential antioxidant agent using lipid
peroxidation (TBARS determination) as endpoint of in vitro toxicity both under basal (auto-
oxidation of the homogenates) and in the presence of pro-oxidants, including hydrogen
peroxide, Fe’*, and malonate (Puntel et al. 2005a, b). The possible antioxidant activity of this
oxime was also determined by the analysis of its iron chelating properties (Bucber et al. 1983;
Minotti and Aust 1987). A chemical system of desoxyribose degradation (Halliwell and
Gutteridge 1981; Gutteridge 1981) and benzoate hydroxylation (Gutteridge 1987) were used.
Moreover, we evaluated the in vitro DPPH® (Choi et al. 2002) and nitric oxide (NO)

(Marcocci et al. 1994) radical scavenger activity of the oxime. Ex vivo experiments were
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carried out using d-aminolevulinate dehydratase (3-ALA-D) [a sulthydryl enzyme that can be
modified by different pro-oxidant situations (Folmer et al. 2003; Perottoni et al. 2005)], thiol
levels, and lipid peroxidation as markers of oxime toxicity. These markers were analyzed
under basal conditions and in the presence of pro-oxidants.
MATERIAL AND METHODS
Chemicals

Oxidant agents such as malonate, hydrogen peroxide, and iron sulphate (FeSO,) were
obtained from local suppliers. G-phenantroline was obtained from Merck (Darmstadt,
Germany). The other reagents used were supplied by Sigma-Aldrich chemical CO (St. Louis,
MO).
Synthesis of 3-(phenylhydrazone) butan-2-one oxime

The 3-(phenylhydrazone) butan-2-one oxime was prepared by simple mixture and
reflux for 3 hours of 1 mol diacetylmonoxime with 1 mol of phenylhydrazine chloride both
dissolved in a mixture of EtOH-H,O (2:1, v/v) and 0.5 mL of sodium acetate 6 M. On heating,
a dark orange product was formed, collected by filtration, washed with water, and dried in
vacuum (yield 70%, mp 190°C).

For all experimental procedures the oxime solutions were prepared in dimethyl
sulfoxide (DMSO).
In vitro experiments

Assays without tissues in test tubes

Iron chelating properties

In order to examine iron chelating properties of 3-(phenylhydrazone) butan-2-one
oxime we used the c-phenantroline method (Bucber et al. 1983; Minotti and Aust, 1987)
according to Puntel et al. (2005a). The method is based on the reaction of free Fe** with o-
phenantroline forming a colored complex. First, the mixture containing Fe** (150 pM) and
oxime solutions, or its vehicle (DMSO) was allowed to form a complex for 5 min.
Afterwards, a solution of G-phenantroline was added to the mixture (62.5 ng/mL equivalent
to 0.25%). The formation of complexes between Fe** and oxime was estimated by a decrease
in the color reaction at 510 nm when compared to a control tube containing Fe’* and o-
phenantroline alone. The values are expressed in percentage of control (without oxime). The
solutions were prepared freshly for each experiment.

Deoxyribose degradation assay

The deoxyribose degradation assay was performed according to Puntel et al. (2005a).
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Briefly, the reaction medium was prepared containing the following reagents at the final
concentrations indicated: oxime (concentrations indicated in the figures), deoxyribose 3 mM,
potassium phosphate buffer 0.05 mM, pH 7.4, FeSO4 50 uM and H,0, 500 uM. Solutions of
FeSO,4 and H,0, were made prior to use. Reaction mixtures were incubated at 37°C for 30
min and stopped by the addition of 0.8 mL of trichloroacetic acid (TCA) 2.8% followed by
the addition of 0.4 mL of thiobarbituric acid (TBA) 0.6 %. Next, the medium was incubated
at 100°C for 20 min and the absorbance was recorded at 532 nm (Halliwell and Gutteridge
1981; Gutteridge 1981). Standard curves of malondialdehyde (MDA) were made in each
experiment. The values are expressed as percentage of control values.

DPPH’ radical scavenging activity assay

The measurement of the oxime scavenger activity against the stable radical DPPH’
(1,1-diphenyl-2-picrylhydrazyl) was performed in accordance with Choi et al. (2002). Briefly,
85 uM DPPH’ was added to a medium containing different oxime concentrations. The
mediums were incubated for 30 min at room temperature. The decrease in absorbance
measured at 518 nm depicted the scavenger activity of the oxime against DPPH". Ascorbic
acid was used as positive control to determine the maximal decrease in DPPH" absorbance.
The values are expressed in percentage of inhibition of DPPH" absorbance in relation to the
control values without oxime (ascorbic acid maximal inhibition was considered 100% of
inhibition).

Benzoate hydroxylation assay

Benzoate hydroxylation was determined by the reaction between hydroxyl radicals and
benzoate producing fluorescent dihydroxybenzoate as described by Gutteridge (1987).
Hydroxyl radicals were generated by a reaction medium containing hydrogen peroxide and
Fe*. Briefly, an iron-bipyridyl complex was freshly prepared by mixing 2 mM bipyridyl and
2 mM FeCl; in a ratio 4:1. Benzoate at 2 mM final concentration was added in a medium
containing 0.02 mM of phosphate-buffered saline (0.15 M NaCl/0.1 M sodium phosphate
buffer, pH 7.4); 0.1 mL of iron-bipyridyl complex (final concentrations of 0.16 mM bipyridil
and 0.04 mM FeCl;) and a range of oxime concentrations. The reaction was started by the
addition of 0.1 mL of 5 mM H,0O,. The tubes were incubated for 1 hour at 37°C. After the
incubation period, 0.2 mL of TBA 0.6%, followed by 0.2 mL of TCA 2.8%, were added. The
tubes were incubated for 10 min at 100 °C in water bath. The tube contents were extracted

with n-butanol and after a brief centrifugation (1,800 x g for 10 min) the upper layer was
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measured spectrofluorimetrically (Excitation at 305 nm and Emission at 408 nm, and both slit
widths used were at 5 nm. The values are expressed in fluorescence units.

Nitric oxide (NO) scavenging assay

Scavenging of NO was assessed by incubating sodium nitroprusside (SNP) (5 mM, in
PBS) with different concentrations of the oxime at 25 °C. After 120 min, 0.5 mL of
incubation solution was sampled and mixed with 0.5 mL of Griess reagent (Green et al.
1981). The absorbance was measured at 550 nm. The amount of nitrite was calculated from
standard curve constructed with sodium nitrite. A curve of sodium nitrite, constructed in
presence of oxime in order to verify its interaction with nitrite, depicted no interference of
oxime in color development after Griess reagent addition. The values were compared to
control to determine the percentage of inhibition of nitrite reaction with Griess reagent
depicted by oxime as an index of its NO scavenger activity (Marcocci et al. 1994).

Assays with tissues

Tissue preparation

Brain tissue was obtained from untreated adult swiss albino mice from our own
breeding colony. The animals were maintained in an air-conditioned room (20- 25°C) under a
12 hour light/dark cycle, with lights on at 7:00 am, and with water and food ad libitum. All
the experimental procedures performed were conducted according to the guidelines of the
Committee of Ethics in Research of the Federal University of Santa Maria, Brazil. After
anesthesia, the mice were killed by decapitation and the brain was quickly removed, placed
on ice, and homogenized within 10 min in 10 volumes of cold saline 150 mM. The
homogenate was centrifuged at 4,000 x g at 4°C for 10 min to yield a low speed supernatant
fraction (S1) that was used for thiobarbituric acid reactive substance measurement (TBARS)
and 0-ALA-D activity assays. Lipid of eggs was prepared from chicken eggs. The egg yolks
were weighed and mixed with a solvent mixture [iso-propanol and hexane (3:2); 10 mL of
solvent/g of yolk]. The mixture was evaporated at a maximum temperature of 60°C. Total
lipid of egg yolk extract was determined by a commercial kit (Bioclin obtained from local
suppliers) with few modifications and it was used for TBARS assay.

Lipid peroxidation assay

Lipid peroxidation was determined by measuring TBARS as described by Ohkawa et
al. (1979) in lipid extracts from egg yolk and in S1 brain homogenates. Aliquots of 100 puL of
lipids or 200 pL of S1 were mixed to incubating medium containing Tris-HCl (0.01 mM),

oxime at indicated concentrations (see figure legends), and pro-oxidant agents when
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specified, and then incubated at 37°C for 60 min. The reaction was stopped by adding 0.5 mL
of acetic acid buffer, and lipid peroxidation products were measured by the addition of 0.5
mL of TBA 0.6%. Tubes were then incubated in boiling water for 60 min and their contents
were extracted with n-butanol before spectrophotometric analysis. TBARS levels were
measured at 532 nm using a standard curve of MDA. The pro-oxidants malonate, iron, and
hydrogen peroxide were added as positive control for lipid peroxidation.

O-ALA-D activity assay

The brain enzyme was assayed according to Sassa method (1982) by measuring the
rate of product porphobilinogen (PBG) formation. After 10 min of pre-incubation of the
enzyme with oxime at 37°C, in a medium containing 100 mM potassium phosphate buffer,
pH 6.8, the enzymatic reaction was initiated by adding the substrate aminolevulinic acid
(ALA) to a final concentration of 2.5 mM. The incubation was carried out for 3 hours, at
37°C, and was stopped by adding 10% TCA containing 10 mM HgCl,. The reaction product
was determined using a modified Ehrlich’s reagent at 555 nm, with a molar absorption
coefficient of 6.1x10* for the Ehrlich porphobilinogen salt. Simultaneously, a set of tubes
was assayed using a similar incubation medium, except that 2 mM DTT was also added to
observe the possible reactivation of the 3-ALA-D activity. The enzyme activity was
expressed in nmol of PBG /hour/mg of protein.
Ex vivo experiments

Animal Treatment

Adult swiss albino mice from our own breeding colony were maintained in an air-
conditioned room (20- 25°C) under a 12 hour light/dark cycle, with lights on at 7:00 am, and
with water and food ad libitum. All the experimental procedures performed were conducted
according to the guidelines of the Committee of Ethics in Research of the Federal University
of Santa Maria, Brazil. The animals received a single subcutaneous injection of the oxime
dissolved in DMSO in different doses (0.5, 1, 5, 10, 100, 200, 300, 400 or 500 mg/kg).
Control animals received DMSO at 10 mL/kg. To determine the potential lethality of 3-
(phenylhydrazone) butan-2-one oxime, animals were observed for up to 72 h after compound
administration. After this period, animals were killed by cervical dislocation. The brain of all
experimental groups was quickly removed, placed on ice, and homogenized within 10 min, in
10 volumes of cold saline 150 mM. The homogenate was centrifuged at 4,000 x g at 4°C for
10 min to yield a low speed supernatant fraction (S1) that was used for ex vivo assay for non-

protein thiol, TBARS and 3-ALA-D activity measurements.
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Non protein thiol measurement (NPSH)

To determine NPSH, 500 pL of 10% TCA was added to 500 pL of S1 brain
homogenates. After centrifugation (4,000 x g at 4 °C for 10 min), the protein pellet was
discarded and free —SH were determined in the clear supernatant (which was previously
neutralized with 0.1 M NaOH) according to Ellman (1952).

TBARS and &-ALA-D activity measurements

The assays were conduced as described above to the in vifro experiments.

Protein determination

The protein content was determined according to Lowry et al. (1951) using bovine
serum albumin (BSA) as standard.
Statistical analysis

Data were analyzed by one-way ANOVA, followed by Tukey multiple range test
when appropriate. Differences between groups were considered significant when p < 0.05.
RESULTS
In vitro results

The induced Fenton reaction (Fe2+ + H,0,) and Fe?* or H,0, oxidant species, when
studied in separate, were able to stimulate deoxyribose degradation. However the oxime did
not modify this parameter (Figure 2). Besides, the benzoate hydroxylation induced by H,0,
was not modified by the oxime (Figure 3). 3-(phenylhydrazone) butan-2-one oxime did not
present iron (Fe*") chelating activity (data not show).

Data regarding DPPH" assay suggest that oxime showed a significant DPPH" radical
scavenging activity at 25 uM (Figure 4). Moreover, oxime showed a significant NO
scavenging activity at 0.5 uM (Figure 5).

Lipid peroxidation, induced by H,O; in brain S1 homogenates, was significantly
reduced by oxime at 0.1 uM (p<0.05). Besides, the production of TBARS, induced by
malonate and iron, was significantly decreased at 0.4 puM of oxime (p<0.05) (Figure 6A).
However, oxime was not able to decrease the induced TBARS production in lipids from egg
yolk (Figure 6B). Furthermore, the 3-(phenylhydrazone) butan-2-one oxime did not modify
the 8-ALA-D activity in vitro (Figure 7).

Ex vivo results
Animals treated with oxime presented no changes in brain non-protein thiol levels

(Figure 8). Furthermore, oxime exposure was unable to decrease the basal or prevent pro-
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oxidant induced lipid peroxidation in brain from animals exposed to oxime 72 hours before
(Figure 9). Mice treated with oxime depicted no changes in the brain 8-ALA-D activity in all
groups tested both in presence or absence of DTT (2 mM) (Figure 10).

The LDsy for 3-(phenylhydrazone) butan-2-one oxime was higher than 500 mg/kg
(n=4) (data not shown). Furthermore, no groups tested with oxime presented loss of body
weight (data not show).

DISCUSSION

The organophosphate (OP) intoxication can be accompanied by an increase in RS
generation in biological tissues (Banerjee et al. 1999). Under such conditions, oximes are
commonly used as pharmacological agents mainly to reverse the AChE inhibition caused by
OPs (Worek 2004). In this context, an oxime able to act against both AChE inhibition and RS
generation can be a good approach in treatment protocols.

The results obtained indicate that 3-(phenylhydrazone) butan-2-one oxime possesses a
significant in vitro antioxidant activity against the oxidative damage induced by different
oxidant agents, such as malonate, iron, and hydrogen peroxide, at nano molar concentrations.
In brain homogenates, the lipid peroxidation, induced by 5 UM iron, was reduced by 0.1 uM
of oxime, a concentration 50 fold lower than the oxidant agent used here. Moreover, the
damage induced by 500 UM hydrogen peroxide and 4 mM malonate was reduced with 0.4 uM
of oxime, i.e., concentrations of 1,250 and 10,000 fold lower than the oxidant agents used
here, respectively.

Taking into account the results observed in the TBARS assay in the presence of S1
homogenates, we believe that the effects of lipid peroxidation neutralization could involve the
oxime and/or an additional effect of some metabolite produced. This seems evident since the
oxime was unable to prevent the induced TBARS production in a medium with lipids alone.
Moreover, we observed a significant decrease in basal lipid peroxidation at 0.1 UM, which
corroborates the hypothesis of some metabolic process on antioxidant action mechanism of
the oxime. Furthermore, the deoxirybose degradation caused by oxidant agents such as iron (5
uM), hydrogen peroxide (500 uM), and iron plus hydrogen peroxide was not affected by
oxime. The fact that we did not test concentrations higher than 1 pM of the oxime in
deoxyribose degradation assay (Figure 2) and also on lipid peroxidation in lipid of egg yolk
assay (Figure 6B) was due to our intent in explain the strong antioxidant activity showed by

the oxime in experiments with mice brain homogenates.
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In order to identify a possible mechanism for the effect of oxime in the induced lipid
peroxidation in brain homogenates, we searched for its scavenging capacity in different
protocols. Some data have pointed to an important mechanism which would accelerate the
lipid peroxidation catalyzed by metal ions, such as iron, via the Fenton reaction. This could
give alkoxyl and peroxyl radicals, both of which can lead to hydroxyl radical formation
(Halliwell and Gutteridge 1984). Antioxidants or chelating agents effectively block iron-
mediated oxidant damage (Graf et al. 1987). Some oximes have attracted considerable interest
due to their possible capacity to form metal complexes (Adam, 1997). However, we did not
identify a significant iron chelating activity of the oxime.

Furthermore, we analyzed the hydroxyl scavenging activity of the oxime using a
DPPH’ assay. A stable radical, 1,1-diphenyl-2-picrylhydrazyl (DPPH®), has been used as a
convenient method for the antioxidant assay of biological materials, such as cysteine,
glutathione, ascorbic acid, tocopherol, and polyhydroxy aromatic compounds (Nishizawa et
al. 2005). DPPH" has been investigated as a reactive hydrogen acceptor (Braude et al. 1954),
and the mechanism of DPPH’-scavenging activity involves reductive hydrogen transference
between donors and DPPH’. The data obtained suggest that the oxime depicted a significant
DPPH" radical scavenging activity at 25 uM (Figure 4). The reason for the higher
concentration used in DPPH" radical scavenging assay was that no effects were observed at
the concentrations which presented significant effects in abolish the in vitro basal and pro-
oxidant induced lipid peroxidation in brain homogenized. Thus the antioxidant effects of the
oxime might not be correlated integrally to its DPPH" radical scavenging activity.

Conversely, oxime was unable to prevent the hydroxyl radical formation through the
Fenton reaction elicited in the benzoate hydroxylation assay. Thus, the absence of effects in
dihydroxylbenzoate formation along with the data obtained from both the deoxyribose
degradation assay and the TBARS induced in lipids clearly indicates that the oxime did not
interfere in the Fenton reaction. Given that the free radical nitric oxide could participate in
oxidative damage as an effective molecule (Ignaro 1990), we searched for a possible oxime
nitric oxide scavenging activity. Our findings pointed to a significant capacity of oxime to
neutralize the nitric oxide and thus the possible formation of reactive nitrogen species.
Although a significant NO scavenging activity was reached at nano molar concentration (0.5
uM), we believe that a metabolic process could be involved in the improvement of its

antioxidant capacity.
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Some important cellular enzymatic systems such as 3-ALA-D can be inhibited by thiol
oxidizing radicals (Folmer et al. 2003; Farina et al. 2001; Perottoni et al. 2005). 3-ALA-D
activity inhibition could be a good marker for oxidative stress (Maciel et al. 2000). The
absence of significant effects on 3-ALA-D activity indicates that oxime does not affect the
essential —SH groups on the active site of the enzyme and does not increase oxidative stress
either.

An unexpected result comparing the in vitro and ex vivo experiments showed that
oxime was unable to prevent the induced lipid peroxidation in the ex vivo experiments. The
reason for this contradictory result may be the plasmatic life-time of 3-(phenylhydrazone)
butan-2-one. Previous studies reported a short plasmatic life-time of pralidoxime, a common
clinically used oxime, of about 75 min (Howland and Aaron 1999). Other studies have
reported that the protective capacity of pralidoxime to reactivate the dimethoate-inhibited
erythrocyte AChE was reduced by up to 50% in 6 hr and disappeared almost completely in 24
hr (Rios et al. 2005). The in vivo experiments indicate that 3-(phenylhydrazone) butan-2-one
oxime presents a small toxicity (s.c.) (LDsp higher than 500 mg/kg) in mice when compared
with other oximes, like obidoxime (i.m. LDsy=188.4 mg/kg) (gevelové et al. 2004) and
pralidoxime (i.m. LDso=180 mg/kg or i.p. LDsy=155 mg/kg) (Arena 1979). Furthermore, the
animals presented no loss of body weight during the experiment. The activity of 3-ALA-D did
not change in oxime treated animals either. This datum emphasizes the fact that 3-
(phenylhydrazone) butan-2-one oxime does not affect the —SH groups located at the active
center of 3-ALA-D, similar to the in vitro results. Furthermore, the pre-treatment of animals
with oxime is unable to alter the —SH buffer in animal brains. The preservation of NPSH
levels could indicate that oxime does not act in vivo on the biological —SH groups.

In conclusion, our data show that, although the results obtained in vitro in assays
without tissues in test tubes point to a significant oxime scavenger activity of the DPPH" and
NO radicals, a metabolic process could be involved in the improvement of its antioxidant
capacity. This seems evident based in the results depicted in vitro in assays with tissues, since
oxime was unable to prevent the induced TBARS production in a medium composed
essentially by lipids of eggs or deoxyribose, while elicited a strong antioxidant capacity in
induced TBARS in S1 brain homogenates of untreated mice (0.1 uM for hydrogen peroxide
and 0.4 uM for malonate and iron). Furthermore, ex vivo results also indicate that oxime and
its metabolites are probably not toxic at all. Although our ex vivo protocol did not allow us to

detect a protection against oxidant agents, this lack of protection may have been caused by the
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short half life of the compound. We believe that other experimental procedures could
demonstrate that oxime is an effective protector against RS damage in vivo.
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Figure 1: Chemical structure of 3-(phenylhydrazone) butan-2-one oxime.
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Figure 2: Effects of oxime on deoxyribose degradation. The (-A-) indicates basal
conditions, (-0-) hydrogen peroxide at 500 UM, (-0-) iron at 5 uM and (-0-) Fe** 5 uM plus
hydrogen peroxide 500 UM conditions. The values are expressed as percentage of control
values. The mean control value is 0.548+0.003 pM MDA/g of deoxyribose. Data are

presented as mean + SEM (n=3).
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Figure 3: Effects of oxime on benzoate hydroxylation. Effects of 3-(phenylhydrazone)
butan-2-one oxime on benzoate hydroxylation by measuring the dihydroxybenzoate products
formation. The values are expressed in fluorescence units. Data are presented as mean £ SEM

(n=3).



31

Figure 4:
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Figure 4: DPPH’ radical scavenging activity of oxime. Effect of 3-(phenylhydrazone)
butan-2-one oxime on DPPH radical scavenging activity. The values are expressed in
percentage of inhibition in relation to control without oxime or ascorbic acid. The mean
control value is 0.658+0.02 ABS. Data are presented as mean £ SEM (n=3). (*) Indicates

p<0.05 from respective control by Tukey’s multiple range test.
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Figure 5: Effects of oxime on nitric oxide (NO) scavenging assay. Effects of 3-
(phenylhydrazone) butan-2-one oxime on NO scavenging activity. The values are expressed
in percentage of inhibition in relation to control without oxime. The mean control value is
18.399+1.628 UM of nitrite. Data are presented as mean = SEM (n=3). (*) Indicates p<0.05

from respective control by Tukey s multiple range test.
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Figure 6B:
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Figure 6: Effects of oxime on oxidant agents induced TBARS production. Effects of 3-
(phenylhydrazone) butan-2-one oxime on oxidant agents induced TBARS production in low-
speed supernatant (S1) from brain homogenates (6A), or in lipids from eggs (6B). Both in
figure 6A and figure 6B (-A-) indicates control conditions, (-0-) malonate at 4mM, (-O-) iron
at SuM, and (-0-) hydrogen peroxide at S00uM. TBARS levels are expressed as nmol of
MDA/mg of protein in 6A and in percentage of control in 6B. The mean control value is
1.66+0.52 uM MDA/g of lipid. Data are presented as mean + SEM (n=3). (*) Indicates p<0.05

from respective control by Tukey’s multiple range test.
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Figure 7: Effects of oxime on 3-ALA-D activity. Effects of 3-(phenylhydrazone) butan-2-
one oxime on d-ALA-D activity in low-speed supernatant (S1) from brain homogenates. The
specific activity is expressed as nmol PBG formed per hour mg of protein. Data are presented

as mean * SEM (n=3).
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Figure 8: Effect of oxime treatment on brain non-protein thiol levels. Effect of the
treatment with 3-(phenylhydrazone) butan-2-one oxime in low-speed supernatant (S1) brain
non-protein thiol levels. The values are expressed as pmol SH per mg of protein and

presented as mean = SEM (n=4).
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Figure 9: Effect of oxime treatment on TBARS production levels. Effect of the treatment
with 3-(phenylhydrazone) butan-2-one oxime in low-speed supernatant (S1) brain TBARS
production. Sodium nitroprusside (5 pM) and iron (5 uM) were used as pro-oxidants to
induce TBARS production. TBARS are expressed as nmol of MDA per mg of protein and

presented as mean = SEM (n=4).
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Figure 10: Effects of oxime treatment in brain 3-ALA-D activity. Effect of the treatment
with 3-(phenylhydrazone) butan-2-one oxime in brain 6-ALA-D activity. The enzyme activity
was analyzed in the presence and absence of DTT (2 mM). The values are expressed as nmol

PBG formed per hour per mg of protein and presented as mean £ SEM (n=4).
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ABSTRACT

Oximes are compounds generally used to reverse the acetylcholinesterase (AChE) inhibition
caused by organophosphates (OPs). Besides, there are few data concerning possible
antioxidant properties of oximes. The aim of this study was to examine the capacity of
butane-2,3-dionethiosemicarbazone oxime to scavenging different forms of reactive species
(RS) in vitro, or counteract its formation. Besides, the potential antioxidant and toxic activity
of the oxime was assayed both in vitro and ex vivo. The results indicate a significant HyO»,
NO and DPPH" radicals scavenging activity at 0.275, 0.5 and 5 UM of oxime, respectively (p
< 0.05). Besides, the oxime exhibited a powerful inhibitory effect on dihydroxybenzoate
formation (25 pM) (p < 0.05) and also decreased deoxyribose degradation induced by Fe*
and via Fenton reaction (0.44 and 0.66 mM, respectively) (p < 0.05). The oxime showed a
significant inhibitory effect on G-phenantroline reaction with Fe™ (0.4 mM) suggesting a
possible interaction between the oxime and iron. A significant decrease in the basal and pro-
oxidants induced lipid peroxidation in brain, liver, and kidney of mice was observed both in
vitro and ex vivo (p < 0.05). In addition, in our ex vivo experiments the oxime did not depict
significant changes in thiol levels of liver, kidney and brain, as well as did not modify the &-
ALA-D activity in these tissues. Finally, we believe that further studies are necessary to
improve our knowledge regarding the exact antioxidant action mechanism and the utility of

the oxime as an antioxidant drug.

Key Words: butane-2,3-dionethiosemicarbazone oxime, antioxidant, reactive species,

scavenging activity
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INTRODUCTION

Reactive species (RS) are commonly generated in normal cellular oxygen metabolism
playing some biological roles (Halliwell and Gutteridge, 2006). However, an increase in the
RS production over cellular endogenous antioxidant systems capacity of response could result
in a condition characterized as oxidative stress (Gutteridge and Halliwell, 1994). Intracellular
components could be damaged by an excess of RS generation, which could act as reducing
(Halliwell, 2006) or oxidizing (Augusto et al., 2002) agents of biomolecules. In order to
remove RS and other secondary products, the cells display several protection and repair
mechanisms. The cellular defenses are grouped in enzymatic and non-enzymatic antioxidant
systems (Chain et al., 1999).

Some organic intoxication conditions, like the ones caused by pesticides, may induce
changes in intracellular metabolism routes leading to an imbalance between the generation of
oxidant molecules and the intracellular antioxidant systems (Banerjee et al., 1999).
Organophosphates (OPs), which are classical cholinesterase inhibitors used predominately as
pesticides, may induce an oxidative stress status in rats (Gultekin et al., 2000; Gupta et al.,
2001), mice (Silva et al., 2006 e 2008) and human organisms (Banerjee et al., 1999).
Moreover, studies have demonstrated the effects of OPs on lipid peroxidation in rat brain
(Fortunato et al., 2006; Verma, 2001) and human erythrocytes (Gultekin et al., 2000).
However, the exact mechanism by which OPs induce oxidative damages is not fully
understood (Abdollahi et al., 2004).

Oximes are compounds generally used to reverse the AChE inhibition caused by OPs
(Worek et al., 2004). Since studies have proposed a link between organophosphate poisoning
and changes in human cellular antioxidant systems (Banerjee et al., 1999), researches on
compounds acting as cholinesterase reactivators with antioxidant properties may be a good
approach for OP intoxication treatments. Conversely, to the best of our knowledge, there are
few data concerning possible antioxidant properties of oximes (Puntel et al., 2008 in press).

Thus, the aim of this study was to examine, in vitro, the capacity of butane-2,3-
dionethiosemicarbazone oxime (Figure 1) to scavenging different forms of RS (such as
hydrogen peroxide (H,0,), nitric oxide (NO) and 1,1-diphenyl-2-picrylhydrazyl (DPPH®) as
well as counteract hydroxyl radicals (OH®) formation (benzoate hydroxylation and
deoxyribose degradation). The capacity of butane-2,3-dionethiosemicarbazone oxime as a
potential antioxidant agent was assayed using lipid peroxidation (TBARS determination) as
endpoint of in vitro toxicity both under basal (auto-oxidation of the homogenates) and in the

presence of pro-oxidants, including hydrogen peroxide, Fe’*, and malonate (Puntel et al.,
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2005a, b). Ex vivo experiments were carried out analyzing the effects of butane- 2,3-
dionethiosemicarbazone oxime oxime on parameters such as thiol levels, d-aminolevulinate
dehydratase (5-ALA-D), a sulfhydryl enzyme that can be modified in pro-oxidant situations
(Folmer et al., 2003, Perottoni et al., 2005), and basal or pro-oxidants induced lipid
peroxidation as markers of some possible toxic or antioxidant effect.
MATERIAL AND METHODS
Chemicals

The oxidant agents such as malonate, hydrogen peroxide and FeSO4 were obtained
from local suppliers. 6-phenantroline was obtained from Merck (Darmstadt, Germany). The
other reagents used were supplied by Sigma-Aldrich Chemical CO (St. Louis, MO).
Experimental animals

Untreated adult male swiss albino mice were obtained from our own breeding colony.
The animals were maintained in an air-conditioned room (20- 25°C) under a 12 hour
light/dark cycle, and with water and food ad libitum. All the experimental procedures
performed were conducted according to the guidelines of the Committee of Ethics in Research
of the Federal University of Santa Maria, Brazil.
Synthesis of butane- 2,3-dionethiosemicarbazone oxime

The butane-2,3-dione thiosemicarbazone oxime was prepared by mixture of 1 mol
diacetylmonoxime with 1 mol of thiosemicarbazide both dissolved in ethanol, made acid by
addition of 0.5 mL of acetic acid 0.1M. After three hours of stirring and reflux, pale yellow
product was formed, collected by filtration, washed with water and dried in vacuum, yield
70%, mp 225°C. IR: v = 1595cm™ (C=N), 1296cm™(C=S), 1087cm™'(O-N), 3251cm™ (N-H),
3420cm'(O-H). For all experimental procedures the oxime solutions were prepared in
ethanol.
In vitro experiments

Assays without tissues in the test tube

Hydrogen peroxide scavenging assay
Scavenging of hydrogen peroxide (H,O,) was developed by chemiluminescence’s assay
according Singh et al. (1988). Briefly, a range of oxime concentrations were incubated with
10 uM luminol. The reaction was started by addition of H,O; (50 mM). Chemiluminescence’s
values were measured in counts per minutes (cpm). The oxime effect is expressed as % of
control (without oxime).

Nitric oxide (NO) scavenging assay
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Scavenging of NO was assessed by incubating sodium nitroprusside (SNP) (5 mM, in
PBS) with different concentrations of the oxime at 25 °C. After 120 min, 0.5 mL of
incubation solution was sampled and mixed with 0.5 mL of Griess reagent (Green et al.,
1981). The absorbance was measured at 550 nm. The amount of nitrite was calculated using
different concentrations of sodium nitrite. A curve of sodium nitrite, constructed in presence
of oxime in order to verify its interaction with nitrite, depicted no interference of oxime in
color development after Griess reagent addition. The values were compared to control to
determine the percentage of inhibition of nitrite reaction with Griess reagent depicted by
oxime as an index of its NO scavenger activity (Marcocci et al., 1994).

DPPH® radical scavenging activity assay

The measurement of the oxime scavenger activity against the radical DPPH® (1,1-
diphenyl-2-picrylhydrazyl) was performed in accordance with Choi et al. (2002). Briefly, 85
UM DPPH" was added to a medium containing different oxime concentrations. The mediums
were incubated for 30 min at room temperature. The decrease in absorbance measured at 518
nm depicted the scavenger activity of the oxime against DPPH". Ascorbic acid was used as
positive control to determine the maximal decrease in DPPH" absorbance (Choi et al., 2002).
The values are expressed in percentage of inhibition of DPPH’ absorbance in relation to the
control values without oxime (ascorbic acid maximal inhibition was considered 100% of
inhibition).

Benzoate hydroxylation assay

Benzoate hydroxylation was determined by the reaction between OH® and benzoate
producing fluorescent dihydroxybenzoate as described by Gutteridge (1987). OH® were
generated by a reaction medium containing H,O, and Fe®*. Briefly, an iron-bipyridyl complex
was freshly prepared. Benzoate at 2 mM final concentration was added in a medium
containing 0.02 mM of phosphate-buffered saline (0.15 M NaCl/0.1 M sodium phosphate
buffer, pH 7.4); 0.16 mM bipyridyl; 0.04 mM FeCl; and a range of oxime concentrations. The
reaction was started by the addition of 0.1 mL of 5 mM H,O,. The tubes were incubated for 1
hour at 37°C. After the incubation period, 0.2 mL of TBA 0.6%, followed by 0.2 mL of TCA
2.8%, were added. The tubes were incubated for 10 min at 100 °C in water bath. The tube
contents were extracted with n-butanol and after a brief centrifugation (1,800 x g for 10 min)
the upper layer was measured spectrofluorimetrically (Excitation at 305 nm and Emission at
408 nm, and both slit widths used were at 5 nm). The values are expressed in percent of

inhibition of dihydroxybenzoate products formation.



45

Deoxyribose degradation assay

The deoxyribose degradation assay was performed according to Puntel et al. (2005a).
Briefly, the reaction medium was prepared containing the following reagents at the final
concentrations indicated: oxime (concentrations indicated in the figures), deoxyribose 3 mM,
potassium phosphate buffer 0.05 mM, pH 7.4, FeSO4 50 uM and H,O, 500 uM. Solutions of
FeSO, and H,O, were made prior to use. Reaction mixtures were incubated at 37°C for 30
min and stopped by the addition of 0.8 mL of trichloroacetic acid (TCA) 2.8% followed by
the addition of 0.4 mL of thiobarbituric acid (TBA) 0.6 %. Next, the medium was incubated at
100°C for 20 min and the absorbance was recorded at 532 nm (Halliwell and Gutteridge,
1981; Gutteridge, 1981). Standard curves of malondialdehyde (MDA) were made in each
experiment. The values are expressed as percentage of control values.

Iron chelating properties

In order to examine iron chelating properties butane-2,3-dione thiosemicarbazone
oxime we used the G-phenantroline method (Bucber et al., 1983; Minotti and Aust, 1987)
according to Puntel et al. (2005a). The method is based on the reaction of free Fe** with o-
phenantroline forming a colored complex. First, the mixture containing Fe** (150 uM) and
oxime solutions or its vehicle (ethanol) was allowed to interact for 5 min. Afterwards, a
solution of o-phenantroline was added to the mixture (62.5 ug/mL equivalent to 0.25%). The
formation of complexes between Fe’* and oxime was estimated by a decrease in the color
reaction at 510 nm when compared to a control tube containing Fe®* and G-phenantroline
alone. The values are expressed in percentage of inhibition in relation to control (Fe** and o-
phenantroline alone without oxime). The solutions were prepared freshly for each experiment.

Assays with tissues homogenates in the test tube

Tissue preparation

The mice were euthanized by cervical dislocation and the liver, kidney and brain were
quickly removed, placed on ice, and homogenized within 10 min in 10 volumes of cold saline
150 mM. The homogenates were centrifuged at 4,000 x g at 4°C for 10 min to yield a low
speed supernatant fraction (S1) for each tissue that was used for lipid peroxidation and &-
ALA-D activity assays.

Lipid peroxidation assay

Lipid peroxidation was determined by measuring thiobarbituric acid reactive
substances (TBARS) as described by Ohkawa et al. (1979) in S1 of liver, kidney or brain.
Aliquots of S1 (200 uL) were mixed to incubating medium containing Tris-HCI (0.01 mM)
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pH 7.4, oxime at indicated concentrations (see figure legends), and pro-oxidant agents when
specified, and then incubated at 37°C for 60 min. The pro-oxidants malonate (mal), iron
(Fe®), hydrogen peroxide (H,0,) and sodium nitroprusside (SNP) were added as positive
control for lipid peroxidation. The basal or pro-oxidants induced TBARS production was
stopped by adding 0.5 mL of acetic acid buffer (pH 3.5), and lipid peroxidation products
were measured by the addition of 0.5 mL of TBA 0.6%. Tubes were then incubated in boiling
water for 60 min and their contents were extracted with n-butanol before spectrophotometric
analysis. TBARS levels were measured at 532 nm using a standard curve of MDA.
Ex vivo experiments

Animals Treatment

Adult male swiss albino mice received a single subcutaneous injection of the oxime
dissolved in ethanol in different doses (0.5, 1, 5, 10, 50, 100, 150 or 200 mg/kg). Control
animals received ethanol at 5 mL/kg. To determine the potential lethality of butane-2,3-dione
thiosemicarbazone oxime, animals were observed for up to 72 h after compound
administration. LDsy was calculated using “GraphPad Software” (GraphPad software, San
Diego, CA). After this period, animals were euthanized by cervical dislocation. The liver,
kidney and brain were quickly removed, placed on ice, and homogenized within 10 minutes,
in 10 volumes of cold saline 150 mM. The homogenates were centrifuged at 4,000 x g at 4°C
for 10 min to yield a low speed supernatant fraction (S1) for each tissue that was used for ex
vivo analysis of reduced and oxidized glutathione levels, and also for TBARS and 3-ALA-D
activity measurement.

Fluorimetric assay of reduced (GSH) and oxidized (GSSG) glutathione

For measurement of GSH and GSSG levels, we used a method previously described
by Hissin and Hilf (1976). Briefly, 250 mg of liver, kidney or brain were homogenized in 3.75
mL phosphate-EDTA buffer (pH 8) plus 1 mL HPO; (25%). Homogenates were centrifuged
at 4°C at 100,000 g for 30 min and the supernatants were separated in two different aliquots
of 500uL each for measurement of GSH and GSSG.

For GSH measurement, 500 UL of the supernatant was diluted in 4.5 mL of phosphate-
EDTA buffer (pH 8) (sodium phosphate 100 mM and EDTA 5 mM). The final assay mixture
(2.0 mL) contained 100 pUL of the diluted tissue supernatant, 1.8 UL of phosphate-EDTA
buffer and 100 UL of o-phthalaldehyde (OPA) (1 pg/puL). The mixtures were incubated at
room temperature for 15 min and their fluorescent signals were recorded in the luminescence

spectrometer at 420 nm of emission and 350 nm of excitation wavelengths.
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For measurement of GSSG levels, a 500 uL of the supernatant was incubated at room
temperature with 200 pUL of n-ethylmaleimide (NEM) (0.04 M) for 30 min in order to prevent
the GSH oxidation. To this mixture, 4.3 uL of NaOH (0.1 N) was added. A 100 UL portion of
this mixture (NEM-supernatant-NaOH) was taken for measurement of GSSG, using the
procedure outlined above for GSH assay, except that NaOH was employed as diluent rather
than phosphate-EDTA buffer.

The results were expressed as GSH/GSSG ratio.

O-ALA-D activity assay

The enzyme activity was assayed according to Sassa method (1982) using S1 of liver,
kidney or brain and the assays were conduced as described in the section in vitro experiments
except that oxime was not added to the reaction medium. Moreover, a set of tubes was
assayed simultaneously using a similar incubation medium, except that 2 mM DTT was also
added to observe the possible reactivation of the 8-ALA-D activity. The enzyme activity was
expressed according to its reactivation index calculated as follows:

(0-ALA-D activity with DTT - 8-ALA-D activity without DTT) x 100%

3-ALA-D activity with DTT

Lipid peroxidation assay

Lipid peroxidation was determined by measuring thiobarbituric acid reactive
substances (TBARS) as described by Ohkawa et al. (1979) in S1 of liver, kidney or brain. The
pro-oxidants iron (Fe**) and sodium nitroprusside (SNP) were added as positive control for
lipid peroxidation. The assays were conduced as described in the section in vitro experiments

except that oxime was not added to the reaction medium.

Protein determination

The protein content was determined according to Lowry et al. (1951) using bovine
serum albumin (BSA) as standard.
Statistical analysis

Data were analyzed by one-way ANOVA, followed by Tukey multiple range test
when appropriate. Differences between groups were considered significant when p < 0.05.
RESULTS
In vitro results

A significant H,O, scavenging activity of oxime was reached at 0.275 uM (figure 2).

Likewise the oxime presented a significant NO scavenging activity at 0.5 uM (p<0.05)
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(Figure 3), and a significant DPPH® scavenging activity at 5 uM (p<0.05) (Figure 4). A strong
inhibition in dihydroxybenzoate formation was reached at 25 UM of the oxime (Figure 5)
(p<0.05). The induced Fenton reaction (Fe+2 + H,O,) and Fe*? or H,0, oxidant species, when
studied in separate, were able to stimulate deoxyribose degradation (Figure 6). In addition, the
oxime decreased deoxyribose degradation induced by Fet? (0.44 mM) and Fe*” + H,0, (0.66
mM) (Figure 6) (p<0.05).

Besides, lipid peroxidation in S1 of brain, liver, and kidney induced by malonate,
SNP, Fe*?, and H,O, were prevented by oxime at micromolar concentrations (Table 1)
(p<0.05).0n other hand, a significant decrease in 6-phenantroline reaction with Fe** starting
at 0.4 mM of oxime was observed (p<0.05) (Table 2). In this context the highest
concentration of oxime was able to maintain the depicted profile at significant levels until 72
hours of reaction (p<0.05) (Table 2).

Ex vivo results

The oxime treatment did not depict significant changes in liver, kidney and brain
glutathione levels (data not show). Moreover 3-ALA-D activity was not modified under these
conditions (data not show). On other hand, basal TBARS production was significant
decreased by oxime treatment in liver (0.5 to 10 mg/kg) and kidney (0.5 to 10 mg/kg)
(p<0.05) (Table 3). Besides, SNP induced lipid peroxidation at significant levels, and the
oxime effectively prevented the increase in liver (5 and 10 mg/kg) and kidney (1 to 10 mg/kg)
(p<0.05), but not in brain (Table 3).

The LDs, calculated was 121 mg/kg of butane-2,3-dione thiosemicarbazone oxime
(Figure 7). Furthermore, all groups tested with oxime did not present any loss of body weight
(data not shown).

DISCUSSION

In order to elucidate the ability of the 2,3-dione thiosemicarbazone oxime to act
toward different RS we tested some radical scavenging assay methods. Our results indicate an
important H>O, and NO scavenging activities of 2,3-dione thiosemicarbazone oxime at
nanomolar concentrations. Besides, we observed that the oxime can effectively act as
scavenger of OH® at low micro molar concentrations, an activity four folds higher than
ascorbic acid used as a positive control, in DPPH® assay. Together, these results indicate a
strong oxime ability to act against different forms of RS in assays where the direct interaction

between oxime and RS was analyzed.
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An important mechanism to accelerate the intracellular components dysfunction is
caused by Fe’* + H,0, reaction that can lead to OH® formation (Halliwell and Gutteridge,
1984). A classic model to evaluate the interaction between different agents and in vitro OH®
formed via Fe® + H,0, reaction is the deoxyribose degradation assay (Halliwell and
Gutteridge, 1981; Gutteridge, 1981). Our results indicate that the oxime effectively decreased
deoxyribose degradation induced by Fe?* and Fe’* + H,0O, at micro molar concentrations,
suggesting an important effect against Fe’* and OH® formed via Fe** + H,0, reaction.

Besides, another in vitro mechanism to evaluate the OH® formation is through
benzoate hydroxylation assay where OH® are formed via Fe** + H,0, reaction (Gutteridge,
1987). In such conditions OH® are formed at low levels in comparison to the Fe** + H,0,
reaction since the Fe®* react with bipyridyl and form a pyrrolic complex limiting Fe’* + H,0,
reaction (Gutteridge, 1987). Our data indicate that the oxime practically abolished the
dihydroxybenzoate formation at low micro molar concentrations. The lower oxime
concentration used to limit the benzoate hydroxylation in comparison to the concentrations
used to decrease the deoxyribose degradation could be due to the lower levels of OH®
formation.

According to our results we propose that besides of the oxime ability to directly
neutralize the formed OH® (DPPH® assay) it can also counteract the OH® formation via Fe™* +
H,0, reaction and also Fe’* + H,0, reaction. Besides, our in vitro experiments searching for
possible oxime-iron interaction reveal a significant capacity of butane-2,3-dione
thiosemicarbazone oxime to interact with Fez+, since the oxime was able to decrease the o-
phenantroline reaction with Fe®. It is well established that molecules containing sulfur
ligands stabilize Fe®* acting as chelators, and therefore decrease the availability of iron to
react with other molecules (Miller et al., 1990). This data could be used as a explanation to
the results obtained when oxime was incubated with Fe’* since the butane-2,3-dione
thiosemicarbazone oxime present a sulfur atom in its structure (Figure 1).

Actually is well recognized that iron is essential in numerous biochemical processes,
including oxygen transport, cellular respiration and metabolism, drug metabolism, and DNA
synthesis (Welch et al., 2002). However, iron is also recognized to be integrally involved in
many biochemical oxidation reactions (Welch et al., 2002), which are on the basis of
pathological disorders like neurodegeneration (Molina-Holgado, 2007) and atherosclerosis
(Ong and Halliwell, 2004). Besides, compounds that interact with iron and thus block its
oxidative reactions with biological components could be used as potential antioxidant agents

(Miller et al., 1990; Ryan et al., 1993; Welch et al., 2002). Thus, we believe that the butane-



50

2,3-dione thiosemicarbazone oxime could be used as a further antioxidant agent in stressing
conditions involving the oxidative damage induced by iron.

When test in a in vifro medium containing homogenate of tissues (brain, liver or
kidney) the butane-2,3-dione thiosemicarbazone oxime affect the basal and pro-oxidant
(malonate, Fez+, H,0;, or SNP) induced lipid peroxidation at micromolar concentrations.
Taken together our results point to a significant antioxidant capacity of the oxime against the
basal and the pro-oxidants induced TBARS formation.

On other hand, ex vivo results demonstrated that oxime was also able to decrease the
basal and SNP-induced TBARS formation in liver and kidney. A possible explanation for
these results could be the NO radical scavenger activity depicted by the oxime, since SNP is
well recognized as a classical NO donor in presence of reducing agents (Bates et al., 1991).
The NO released from SNP molecules decomposition could react with intracellular
superoxide anions (O;) and to form peroxynitrite (ONOQO") which is a damaging oxidant
involved in tissues damage (Villa et al., 1994). However, the decomposition of SNP
molecules also release pentacyanoferrate complex (Rao et al., 1991; Roncaroli et al., 2005;
Bates et al., 1991) which could lead to oxidative reactions involved in RS generation (Welch
et al., 2002). Although our in vitro results suggest a capacity of oxime to interact with iron we
did not observed effects on ex vivo lipid peroxidation induced by Fe** in the tested tissues.
Taken together, these results indicate that NO as the main responsible for the oxidative
damage induced by SNP, since the oxime did not decrease the lipid peroxidation induced by
Fe®. A possible explanation for the absence of effect on ex vivo lipid peroxidation induced by
Fe’* could be a metabolic process that involves the oxime, and thus alter the oxime-
Fe*interaction capacity. On other hand, the absence of oxime effects in brain tissue may be
due to its low capacity to cross the brain-blood barrier (BBB). Previews studies have reported
that the mean BBB penetration of pralidoxime (2-PAM), a common clinically used oxime, is
approximately 10% (Sakurada et al., 2003).

Furthermore, according the toxicological parameters analyzed in ex vivo experiments
we observed that the oxime depicted no one significant change in glutathione levels (data not
shown). In the same way were not observed significant changes in ex vivo 3-ALA-D activity
in all tissues tested (data not shown). According to our results we suggest that the treatment
with butane-2,3-dione thiosemicarbazone oxime depicted low toxicity signals. Thus, we
believe that this oxime could be used as a safe drug for further studies. Finally, LDs, value
was similar to observed with other oximes like pralidoxime and obidoxime (Arena, 1979).

CONCLUSION
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In conclusion, the present study demonstrated an in vitro antioxidant activity of
butane-2,3-dione thiosemicarbazone oxime in scavenging different forms of RS like hydroxyl
radicals, nitric oxide radicals, and hydrogen peroxide as well as counteract its formation
(benzoate hydroxylation and deoxyribose degradation). Our in vitro experiments performed in
presence of homogenates tissues revealed that the oxime was able to effectively counteract the
lipid peroxidation induced by different oxidant agents. Furthermore, ex vivo results point to
the maintenance of antioxidant capacity of oxime in liver and kidney since that occurred a
decrease in the basal and SNP- induced TBARS production. Taken together these results
indicate an in vitro and ex vivo antioxidant activity of the oxime possibly due to its scavenger
activity toward different RS and also related with its metal chelating properties. Finally, we
believe that further studies are necessary to improve the knowledge regarding its exact
antioxidant action mechanism.
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Figure 1: Chemical structure of butane-2,3-dione thiosemicarbazone oxime.
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Figure 2: Effect of oxime on hydrogen peroxide (H,0;) scavenging assay: The values are
expressed in percent of inhibition of luminol oxidation by H,O; in relation to control without
oxime. The mean control value is 3.510.971 + 592.490 cpm. Data are expressed as mean *
SEM (n=6). (*) indicate p<0.05 from respective control without oxime by Tukey multiple

range test’s.
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Figure 3: Effects of oxime on nitric oxide (NO) scavenging assay. The values are expressed
in percentage of inhibition in relation to control without oxime. The mean control value is
18.4£1.6 UM of nitrite. Data are presented as mean £ SEM (n=3). (*) indicate p<0.05 from

respective control without oxime by Tukey multiple range test’s.
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Figure 4: DPPH® radical scavenging activity of oxime. The values are expressed in

percentage of inhibition in relation to control without oxime or ascorbic acid. The mean

control value is 0.658+0.02 absorbance (518 nm). Data are presented as mean + SEM (n=3).

(*) indicate p<0.05 from respective control without oxime by Tukey multiple range test’s.
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Figure 5: Effects of oxime on benzoate hydroxylation. The values are expressed in percent
of inhibition of dihydroxybenzoates products formation. The mean basal control value is
183.34 + 3.64 flourescence units. Data are presented as mean £ SEM (n=3). (*) indicate

p<0.05 from respective control without oxime by Tukey multiple range test’s.
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Figure 6: Effects of oxime on deoxyribose degradation. The (-A-) indicates basal
conditions, (-0-) hydrogen peroxide at 500 UM, (-o-) Fe** at 5 uM, and (-0-) Fe** 5 uM plus
hydrogen peroxide 500 UM conditions. The values are expressed as percentage of control
values. The mean control value is 0.548+0.003 pM MDA/g of deoxyribose. Data are
presented as mean = SEM (n=3). () indicate p<0.05 from respective control without oxime by

Tukey multiple range test’s.
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Figure 7: Effects of oxime administration on mice survival. Potential lethality of
subcutaneous administration of butane-2,3-dionethiosemicarbazone oxime in mice. The data

are expressed in percentage of survival (n=6).



TABLE 1: In vitro TBARS production:

LIVER KIDNEY BRAIN

Control

50 uM

200 uM

400 pM

600 uM

BAS Mal Fe?* H,0, SNP BAS Mal Fe**  H,0, SNP BAS Mal Fe** H,0,

3.4+0.7 5.3+0.3 5.2+0.1 6.1+0.6 6.0+0.3 3.7+0.1 6.1+0.9 5.7+0.1 6.6+1.0 8.2+0.2 10.2+0.9 18.7£1.0 28.7+0.6 22.2+0.9
2.7+0.3 4.5+0.9 5.1+0.1 4.9+0.9 6.2+0.2 3.0+£0.5 6.9+£1.2 5.6+0.1 5.9+0.9 7.8+0.2 12.0£1.1 18.5£1.0 30.3+0.5 25.1+1.0
1.7+£0.4 2.740.6 2.3+0.4 3.2+0.9 4.1£0.9 2.6+0.7 4.0+0.8 4.2+0.1 44+1.1 7.5+0.6 6.8+0.5 14.8+0.5 24.0+£0.4 19.7+0.6

1.5+0.2 2.8+0.6 1.7+0.2 3.4+0.9 3.7£0.4 1.7+0.1 3.5+0.6  2.8+0.1 3.6+£1.0  4.1+09 2.5+0.5 3.8+0.5 8.9+0.4 8.2+0.5

1.440.1 2.0+0.3 1.440.1 3.1+0.1 3.8+0.8 1.6+0.1 3.4+0.6 1.7+0.1 2.840.2 3.2+0.6 2.4+0.6 2.4+0.6 3.840.5 3.9+0.4

SNP

18.4£1.5

17.7£2.6

15.8+2.4

7.4+0.1

5.0+0.1

Table 1: Effects of butane-2,3-dionethiosemicarbazone oxime on basal (bas) or pro-oxidants induced TBARS production in low-speed
supernatant (S1) from brain, liver and kidney. The pro-oxidants were malonate (mal) at 4mM, iron (Fe®*) at SuM, hydrogen peroxide (H,0,)
at 500uM, or sodium nitroprusside (SNP) at 5 uM. TBARS levels are expressed as nmol of MDA/mg of protein. Data are presented as mean *

SEM (n=3). (*) indicate p<0.05 from respective control without oxime by Tukey multiple range test’s.



TABLE 2: Iron chelating properties of oxime:

64

0 hours 1 hour 2 hours 12 hours 24 hours 48 hours 72 hours
Control 0.0+0.0 1.5£0.5 1.0£0.15 0.7+0.2 1.5+0.5 5025 25+0.5
50 LLM 85+7.5 7.5+£7.0 85+£6.0 85+£75 5.0%6.5 1.5£6.0 1.2+£0.2
200 HM 20+ 10.5 18.0+ 8.0 17575 11.0£8.5 5.1+10.8 1.5£6.0 1.2+£0.0
400 HM 45.0ai 7.0 43.0ai 5.5 42.5ai 4.0 33.0ai 6.0 13.5+£9.5 24.0+£5.0 6.0£1.0
600 HM 60.0% 11.0 68.0ai 3.0 67.5ai 2.5 63.7ai 3.7 62.5ai 4.5 57.5ai 2.5 54.0ai 1.5

Table 2: Effects of butane-2,3-dionethiosemicarbazone oxime on iron chelating assay. The values are expressed in percent of inhibition in

relation to control without oxime. The mean control value is 1.171 + 0.065 units of absorbance (510 nm). Data are presented as mean = SEM

(n=3). (*) indicate p<0.05 from respective control without oxime by Tukey multiple range test’s.
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TABLE 3: Ex vivo TBARS production:

LIVER KIDNEY BRAIN

Basal Fe?* SNP Basal Fe?* SNP Basal Fe** SNP
Control 2.7+0.1 9.9+0.98 9.0+ 0.1 2.5+0.1 6.8x1.4 6.5+£0.2 11.620.1 17.2+£0.4 16.7£1.0
0.5 mg/kg 1.6f0.1 8.7t 1.4 8.7£0.2 1.7%0.2 5.4+0.9 5.5+0.2 12.4+0.1 16.5+1.9 15.9+3.8
1 mg/kg 1.4?0.1 8.5+1.4 8.6+£0.2 1.9%0.2 5.1£0.9 5.2%0.1 13.5+0.1 16.9+1.6 17.3£2.5
5 mg/kg 1.5?0.2 7.7x1.4 7.54_; 0.3 1.8%0.1 5.1x0.5 5.2%0.3 12.6+1.9 16.8+0.6 16.6+4.2
10 mg/kg 1.6f0.3 7.2+2.1 7.2-0_; 1.4 1.3?0.2 5.2+1.0 4.4?0.8 11.9+0.2 16.7+1.2 16.3+0.9

Table 3: Effect of the treatment with butane-2,3-dionethiosemicarbazone oxime on low-speed supernatant (S1) from liver, kidney and
brain TBARS production. Sodium nitroprusside (SNP) at 5 uM and iron (Fe’*) at 5 uM were used as pro-oxidants to induce TBARS
production. TBARS are expressed as nmol of MDA per mg of protein. Data are presented as mean + SEM (n=3). (*) indicate p<0.05 from

respective control without oxime by Tukey multiple range test’s.



4. DISCUSSAO

Os resultados apresentados no Manuscrito 1 sugerem que a atividade antioxidante da
oxima 3-(fenil hidrazona) butano-2-ona (Figura 1, Manuscrito 1) estd possivelmente
relacionada a metabolizacdo das suas moléculas em presenca de constituintes celulares. Esta
conclusdo € baseada nos resultados in vitro, os quais mostram que a oxima determinou uma
diminuicdo significativa nos niveis de TBARS basais ou induzidos por diferentes agentes
pro-oxidantes em preparacdes de cérebro de camundongos (Figura 6A, Manuscrito 1). E
importante salientar que estes resultados foram obtidos com concentragdes nanomolares da
oxima, as quais ndo foram capazes de diminuir os niveis de TBARS basais ou induzidos por
agentes pro-oxidantes em preparagdes contendo apenas lipidios (Figura 6B, Manuscrito 1) ou
desoxirribose (Figura 2, Manuscrito 1). Além disso, a hipétese da metabolizacdo das
moléculas da oxima na génese de suas propriedades antioxidantes é corroborada pelo seu
efeito em diminuir os niveis basais de TBARS das preparagdes de cérebro de camundongos, e
ndo apenas em limitar os efeitos oxidantes dos diferentes indutores de dano oxidativo
empregados (Figura 6A, Manuscrito 1).

Outra importante conclusdo no estudo da origem das propriedades antioxidantes da
oxima 3-(fenil hidrazona) butano-2-ona € o fato de que esta ndo interferiu na reagéo Fe®* +
H,0, induzida experimentalmente. Esta conclusio é baseada na auséncia de efeitos da oxima
na degradacdo da desoxirribose (Figura 2, Manuscrito 1), na indu¢do de TBARS em lipidios
(Figura 6B, Manuscrito 1), e na reacio de hidroxilagdo do benzoato (Figura 2, Manuscrito 1).
Os nossos resultados sugerem que a auséncia de efeitos da oxima na reagio Fe** + H,0,
possivelmente estd relacionada 2 sua incapacidade de interacdo fons Fe**. Esta hipétese é
corroborada pelo fato de que a oxima ndo interferiu de maneira significativa na reag¢do da G-
fenantrolina com fons Fe** (dado ndo apresentado). Desta forma, sugerimos que a atividade
antioxidante da oxima ndo esta correlacionada com a sua capacidade de interagir com de fons
Fe™*.

Além disso, os resultados obtidos sugerem que a capacidade da oxima 3-(fenil
hidrazona) butano-2-ona em neutralizar o radical DPPH® e a formagio do radical NO nio
estd diretamente relacionada a origem de suas propriedades antioxidantes. Esta conclusio

baseia-se no fato de que concentracdes micromolares da oxima foram necessdrias para
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neutralizar de maneira significativa os radicais DPPH® (Figura 4, Manuscritol), enquanto os
efeitos observados na redugdo dos niveis de TBARS em preparacdes de cérebro de
camundongos foram observados em concentracdes nano molares (Figura 6A, Manuscrito 1).
O radical DPPH® ¢ uma molécula estdvel frequentemente utilizada para investigar a
capacidade de um composto neutralizar os radicais OH® (Choi e cols., 2002). Desta forma, a
analise da capacidade da oxima em neutralizar o radical DPPH® esta diretamente relacionada
a sua capacidade de neutralizar os radicais OH®. Por sua vez, a capacidade de neutralizar a
formacdo de radicais NO foi observada em concentragdes nano molares da oxima (Figura 5,
Manuscrito 1), porém ligeiramente maiores do que as efetivas na reducdo dos niveis de
TBARS (Figura 6A, Manuscrito 1). A partir da andlise destes resultados podemos inferir que
a alta atividade antioxidante ndo pode ser diretamente atribuida a sua habilidade de
neutralizar ERs como os radicais OH®* e NO, corroborando a hipétese de formagio de
metabdlitos ativos com alta capacidade antioxidante.

O estudo dos efeitos toxicos da oxima 3-(fenil hidrazona) butano-2-ona, a partir dos
experimentos realizados in vivo e ex vivo, sugerem que a oxima apresentou uma toxicidade
pequena em camundongos. Esta conclusdo baseia-se no fato de que a dose letal da oxima para
cingiienta por cento da amostra (LDsyp) foi maior que 500 mg/kg quando administrada
subcutaneamente em camundongos (dado nio apresentado). Os resultados das andlises ex
vivo, por sua vez, mostram que o tratamento com a oxima ndo determinou alteracdes
significativas nos niveis de tiéis nao protéicos (NPSH) (Figura 8, Manuscrito 1) e na atividade
da enzima 8-ALA-D (Figura 10, Manuscrito 1) em preparagdes de cérebro de camundongos.
Além disso, a atividade in vitro da enzima 3-ALA-D ndo foi significativamente alterada pela
acdo da oxima (Figura 7, Manuscrito 1). Desta forma, os resultados obtidos indicam que a
oxima apresentou uma baixa toxicidade uma vez que a determinacio dos niveis de NPSH e da
atividade da enzima 8-ALA-D, utilizados como pardmetro de dano oxidativo, ndo foram
significativamente alterados pela acdo da oxima tanto nas andlises realizadas in vitro
(atividade da enzima 3-ALA-D apenas) quanto nas realizadas ex vivo apds o tratamento dos
camundongos com a oxima.

Por fim, sugerimos que a meia-vida plasmatica curta da oxima 3-(fenil hidrazona)
butano-2-ona pode ser considerada uma explicacido para a auséncia de efeitos da oxima nos
niveis de TBARS basais ou induzidos por agentes pro-oxidantes nas andlises ex vivo em
preparagdes de cérebro de camundongos (Figura 9, Manuscrito 1). E importante salientar que

as andlises ex vivo foram realizadas 72 horas ap6s a administracdo subcutanea da oxima, e que
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a meia-vida plasmatica relativamente curta de algumas oximas como a pralidoxima (75 min)
jé estdo bem relatadas na literatura (Howland e Aaron, 1999).

Os resultados apresentados no manuscrito 2 indicam uma importante atividade
antioxidante da oxima butano-2,3-dionatiosemicarbazona (Figura 1, Manuscrito 2) ao
diminuir significativamente os niveis de TBARS basais e induzidos por agentes pro-oxidantes
em diferentes tecidos de camundongos em concentragdes micromolares da oxima (Tabela 1,
Manuscrito 2). Um dos possiveis mecanismos envolvidos na génese das propriedades
antioxidantes da oxima refere-se a sua capacidade de neutralizar diferentes formas de ERs
como o H,O,, e o radical DPPH®, além de neutralizar a formacdo do radical NO. Esta
conclusio estd baseada nos resultados obtidos onde € possivel observar que a espécie reativa
H,0, (Figura 2, Manuscrito 2), e a formacdo do radical NO (Figura 3, Manuscrito 2) foram
neutralizadas em concentragdes nano molares da oxima. Por sua vez, a capacidade de
neutralizar os radicais DPPH® foi observada em concentragdes micromolares da oxima
(Figura 4, Manuscrito 2), sugerindo que a oxima pode também atuar neutralizando os radicais
OH".

Outra importante conclusdo obtida neste estudo refere-se ao fato de que a oxima
butano-2,3-dionatiosemicarbazona, além da capacidade de neutralizar diretamente os radicais
OH®, interfere significativamente na formacdo destes radicais. Esta conclusdo estd baseada na
sua capacidade de limitar a reacdo entre Fe* + H,0,, e também a reagio Fe’ + H,0.,, as
quais sdo responsdveis pela gera¢do de radicais OH®. Os resultados mostram que a oxima
limitou a formagdo de radicais OH®, uma vez que diminuiu significativamente a hidroxila¢io
do benzoato, a partir da reacdo Fe* + H,0,, em concentragdes micro molares (Figura 5,
Manuscrito 2). Além disso, a hipétese da oxima limitar a formagio de radicais OH® foi
corroborada pela sua capacidade de diminuir a degrada¢do da desoxirribose induzida pela
reacao Fe’* + H,0, em concentragdes micro molares (Figura 6, Manuscrito 2). E importante
ressaltar que concentragdes relativamente menores de oxima foram necessdrias para limitar a
hidroxilacdo do benzoato de maneira significativa, em comparacdo com as concentragdes
necessdrias para limitar a degradacdo da desoxirribose. Uma possivel explicacdo para este
resultado € o fato de que na reacdo entre Fe* + H,0,, induzida experimentalmente pela
reacdo entre o complexo cloreto de ferro (FeCls)/bipiridil e as moléculas de H,O, no ensaio
experimental da hidroxilagdo do benzoato, ocorre uma menor formacdo de radicais OH®
(Gutteridge, 1987).

O mecanismo pelo qual a oxima butano-2,3-dionatiosemicarbazona interfere na

formacdo dos radicais OH® estd possivelmente relacionada a sua capacidade de neutralizar a
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espécie reativa H,O, (Figura 2, Manuscrito 2). Além disso, sugerimos que uma interacio
significativa entre fons Fe** e a oxima possa estar relacionada a sua capacidade de interferir
na formacdo de radicais OH®. Esta hipétese é corroborada pela andlise dos efeitos da oxima
na reacdo entre a G-fenantrolina e fons Fe'* (Tabela 2, Manuscrito 2). Estes resultados
sugerem que uma significativa interacdo ocorre entre fons Fe*? e as moléculas da oxima
diminuindo assim a rea¢@o dos fons Fe* com a 6-fenantrolina. A possivel interag¢do entre {fons
Fe*? e as moléculas da oxima pode ser justificada pela presenca de um 4dtomo de enxofre em
sua estrutura (Figura 1, Manuscrito 2). Compostos quimicos contendo dtomos de enxofre em
sua estrutura podem estabelecer uma ligacio com fons Fe®* e atuarem com quelantes
diminuindo a disponibilidade destes fons para reagir com outras biomoléculas (Miller e cols.,
1990). A capacidade da oxima em atuar como um possivel quelante de fons Fe** é um
resultado bastante importante de nosso estudo, uma vez que compostos capazes de bloquear
as reacOes oxidativas de componentes bioldgicos induzidas pelo ferro, como metal de
transicdo, podem ser empregados como potenciais agentes antioxidantes (Miller e cols., 1990;
Ryan e cols., 1993; Welch e cols., 2002).

O estudo dos efeitos toxicos da oxima butano-2,3-dionatiosemicarbazona, a partir de
experimentos realizados in vivo e ex vivo, sugerem que a oxima apresentou uma toxicidade
pequena em camundongos. Esta conclus@o baseia-se no fato de que o tratamento com a oxima
ndo determinou alteracdes significativas nos niveis de tidis ndo protéicos (GSH e GSSG)
(dado ndo apresentado) e na atividade da enzima &-ALA-D (dado ndo apresentado) em
preparagdes dos diferentes tecidos de camundongos. Desta forma, os resultados obtidos
indicam que a oxima apresentou uma baixa toxicidade uma vez que os niveis de GSH/GSSG e
a atividade da enzima 3-ALA-D, utilizados como pardmetros do dano oxidativo induzido pelo
tratamento dos camundongos com a oxima, ndo foram significativamente alterados nas
andlises realizadas ex vivo. Além disso, a dose letal da oxima para cinqiienta por cento da
amostra (LDsp) foi de 121 mg/kg (Figura 7, Manuscrito 2), um valor similar ao encontrado
para outras oximas comumente utilizadas na clinica (Arena, 1979).

Os resultados obtidos nas andlises realizadas ex vivo denotam a manutengdo da
atividade antioxidante da oxima butano-2,3-dionatiosemicarbazona em diminuir os niveis de
TBARS basais e os induzidos por NPS em preparacdes de figado e rim de camundongos
(Tabela 3, Manuscrito 2). O emprego do NPS como agente pro-oxidante nas andlises ex vivo
foi baseada no fato de que este, ao reagir com agentes redutores, é degradado e libera radicais

NO (Bates e cols., 1991). Os radicais NO podem entdo reagir com molécula de O, formando
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peroxinitritos (ONOQ"), os quais sdo moléculas altamente oxidantes e estdo envolvidas no
aumento do dano oxidativo tecidual (Villa e cols., 1994). E importante salientar que, além dos
radicais NO, a degradagcdo das moléculas de NPS também pode acarretar a liberagdo de
complexos de pentacianoferratos, os quais também podem estar envolvidos na origem do
dano oxidativo tecidual induzido por NPS (Rao e cols., 1991; Roncaroli e cols., 2005; Bates e
cols., 1991). Apesar de a oxima apresentar uma significativa capacidade de interacdo com
Fez+, como demonstrado nas andlises in vitro, esta nao foi capaz de reduzir significativamente
os niveis de TBARS induzidos por Fe’* nas andlises ex vivo. A auséncia de efeitos da oxima
em reduzir os niveis de TBARS induzidos por Fe?* pode ser explicada por uma possivel
mudanca na capacidade de interacdo entre as moléculas da oxima e fons Fe* determinadas
pela metabolizacdo da oxima. Desta forma, com base no conjunto de resultados obtidos,
acreditamos que o principal mecanismo envolvido na atividade antioxidante da oxima em
reduzir significativamente os niveis de TBARS induzidos por NPS ¢é a sua capacidade de
neutralizar de maneira significativa a formacgao dos radicais NO (Figura 3, Manuscrito 2).

Por fim, a incapacidade da oxima butano-2,3-dionatiosemicarbazona em reduzir os
niveis de TBARS, basais ou induzidos por NPS ou Fe®*, em preparacdes de cérebro de
camundongos pode ser atribuida a sua reduzida capacidade de ultrapassar a barreira cérebro-
sangue. A reduzida capacidade de ultrapassar esta barreira é uma caracteristica comum entre
as oximas, e estudos conduzidos com o objetivo de mensurar esta caracteristica revelam que a
pralidoxima, uma oxima frequentemente utilizada na clinica, apresenta uma capacidade de
ultrapassar a barreira cérebro-sangue de apenas aproximadamente 10% de suas moléculas

(Sakurada e cols., 2003)



5. CONCLUSOES

De acordo com os resultados apresentados nesta dissertacdo podemos concluir que:

e A atividade antioxidante da oxima 3-(fenil hidrazona) butano-2-ona estd possivelmente
relacionada a formacgéo de metabdlitos ativos.

e A atividade antioxidante da oxima 3-(fenil hidrazona) butano-2-ona nio esta
relacionada a sua capacidade de interferir na reacdo Fe’ + H,0,, e a auséncia de efeitos
nesta reag@o possivelmente estd relacionada a sua incapacidade de interag@o fons Fe™.

e A atividade antioxidante da oxima 3-(fenil hidrazona) butano-2-ona ndo pode ser
diretamente atribuida a sua habilidade de neutralizar ERs como os radicais OH® e NO,
corroborando a hipdtese da formagdo de metabdlitos ativos.

® A anilise dos efeitos toxicos da oxima 3-(fenil hidrazona) butano-2-ona, a partir dos
experimentos realizados in vitro e ex vivo sugerem que a oxima apresentou uma
toxicidade pequena em camundongos, uma vez que a determinagdo dos niveis de NPSH
e da atividade da enzima d-ALA-D néo foram significativamente alterados pela a¢do da
oxima tanto nas andlises realizadas in vitro (atividade da enzima 3-ALA-D apenas)
quanto nas realizadas ex vivo.

® A meia-vida plasmdtica curta da oxima 3-(fenil hidrazona) butano-2-ona pode ser
considerada uma explicacdo para a auséncia de efeitos antioxidantes da oxima nos
resultados das andlises ex vivo.

¢ Um dos possiveis mecanismos envolvido na génese das propriedades antioxidantes da
oxima butano-2,3-dionatiosemicarbazona refere-se a sua capacidade de neutralizar
diferentes formas de ERs como o H,O,, e o radical OH®, além de neutralizar a formagio
do radical NO.

e Além da capacidade de neutralizar diretamente os radicais OH®, a oxima butano-2,3-
dionatiosemicarbazona também interfere significativamente na formacdo destes
radicais.

® O mecanismo pelo qual a oxima butano-2,3-dionatiosemicarbazona interfere na
formagdo dos radicais OH® estd possivelmente relacionada a sua capacidade de

neutralizar a espécie reativa H,O,.
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Os resultados obtidos sugerem que uma significativa interacdo ocorre entre fons Fe e
as moléculas da oxima butano-2,3-dionatiosemicarbazona, a qual pode estar relacionada
a sua capacidade de interferir na formagao de radicais OH®.

A possivel interacdo entre {ions Fe? e as moléculas da oxima butano-2,3-
dionatiosemicarbazona pode ser justificada pela presenga de um atomo de enxofre em
sua estrutura.

A andlise dos efeitos téxicos da oxima butano-2,3-dionatiosemicarbazona, a partir dos
experimentos realizados ex vivo sugerem que a oxima apresentou uma toxicidade
pequena em camundongos, uma vez que os niveis de GSH/GSSG e a atividade da
enzima 8-ALA-D, utilizados como pardmetros do dano oxidativo induzido pelo
tratamento dos camundongos com a oxima, ndo foram significativamente alterados nas
andlises realizadas ex vivo.

Os resultados obtidos nas andlises realizadas ex vivo denotam a manutencdo da
atividade antioxidante da oxima butano-2,3-dionatiosemicarbazona em diminuir os
niveis de TBARS basais e os induzidos por NPS em preparacdes de figado e rim de
camundongos.

O principal mecanismo envolvido na atividade antioxidante ex vivo da oxima butano-
2,3-dionatiosemicarbazona em reduzir significativamente os niveis de TBARS
induzidos por NPS é a sua capacidade de neutralizar de maneira significativa a
formacdo dos radicais NO.

A auséncia de efeitos ex vivo da oxima butano-2,3-dionatiosemicarbazona em reduzir os
niveis de TBARS induzidos por Fe?* pode ser explicada por uma possivel mudanga na
capacidade de interacdo entre as moléculas da oxima e fons Fe®* determinadas pela
metabolizacdo da oxima.

A incapacidade da oxima butano-2,3-dionatiosemicarbazona em reduzir os niveis de
TBARS basais ou induzidos (NPS ou Fe™), em preparacdoes de cérebro de
camundongos, pode ser atribuida a sua reduzida capacidade de ultrapassar a barreira

cérebro-sangue.



6. PERSPECTIVAS

Baseado nos resultados apresentados nessa dissertacio faz-se necessario:

® Analisar os efeitos toxicos e antioxidantes das oximas 3-(fenil hidrazona) butano-2-ona
e butana-2,3-dionatiosemicarbazona quando administradas por diferentes vias de
administracdo, como as vias intramuscular (i.m.), e intraperitoneal (i.p.).

e Investigar a capacidade das oximas estudadas em reativar as enzimas ChEs oriundas de
diferentes tecidos de ratos, camundongos, e também de eritrcitos humanos inibidas por
diferentes pesticidas OPs.

e Investigar os efeitos de diferentes pesticidas OPs no desenvolvimento de dano oxidativo
em diferentes tecidos de ratos, camundongos, e também em eritrcitos humanos.

e Analisar os efeitos antioxidantes das oximas 3-(fenil hidrazona) butano-2-ona e butana-
2,3-dionatiosemicarbazona em modelos de dano oxidativo induzido por pesticidas OPs.

e Investigar os efeitos de novas oximas sintetizadas em relacdo a sua capacidade de

reativar as enzimas ChEs, e as suas propriedades toxicas e antioxidantes.
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