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Apresentagao



O envenenamento ofidico constitui um problema de saude publica no Brasil
devido a sua grande incidéncia e seqlelas deixadas nos acidentados. Na maioria
dos casos o ataque é de serpentes do género Bothrops, conhecidas popularmente
como jararacas. A letalidade desta peconha ndo € tdo alta, porém seu efeito no
local da picada é bastante grave. Observa-se o surgimento de bolhas de sangue,
necrose e hemorragia que muitas das vezes levam a amputacdo do membro
afetado.

Atualmente, o Unico tratamento que se faz é a aplicacao do soro antiofidico,
que é eficiente para neutralizar os efeitos sistémicos das toxinas da peconha. No
entanto, o soro ndo consegue neutralizar os efeitos locais do envenenamento,
mesmo quando administrado imediatamente apds o acidente. As toxinas da
peconha agem muito rapidamente no tecido afetado e induzem uma resposta
inflamatoria associada com a liberagcao de mediadores endégenos antes que o soro
possa neutralizar a atividade dos varios componentes da peconha.

Desta forma, o estudo dos componentes das peconhas e suas atividades
biol6gicas nos permitem compreender os mecanismos pelos quais elas causam a
lesdo, favorecendo assim, o desenvolvimento de terapias alternativas ao soro, que
possam neutralizar os efeitos locais da pegonha.

Além disso, as toxinas da peconha de serpentes podem funcionar como
ferramentas importantes para o entendimento de uma variedade de processos
bioldgicos, assim como funcionarem como base estrutural para o desenvolvimento
de medicamentos sintéticos com seus principios de agao para outras patologias.

Este trabalho teve como objetivo avaliar a lesao tecidual local e o processo
inflamatorio induzido pela BnSP-7, uma miotoxina isolada da pegonha de Bothrops
pauloensis. Além disso, a evolugao dos processos de degeneracao e regeneragao
do musculo gastrocnemius também foi avaliada.

A apresentacdo deste trabalho foi realizada segundo as normas da Pos-
Graduacdo em Genética e Bioquimica da Universidade Federal de Uberlandia
(www.cogeb.ufu.br). A dissertagéo foi dividida em: Capitulo 1 — Revisdo de

literatura sobre os aspectos epidemiol6gicos e biolégicos de envenenamento
ofidico, alteracbes teciduais locais e resposta inflamatéria induzidas pelo
envenenamento botropico, e caracteristicas estruturais e funcionais das

fosfolipases A, (PLA2s) e Capitulo 2 — Aspectos da lesdo tecidual local e da



regeneragdo induzidas pela BnSP-7, uma miotoxina isolada da pegonha da
serpente Bothrops pauloensis: Um estudo de liberacdo de citocinas pro-
inflamatorias e da expressao de metaloproteases de matrix (MMP-9 e MMP-2). A

formatacao deste capitulo foi baseada nas normas da revista Toxicon (Anexo ).



Capitulo I

Pegonhas botrépicas e seus efeitos



1. Fundamentacao Teorica

1.1. Caracteristicas epidemiolégicas e biolégicas do

envenenamento ofidico

Os acidentes ocasionados por animais peconhentos constituem problema de
saude publica (Soerensen, 1990) nos paises tropicais em desenvolvimento, dadas
a incidéncia, a gravidade e as sequelas deixadas nos acidentados (Barraviera,
1991; Pinho & Pereira, 2001).

Das 20 familias de serpentes conhecidas no mundo, nove sao encontradas
no Brasil, sendo as principais Boidae (10 espécies), Colubridae (189 espécies),
Elapidae (18 espécies) e Viperidae (22 espécies). Destas, somente a Elapidae e a
Viperidae sdo consideradas peconhentas. A familia Viperidae, maior responsavel
pelos acidentes ofidicos, é representada por trés géneros, Lachesis, Crotalus e
Bothrops, serpentes conhecidas popularmente como surucucus, cascaveis e
jararacas, respectivamente (Barraviera, 1990; Cardoso, 2003).

Estima-se que acidentes ofidicos afetem mais de 2,5 milhdes de pessoas
anualmente no mundo, onde 100 mil dos casos resultam em morte (White, 2005).
No Brasil a epidemiologia aponta para um perfil que se mantém inalterado ao longo
dos ultimos 100 anos. Ocorrem 19,000 a 22,000 acidentes ofidicos por ano, com
letalidade ao redor de 0,45% (Ministério da Saude, 2001). As serpentes do género
Bothrops sao as principais responsaveis por acidentes ofidicos no Brasil (90%),
mas com reduzidos indices de letalidade (0,3%) (Ministério da Saude, 2001; Silva
et al., 2003).

A subespécie Bothrops neuwiedi pauloensis, conhecida como jararaca
pintada ou boca de sapo, descrita por Amaral em 1925, habita preferencialmente
areas secas, campos e cerrados (Peters e Orejas, 1970). Uma revisao sistematica
do complexo Bothrops neuwiedi foi realizada por Silva (2000) e resultou na
modificagdo das doze subespécies existentes para sete espécies distintas. Nessa
reclassificacdo Bothrops neuwiedi pauloensis passou a ser denominada Bothrops
pauloensis. Esta nova classificagdo foi aceita pela Sociedade Brasileira de



Herpetologia — SBH (2005). A serpente Bothrops pauloensis é encontrada nos
estados de Sao Paulo, Sul de Goias e Tridngulo Mineiro (Campbell e Lamar, 1989).

A peconha das serpentes do género Bothrops induz um quadro
fisiopatolégico caracterizado por efeitos locais e/ou sistémicos (Gutiérrez e
Lomonte, 1989; Kamiguti et al.,1996). Os efeitos locais freqlentemente incluem
dor, edema, hemorragia local, inflamacao e equimose (Mandelbaum et al., 1988;
Mebs e Ownby, 1990; Gutiérrez e Lomonte, 1995; Voronov et al., 1999). Este
quadro clinico na maioria das vezes evolui para necrose tecidual (Gutiérrez e
Lomonte, 1989). Efeitos sistémicos sao representados por alteragcbes na
coagulagdo sanglinea, alteracdes cardiovasculares, choque hipovolémico,
alteracdes renais e hemorragias distantes dos locais da picada tais como
hemorragia gengival, macro-hematuria, hemorragia uterina e gastrintestinal
(Kamiguti et al., 1996).

Estes efeitos do envenenamento botrépico sédo atribuidos a uma variedade
de toxinas presentes na peconha, as quais incluem fosfolipases A,
metaloproteases, serinoproteases, desintegrinas, L-aminoacido oxidases,
fosfomonoesterases, fosfodiesterases, acetilcolinesterase, arginina esterase,
hialuronidase e 5-nucleotidase (Russel, 1980; Tu, 1988; Meier, 1990; Stocker,
1990). Estas proteinas constituem cerca de 90 a 95% do peso seco da peconha,
que também é constituida por citrato, ions metdlicos, carboidratos, nucleotideos e

aminoacidos livres e lipideos em menor proporgao (Souza, et al 2001).

1.2. Alteracoes teciduais locais induzidas pelo envenenamento
botrdpico

A lesao tecidual local induzida pelo envenenamento botrdpico caracteriza-se
por hemorragia, edema, inflamagédo e mionecrose. A magnitude destes efeitos
depende do tipo de pegonha, da dose injetada e do hospedeiro. Em muitos casos,
o dano tecidual é tao intenso, levando a consequiéncias severas como lesao
vascular e isquemia, as quais podem culminar com a amputacdo do membro
afetado (Nishioka et al., 1992). Estes efeitos sdo causados pela acao combinada
de varios componentes das peconhas tais como metaloproteases (SVMPs),

fosfolipases A, (PLA2s) e também pela acdo de mediadores enddgenos liberados



pela agdo da resposta inflamatéria (Gutiérrez, et al., 1989; Gutiérrez & Rucavado,
2000).

A necrose muscular ou mionecrose, efeito bastante comum apés
envenenamento botrépico, pode ocorrer devido a acao direta de fosfolipases A:
miotoxicas sobre as membranas plasméaticas de células musculares, ou indireta,
como conseqlUéncia de lesbes vasculares e isquemia, causadas por
metaloproteases hemorragicas presentes nas pegonhas de serpentes.

O mecanismo pelo qual as metaloproteases hemorragicas causam danos
teciduais locais e ou sistémicos se deve a sua agao proteolitica sobre proteinas da
membrana basal (Bjarnason e Fox, 1994; Esclante et al., 2006). Essa agao
enfraquece sua estabilidade mecéanica e as forgas hemodinamicas biofisicas que
normalmente operam na circulagao, provocando uma distensdo na parede capilar
até que sua integridade seja rompida e ocorra 0 extravasamento de um modo
explosivo, levando a hipdxia tecidual e, consequentemente, a morte celular
(Gutiérrez e Rucavado, 2000; Gutiérrez et al., 2005; Gutiérrez et al., 2006). Por
esta hipdtese, € sugerido que esta distensao e ruptura abruptas resultem na perda
da integridade ndo sé das células endoteliais, mas também dos componentes da
membrana basal (Moreira et al., 1994; Gutiérrez et al., 2006). As lesbes
hemorragicas também podem ser provocadas pelo efeito inibitério das SVMPs na
agregacgao plaquetaria (Bjarnason e Fox, 1994, Kamiguti, et al., 2003). Além disso,
as SVMPs podem inibir a adesdo das células endoteliais as proteinas da matriz
extracelular culminando em um processo apoptético (Tanjoni et al., 2005; Diaz et
al., 2005; You et al., 20083).

Estudos para a compreensdao dos mecanismos de acdo das PLA.s de
pegonhas botropicas sobre o tecido muscular vém sendo realizados desde as
ultimas décadas. Estudos realizados com miotoxinas isoladas de B. asper e B.
numminifer demonstraram que estas enzimas podem induzir mionecrose por
agirem na membrana sarcoplasmatica, induzindo desorganizagdo dos
componentes fosfolipidicos, que permitiriam a saida de moléculas intracelulares,
como a creatina e a creatina quinase (Gutiérrez et al., 1986; Gutiérrez et al., 1989).
Os efeitos celulares causados por fosfolipases A, miotéxicas, segundo Harris
(1991), sdo: (a) 0-1 hora: edema confinado ao espacgo extravascular; (b) 1-3 horas:

degeneracao e hipercontracdo das miofibrilas e acumulo de fagécitos na luz dos



vasos sanguineos e no espaco perivascular; (c) 3-6 horas: invasao das fibras
musculares necrosadas pelas células fagociticas, colapso do potencial das fibras
musculares e rompimento da membrana sarcoplasmatica; (d) 6-24 horas:
degeneracao total das fibras musculares individuais. Estas enzimas podem destruir
os terminais nervo-motores dos musculos, mas nao interferem com as arteriolas,
capilares, vénulas ou nervos intramusculares, o que permite a regeneracao das
fibras musculares lesionadas por estas toxinas, a partir de células satélites.

As células satélites fazem parte de uma populacao de células com grande
atividade mitogénica que contribuem para o crescimento muscular pés-natal, o
reparo de fibras musculares danificadas e a manutengdo do musculo esquelético
adulto. Sao células indiferenciadas e mononucleadas, cuja membrana basal esta
em continuidade com a membrana basal da fibra muscular (Harris, 2003). Estas
células se tornam ativadas durante o processo degenerativo. As células filhas
migram para formar cadeias de células satélites longitudinalmente organizadas na
lamina basal. A fusdo das células leva a formagdao de uma nova fibra muscular
multinucleada (Snow, 1977). Este processo € regulado por varios fatores
transcricionais, incluindo Pax3 e Pax7, e fatores regulatérios miogénicos como
Myf5, MyoD e miogenina (Dhawan e Rando, 2005; Charge e Rudnicki, 2004).

O mecanismo molecular pelo qual as PLAzs induzem mionecrose foi
inicialmente proposto por Gutiérrez e Lomonte em 1995. Estes autores propuseram
um modelo hipotético para o entendimento do mecanismo de agdo das miotoxinas
Lys49, que pode ser descrito da seguinte forma: 1- ligagdo da miotoxina a um sitio
ndo identificado localizado na membrana sarcoplasmatica; 2- interacéao
eletrostatica entre o sitio catibnico da toxina e grupos carregados negativamente na
membrana; 3- penetracdo da miotoxina na bicamada lipidica por interagdo
hidrofébica mediada pela regido citotdxica da molécula; 4- penetragdo da regiao
citotdéxica no centro da bicamada lipidica (o efeito seria a desorganizagéo e ruptura
da membrana, com conseqlente prejuizo na regulagdo da permeabilidade
seletiva); 5- grande influxo de ions calcio e inicio de uma variedade de
mecanismos degenerativos.

Atualmente, muitos autores buscam esclarecer uma via intracelular e um
possivel sitio de ligagdo na membrana plasmatica que poderia ser alvo dessas

PLA,s. Dessa forma, varios estudos visam identificar na estrutura das PLAsS



residuos de aminoacidos especificos que estariam envolvidos no reconhecimento
celular, permitindo agao catalitica local da enzima a fim de iniciar o processo de
transducdo de sinais, o que levaria a formagao de mensageiros celulares que
modulariam a acao dessas enzimas ao nivel celular.

O uso de peptideos sintéticos evidenciou a regidao C-terminal (115-129)
como efetora das atividades téxicas em algumas PLA, Lys49 miotoxicas (Nunez et
al., 2001; Lomonte et al., 2003a). Esta regido combina aminoécidos catiénicos e
hidrofdbicos responsaveis pelo mecanismo de dano as membranas celulares.
Segundo Lomonte et al. (2003b), os residuos catibnicos interagiriam
eletrostaticamente com grupos aniénicos de um sitio aceptor (possivelmente
fosfolipideos da membrana negativamente carregados) enquanto os residuos
hidrofébicos, especialmente o0s arométicos, interagiriam e possivelmente
penetrariam a bicamada fosfolipidica, resultando na sua desestabilizacao (Nunez et
al., 2001). No entanto, este fato de um uUnico peptideo reproduzir todas as
principais atividades tdxicas da molécula de origem, ndo impede a existéncia de
outros dominios estruturais que possam participar ou complementar a acao do sitio
toxico efetor (Lomonte et al., 2003b). Em contraste, peptideos da regidao C-terminal
de algumas PLA. Asp49 miotdxicas nao apresentaram atividade de dano direto na
membrana, 0 que sugere que o mecanismo téxico exercido por estas proteinas,
que provavelmente envolve sua atividade catalitica como um passo relevante, seja
diferente daquele utilizado pelas PLA; Lys49 miotéxicas (Nunez et al., 2001).

Kini (2003) propds ainda que as diferentes agbes farmacoldgicas induzidas
pelas PLA2s se devem a capacidade que estas enzimas possuem de se ligar com
alta afinidade a aceptores celulares, por meio de interagdes ibnicas, hidrofébicas e
de van der Waals. Uma vez ligada ao seu alvo, essas enzimas podem induzir seus
efeitos farmacoldgicos por mecanismos dependentes ou independentes de sua
atividade catalitica.

Devido ao largo espectro de alvos especificos em varios tecidos e 6rgaos, a
identificacdo destes sitios farmacologicos presentes na estrutura dessas enzimas
se torna um campo vasto de investigacdes para as areas da salde e biotecnologia.

Envenenamentos botrépicos também sdo caracterizados pelo rapido
desenvolvimento de edema e inflamacéao no local da picada. O edema induzido

pelas peconhas de serpentes é bioquimicamente heterogéneo e pode agravar
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ainda mais o dano tecidual local. Em maior magnitude, o edema pode acentuar o
efeito hipovolémico e hipotensivo da peconha e culminar em choque cardiovascular
(Lomonte et al., 1993). O edema é provavelmente causado pelo efeito direto de
toxinas hemorragicas nos vasos sanguineos, induzindo a liberacdo de mediadores
enddégenos, como a histamina, cininas, prostaglandinas, devido a acdo de
componentes da peconha em mastocitos, cininogénio e fosfolipidios,
respectivamente. Além disso, fosfolipases Ap, esterases e aminas biogénicas
podem estar envolvidas na inducao do edema (Gutiérrez, 1990).

Entre os varios mecanismos descritos na indugcado do edema podemos citar:
a degranulagcdo de mastocitos, com liberacdo de histamina e serotonina,
recrutamento de células polimorfonucleares, com formacao de radical superdxido,
producdo de prostaglandinas e leucotrienos (LTB4), liberagdo de bradicinina e
oxido nitrico, potencializagdo da atividade da bradicinina por peptideos inibidores
da enzima conversora de angiostensina, ativagdo do sistema complemento e

liberacao das anafilotoxinas C3a e C5a (Lomonte et al., 1993).

1.2.1 Resposta inflamatoéria

A resposta inflamatéria que se estabelece logo apdés o envenenamento
também é de relevancia para o progresso da lesdo tecidual, uma vez que além das
toxinas da pegonha presentes no local da picada existe também a participagéo de
mediadores end6genos que podem contribuir com estas alteracoes.

A inflamagéao € a reagdo do organismo a invasao por agente infeccioso, por
desafio com antigeno ou mesmo apenas uma leséo fisica. A resposta inflamatoria
compreende trés eventos principais: (1) aumento do suprimento sanglineo para a
area; (2) aumento da permeabilidade capilar, ocasionado pela retragéo das células
endoteliais, com consequiente escape de moléculas maiores, permitindo, entao,
que os mediadores soluveis da imunidade atinjam o local da infec¢ao; (3) migracao
de leucocitos dos capilares para os tecidos circundantes, sendo que na fase inicial
da inflamagéo, os neutrofilos sédo particularmente prevalentes e, mais tardiamente
no processo, os mondcitos e linfécitos também migram para o local inflamado.
(Ryan e Majno, 1997; Rosenfeld, 1971).
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Dependendo da sua duracdo, as inflamacdes podem ser divididas em
agudas e crbnicas. Assim, as inflamacdes que duram desde poucos minutos até
poucos dias sdo chamadas de agudas, enquanto as que persistem por semanas e
meses sdo chamadas de crbnicas. Do ponto de vista funcional e morfolégico, as
inflamagdes agudas caracterizam-se pelo predominio de fenébmenos exsudativos,
ou seja, conseglentes alteracbes na permeabilidade vascular, permitindo o
acumulo de liquido na regido inflamada (edema), fibrina, leucécitos, especialmente
neutrofilos, e hemacias. Nas inflamacdes crénicas, além destes elementos, ocorre
proliferacdo de vasos, migracdo e proliferagdo de monédcitos e linfécitos
(Montenegro et al., 1999).

A resposta inflamatéria envolve também a sinalizagdo entre os varios
leucocitos, além das células teciduais, que ocorre tanto por interagbes diretas
célula-célula, envolvendo moléculas da superficie celular, quanto por citocinas.
(Roitt et al., 2003).

As citocinas sdo pequenas “proteinas mensageiras” (8-80 kDa), mediadores
soluveis da comunicacao intercelular que, em associacdo aos horménios e
neurotransmissores, constituem uma linguagem quimica de sinalizacdo que
controla o desenvolvimento, o reparo tecidual e a resposta imune em organismos
multicelulares (Arend e Gabay, 2004). Paralelamente a outros sinais oriundos do
contato célula-célula ou célula-antigeno, as citocinas propiciam uma rede de
controle das respostas imunes inatas e especificas, incluindo a inflamacao, a
defesa contra infecgdes virais, a proliferagéo de clones especificos e células T e B
e o controle de suas funcbes. Elas atuam através da ligacdo a receptores
especificos na membrana celular, estabelecendo uma cascata que leva a indugao,
ao favorecimento ou a inibicdo de inUmeros genes citocina-regulados no nucleo
celular (Roitt et al., 2003).

A producédo de citocinas pro e antiinflamatérias € controlada por um
complexo mecanismo de feedback. As citocinas proinflamatérias sao
primeiramente responsaveis por iniciar um efeito contra um patégeno exogeno.
Entretanto, uma producdo excessiva desses mediadores pode contribuir
significativamente para o choque, faléncia multipla de érgaos, e morte (Van der
Meide e Schellekend, 1996). Em contraste, as citocinas antiinflamatérias séo

cruciais para a regulacao negativa do processo inflamatério e para a manutencao
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da homeostase para o funcionamento correto dos érgaos vitais (Grard, et al.,
1993).

Além da acdo das citocinas, a resposta inflamatéria € mediada por uma
variedade de moléculas tais como prostaglandinas, radicais de oxigénio, éxido
nitrico, tromboxanas, leucotrienos e fator de agregacao plaquetaria (PAF). Estes
mediadores sao liberados por macréfagos, neutréfilos, mastocitos, eosindfilos,
basofilos, linfocitos e plaquetas (Voronov et al.,, 1999). As células endoteliais
também sado reguladoras da resposta inflamatéria, controlando a adesédo e
migracao de células inflamatorias, assim como a troca de fluidos entre a corrente
sanglinea e o tecido lesionado. No entanto, uma ativagdo endotelial prolongada
pode levar a uma inflamacéo descontrolada que € prejudicial e pode resultar em
inflamagé&o cronica (Kadl e Leitinger, 2005).

A lesao tecidual local observada no envenenamento botrdpico desencadeia
uma cascata de eventos iniciados pelo recrutamento de leucécitos para o local da
picada. Leucdcitos ativados liberam um amplo espectro de citocinas tais como IL-1,
IL-6 e IL-8, que amplificam a resposta inflamatéria contribuindo para o processo de
necrose (Voronov et al., 1999).

A IL-1 é produzida principalmente por fagécitos mononucleares (macréfagos
e mondcitos) ocorre em duas formas moleculares: IL-1a e IL-1B (Voronov et al.,
1999; Roitt et al., 2003). Apesar da baixa homologia entre as duas formas (menos
de 30%), elas se ligam ao mesmo receptor e desencadeiam atividades biolégicas
semelhantes (Cybulsky et al., 1998). A IL-1 atua na ativacdo de linfocitos,
estimulacdo de macrofagos e adesao de leucocitos e células endoteliais. Além
disso, ela regula a sintese de prostaglandinas, IL-6, IL-8, MMPs, 6xido nitrico (Kida
et al., 2005). A IL-6 é produzida por células T e B (linfocitos T e B) e macrofagos.
Na imunidade inata, a IL-6 estimula a sintese de proteinas da fase aguda por
hepatoécitos durante o processo inflamatério. Na imunidade adaptativa, ela estimula
o crescimento e diferenciacao de linfocitos B (Hopkins, 2003; Roitt et al., 2003). A
IL-8 € uma quimiocina liberada pelos mondcitos atua na ativagdo de neutréfilos, na
quimiotaxia, na angiogénese e na liberacao de granulos e superédxidos (Sandra et
al., 1995).

A liberacéo de citocinas induzida por peconha de serpentes ou toxinas delas

isoladas foi anteriormente observada por muitos autores. Barros et al. (1998)
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verificaram um aumento nos niveis de IL-6, IL-10 e INF-y no sangue causado pela
peconha de Bothrops atrox. Clissa et al. (2001) mostraram que a jararagina, uma
metaloprotease isolada da pegonha de Bothrops jararaca, induz a producao de IL-
1B e TNF-a, embora niveis de IL-6 ndo foram encontrados. Rucavado et al. (2002)
encontraram niveis elevados de IL-6 e IL-13 em musculo de ratos induzido por MT-
[ll, um fosfolipase A, miotdxica isolada da peconha de Bothrops asper. Niveis de
TNF-a e IFN-a ndo foram observados. A peconha de B. asper também induziu o
aumento de IL-6 e TNF-a em fluido peritoneal (Zamuner et al., 2005). Fernandes et
al. (2006) verificaram um aumento em producdo de IL-1 e TNF-a induzido por
BaP1, uma metaloprotease isolada da pegonha de B. asper.

Além das citocinas, as metaloproteases de matriz (MMPs) sdo importantes
mediadores da lesdo tecidual e da inflamacdo de uma variedade de patologias
(Shapiro, 1998; Nagase and Woessner, 1999), podendo assim representar um
papel importante nas alteragdes locais induzidas pela pegonha; (Rucavado et al,
2002).

A matriz extracelular (MEC) é definida como uma rede complexa e dinamica
de componentes protéicos, proteoglicanos e glicoproteinas secretados que
circundam os fibroblastos unindo as células e mantendo a estrutura tridimensional
do corpo, conferindo, portanto, suporte mecanico para as células e integridade
estrutural para os tecidos (ltoh e Nagase, 2002). Os componentes da matriz
modulam o comportamento celular criando ambientes celulares influentes. A
renovagao (turnover) da MEC é parte integral de processos normais e patoldgicos
como desenvolvimento, remodelamento tecidual, crescimento e diferenciacao
celular e invasao (Werb et al, 1996).

Proteases extracelulares sdo necessarias em diversos processos
relacionados com o desenvolvimento normal e com doengas. A habilidade de
degradar proteinas extracelulares € essencial para as células individuais
interagirem com o ambiente ao redor e para organismos multicelulares se
desenvolverem e funcionarem normalmente (Sternlicht e Werb, 2001).

A degradacdao da MEC é mediada por algumas familias de proteinases
extracelulares. Tais familias incluem as serino-proteases, cisteina-proteases e

metaloproteases da matriz (MMPs) (Benaud et al, 1998).
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As MMPs sao enzimas proteoliticas zinco-dependentes que estdo
envolvidas em processos fisiologicos e patolégicos, pois podem estar expressas
em niveis baixos em tecidos normais e tornar-se alteradas em determinadas
situacdes, como no ciclo endometrial, em processos de cicatrizacao, na cirrose
hepatica, em colagenoses e neoplasias, etc (Itoh e Nagase, 2002).

As MMPs constituem uma familia de endopeptidases, com atividade
hidrolitica de amplo espectro para as proteinas extracelulares. As MMPs
pertencem a uma familia de pelo menos 20 membros, produto de genes,
homdélogos ou pseudo-homélogos, relacionados entre si (Woessner, 1991). Estas
enzimas podem ser classificadas de acordo com critérios estruturais e funcionais,
em cinco classes principais de diferente especificidade ao substrato: colagenases
(MMP1, MMP8 e MMP13), gelatinases (MMP2 e MMP9), estromelisinas (MMP3,
MMP7, MMP10, MMP11 e MMP26) e metaloproteinas de membrana (MMP14,
MMP15, MMP16, MMP17, MMP24 e MMP25), também conhecidas como MT1-
MMP a MT6-MMP, respectivamente, e matrilisinas (Shingleton et al, 1996; Souza e
Line, 2002).

Embora as MMPs sejam classificadas com base na sua afinidade por
substrato, nota-se que ha sobreposicdo entre as subclasses, em termos de suas
afinidades. Além disso, as atividades das MMPs interferem umas com as outras na
medida em que muitas delas podem ativar outras proenzimas, o que sugere que a
ativacado controlada das mesmas pode envolver uma cascata, englobando
diferentes membros da familia das MMPs (Cawston, 1998).

As MMPs possuem algumas caracteristicas em comum, incluindo, dentre
estas: 1) um dominio catalitico, que acomoda um atomo de Zn*? no sitio ativo; 2)
um dominio propeptidico, essencial para a manutengéo de sua laténcia enzimatica,
e que é removido quando a enzima é ativada (Nagase and Woessner, 1999),
conferindo uma de peso molecular de aproximadamente 10kDa (Woessner, 1991)
e 3) um dominio translacional, peptideo sinal que direciona o produto para
secrecdo. A maioria das MMPs também possui um dominio C-terminal com uma
seqliéncia de homologia a hemopexina, que constitui um sitio de ligacao para os
inibidores teciduais e também confere especificidade ao substrato. Elas diferem
entre si pela especificidade ao substrato, tipos celulares e pelos agentes indutores
(Dollery et al, 1995).
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Em condicoes fisiolégicas normais, ha uma rigorosa regulacado da secrecao
das MMP, as quais sao sintetizadas e secretadas como pré-enzimas, zimogénios,
que posteriormente serdo ativadas. Essa regulacdo ocorre apenas em momentos
especificos, nos quais existem processos multifasicos de ativacao dos zimogénios,
além de haver varios inibidores sanguineos e teciduais para monitorar a agdo da
proteinase (Woessner, 1991). O controle da quantidade de enzima ativa é feito
pelos inibidores teciduais das MMPs (TIMPs). O desequilibrio entre MMP e TIMP
pode resultar em varias patologias (Maskos e Bode, 2003). Além disso, as MMPs
também s&o reguladas pela ativagdo da expressao génica, que é regulada pro
proteinas extracelulares, citocinas, fatores de crescimento entre outros (Philip et al,
2004). Os niveis das MMP nos tecidos saudaveis sdo baixos ou praticamente
indetectaveis, entretanto, sua expressao é substancialmente aumentada na maioria
das neoplasias malignas, apresentando importante acdo proteolitica nos processos
de invasao e metastase (Hidalgo e Eckhardt,2001).

As principais a¢oes das MMPs estdo relacionadas ao remodelamento dos
componentes da matriz extracelular, por meio da degradacdo do colageno, da
elastina e da fibronectina. Também participam do processo de migracao de células
normais, malignas e inflamatérias, bem como induzindo a angioneogénese
(Lamooreaux, 1998). Estao evolvidas também na cicatrizagao (Wolf et al, 1992), na
reabsorcdo Ossea (Delaissé et al, 1992), na involugdo mamaria (Talhouk et
al1992) e em outras fungdes fisiologicas associadas a gravidez e parto
(Jeffrey,1991). Recentemente, tem-se demonstrado que as MMPs também estéao
implicadas em processos patolégicos variados como na artrite reumatdide
(Harris, 1990), na esclerose multipla, fiborose (Chandler et al, 1997), em algumas
doengas cardiovasculares (Tamarina et al, 1997) e certas alteragées hematoldgicas
(Guedez et al, 1996).

As gelatinases A e B, MMP-2 e MMP-9 respectivamente, também
conhecidas como colagenases, sdo algumas das endopeptidases que compdem o
grupo das MMPs. Elas sao distinguidas pela insercdo de trés repeticdes cabeca-
cauda ricas em cisteina em seus dominios cataliticos (Sternlicht e Werb, 2001) e
digerem gelatina, muitos tipos de colagenos, lamininas e outras varias proteinas
extracelulares (Aimes e Quigley, 1995). A seqiéncia da MMP-2 inclui um dominio

com uma tripla repeticéo de fibronectina tipo Il inserida no seu dominio catalitico,
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contribuindo para a ligacao da enzima ao substrato. A MMP-9, estruturalmente, é a
maior das gelatinases, incluindo trés dominios de fibronectina e um dominio tipo
colageno tipo V (Woessner e Nagase, 2000).

A MMP-2 (72 kDa) é produzida principalmente a partir de células
mesenquimais (fibroblastos), ainda que células epidérmicas, endoteliais,
macréfagos e neutrofilos possam produzi-la em pequenas quantidades
(Lamooreaux, 1998). Também & denominada colagenase tipo IV e, apesar de estar
presente em niveis baixos de forma fisiologica (mantendo a homeostase do
colageno) (Kherif et al, 1999; Rucavado et al, 2002), quando ativada, pode
degradar elastina insoluvel e degradar exageradamente o colageno intersticial,
além de participar da degradagdo da membrana basal do endotélio e de induzir a
angiogénese (Agren, 1994).

A MMP-9 (92 kDa) é produzida por células inflamatérias ativadas (leucocitos
polimorfonucleares, como neutréfilos, eosinoéfilos e mondcitos/macréfagos) e
células epidérmicas (especificamente queratindcitos), sua presenca sempre
traduzindo uma situacao patolégica. Suas acdes sao direcionadas a degradacao do
colageno intersticial, a reepitelizagdo, ao desenvolvimento e amplificacdo de
processos inflamatdrios e a angiogénese (Agren, 1994).

Trabalhos mostraram que a MMP-2 e a MMP-9 estdo aumentadas em uma
variedade de patologias, como a mionecrose (Kherif et al, 1999), inflamacao
cronica (Trengove et al, 1999), meningite (Leib et al, 2000), hemorragia e isquemia
cerebral (Rosenberg, 1997; Gasche et al, 1999), entre outras. Rucavado et al
(2002) reportaram um aumento apenas na MMP-9 induzido pelas toxinas BaP1
(metaloprotease) e MT-IIl (fosfolipase Ap), isoladas da peconha de B. asper,
enquanto os niveis de MMP-2 permaneceram préximos ao controle de solucéao

salina, ou seja, observou-se apenas a expressao constitutiva (Kherif et al, 1999).

1.3. Caracteristicas estruturais e funcionais das PLA,s

As fosfolipases A> (PLAzs) sdo enzimas de grande interesse medico-
cientifico, devido ao seu envolvimento em grande variedade de doengas

inflamatérias humanas e nos envenenamentos ofidicos e de abelhas. Possuem
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importantes papéis no catabolismo de lipideos da dieta e no metabolismo geral de
lipideos estruturais de membranas celulares. Com a agao dessas enzimas, 0s
fosfolipideos sao hidrolisados, desestruturando a membrana e comprometendo a
sua permeabilidade seletiva. A hidrélise ocorre especificamente na ligagdo 2-acil
éster de 3-sn-fosfolipideos, liberando acidos graxos livres e lisofosfatideos (Arni &
Ward, 1996; Kini, 2003). Os &acidos graxos liberados como acido araquiddnico e
acido oléico, podem ser importantes na estocagem de energia. O &cido
araquidénico pode também funcionar como segundo mensageiro € Como precursor
de eicosanoides, que sado potentes mediadores da inflamagédo e transducao de
sinais (Dennis, 1997).

Estas enzimas, amplamente distribuidas na natureza, sdo encontradas tanto
no interior como no exterior da célula (Dennis, 1994). As PLA.s intracelulares estéo
frequentemente associadas a membranas e envolvidas com o metabolismo de
fosfolipideos e outras fungbes celulares (Mukheerjee et al., 1994). As
extracelulares sao amplamente distribuidas em secre¢des pancreaticas, exsudados
inflamatorios e nas peconhas de serpentes e artrépodes.

De acordo com Six e Dennis (2000) as fosfolipases A, extracelulares foram
divididas em doze classes | a Xll, com base no numero de residuos de
aminoacidos e posicao das ligacoes dissulfeto. Balsinde et al. 2002 sugerem um
novo sistema de classificacdo que organiza as PLA, de acordo com sua seqliéncia
genética em 14 grupos distintos. As fosfolipases A, de serpentes estdo todas
reunidas nos grupos | e I, sendo estas proteinas de 119 a 143 residuos de
aminodacidos, com peso molecular variando entre 13 e 18kDa. As enzimas da
classe | sdo encontradas em peconhas de serpentes do género Elapidae e
Hydrophidae, enquanto as da classe Il sdo encontradas principalmente em
peconha de serpentes crotélicas e viperideas (Ward et al., 2001).

As PLAs representam uma classe de enzimas versateis, considerando sua
funcédo, localizacdo, regulacdo, mecanismo de agdo, sequéncia, estrutura e papel
dos ions metalicos divalentes. Varias sequéncias de PLA, estdo depositadas em
banco de dados e apresentam de 40 a 99% de similaridade na sequéncia e no
dobramento tridimensional, dados resolvidos por cristalografia de raios X e por
espectroscopia de ressonancia magneética nuclear (Arni & Ward, 1996; Balsinde et

al., 1999; Six & Dennis, 2000; Kini, 2003). A analise destas estruturas primarias
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possibilitou a sugestdo e a predicdo de determinantes estruturais de algumas
atividades farmacolégicas (Kini & lwanaga, 1986; Kini & Evans, 1989; Ward et al.,
1988). E agora, associada com resolugado de estruturas tridimensionais, ampliou-se
ainda mais o conhecimento das bases moleculares do mecanismo de acao destas
toxinas.

A molécula de PLA, é estabilizada por sete ligacdes dissulfeto nas posicoes
11-77, 27-124, 29-45, 44-105, 51-96 e 84-98 (Harris, 1991). A divisdo entre as
classes | e Il é baseada em dois critérios estruturais que sao identificados na
seqUiéncia de aminodcidos: primeiro, nas enzimas da classe Il falta a ligacédo Cys
11- Cys 77, mas aparece outra ponte dissulfeto alternativa, Cys 51- Cys 133;
segundo, a classe | possui cerca de dois a trés aminodacidos inseridos na regiao 52-
65, chamado de “loop elapidico”, enquanto a classe Il possui esta volta truncada,
mas em adicdo apresenta de cinco a sete aminoacidos estendendo a regido C-
terminal (Arni e Ward, 1996).

A grande maioria das PLA,s miotdxicas isoladas de peconhas de serpentes
botropicas, descritas até agora, sao proteinas de carater basico, ponto isoelétrico
variando entre 7,0 e 10,0, que possuem atividade catalitica ou “n&o”, sobre
substratos artificiais. As analises da composicdo em aminoacidos indicaram que
essas miotoxinas sdo ricas em aminoacidos basicos e hidrofébicos (Homsi-
Brandeburgo et al., 1988; Selistre et al., 1990; Lomonte et al., 1990; Diaz et al.,
1995; Mancuso et al., 1995; Angulo et al., 1997). Apresentam também um alto
namero de residuos de meia-cistina, o que sugere a presenca de varias pontes
dissulfeto intracadeia. As PLA.s toxicas sdo muito estaveis, provavelmente como
resultado da extensa ligagdo cruzada, tornando-as ativas em uma ampla faixa de
pH e temperatura. Entretanto, varias PLA,s acidas também ja foram isoladas das
peconhas botrdpicas, como por exemplo: SIISPIIA, SIHISPIIB, SHISPIIA e
SIISPIIIB por Ketelhut et al., 2003; P1, P2 e P3 por Daniele et al., 1995; BP-PLA,
por Rodrigues et al., 2007.

As miotoxinas isoladas dos venenos botrdpicos pertencem ao grupo |l das
fosfolipases e podem ser subdivididas em dois subgrupos principais: (a) Asp49 que
sé&o as miotoxinas com atividade enzimatica alta, cataliticamente ativas e (b) Lys49
que sao as miotoxinas que possuem baixa ou nenhuma atividade enziméatica sobre

substratos artificiais (Ownby et al., 1999). A diferenca nas propriedades



19

enzimaticas das duas classes de proteinas esta baseada principalmente na
presenca do residuo de aspartato (Asp) na posicao 49 no primeiro grupo, quando
comparado com a presenca de lisina (Lys) na mesma posicdo da cadeia
polipeptidica no outro grupo. A troca de aminodacidos € suficiente para causar a
perda da habilidade da proteina em se ligar ao calcio (Ca®*), um cofator essencial
para fazer com que a enzima expresse sua atividade catalitica. Além das
substituicbes na regido do loop de ligagdo do calcio, muitas PLA.s Lys49
apresentam residuos variantes ndo encontrados nas PLA,s Asp49, que incluem
Lys7, Lys78, Lys80, Lys115 e Lys116, que podem estar envolvidos com a
toxicidade exercida por estas proteinas (Soares, 2000).

Além das PLA,s Lys49, outros variantes substituindo Asp49, que também
possuem baixa ou nenhuma atividade enzimatica, foram reportados: duas PLAzs
Ser49, ammoditina L (Krizaj et al., 1991) e ecarfolina S (Polgar et al., 1996) e uma
PLA, Arg49, zhaoermiatoxina (Mebs et al., 2006). Petan et al. (2007) concluiram
que as PLA2s Ser49 miotdxicas evoluiram em direcédo a perda da capacidade de se
ligar ao Ca** e da atividade enzimatica para otimizarem o mecanismo de dano da
membrana independente de Ca®** e para aumentar sua especificidade na agéo
miotoxica. Da mesma forma, Murakami et al. (2008) verificaram que, apesar das
diferencas entre as PLA>s Lys49 e Arg49, ndao ha evidéncias estruturais que
possam sugerir uma diferenga no mecanismo de expressdo de seus efeitos
farmacologicos.

Independentemente da sua fungéo catalitica primaria, as fosfolipases A, de
venenos de serpentes podem induzir diversos efeitos farmacol6gicos adicionais,
como neurotoxicidade pré e/ou poés-sinaptica, cardiotoxicidade, miotoxicidade,
inducdo e/ou inibicdo da agregacao plaquetéria, edema, hemdlise, anticoagulagéo,
convuls@o, hipotensao, efeito bactericida e anti-HIV (Bon et al., 1979; Fletcher et
al., 1980; Fletcher et al., 1981; Huang, 1984; Alvarado & Gutiérrez, 1988; Lloret &
Moreno, 1993; Yuan et al., 1993; Fuly et al., 1997; Paramo et al., 1998; Ownby,
1998; Soares et al., 1998; Fenard et al., 1999).

Durante os ultimos 20 anos houve um grande interesse em se estudar
componentes da pegonha que s&o responsaveis pela mionecrose, resultando no
isolamento e caracterizacdo estrutural e funcional de varias PLA, miotéxicas de
peconhas do género Bothrops (Basp-Il por Francis et al, 1991; BthTX-1 e BthTX-II
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por Cintra et al, 1993; PrTX-l por Toyama et al, 1998; PrTX-Il por Toyama et al,
2000; BnSP-6 e BnSP-7 por Rodrigues et al., 1998; MjTX-1 e MjTX-Il por Soares et
al, 2000; SIlISPIIA por Ketelhut et al, 2003; BnpTX-I e BnpTX-II por Rodrigues et al,
2004).

Da peconha de B. pauloensis ja foram isoladas varias PLAzs. Duas
fosfolipases A, Asp49 (Rodrigues et al., 2004), duas miotoxinas Lys49, BnSP-6 e
BnSP-7 (Rodrigues et al., 1998) e uma fosfolipase A, acida, Bp-PLA, (Rodrigues et
al., 2007).

A PLA; denominada BnSP-7 (Rodrigues et al., 1998) € uma proteina com
peso molecular entre 13,5 e 14 kDa, podendo apresentar-se na forma dimérica, e
sua estrutura é essencialmente idéntica a estrutura das outras PLA.s Lys49
miotoxicas. Apresenta uma composicdo de aminodcidos com alto conteiudo de
residuos basicos e hidrofobicos, sendo uma serina o residuo de aminoacido N-
terminal e apresentando também residuos conservados das PLAys Lys49
miotoxicas como Gly30, Gly33, His48, Lys49, Asp99 e a regido 115-129. Seu ponto
isoelétrico é 8.8 e ela é capaz de produzir necrose das fibras musculares de
camundongos e nao apresenta atividades fosfolipasica ou coagulante (Rodrigues
et al., 1998; Soares et al., 2000; Magro et al., 2003). Soares et al 2000 fizeram uma
alquilagéo do residuo His48 da BnSP-7 com brometo de 4-bromofenacil brometo
(BPB) e verificaram que esta modificacao levou a uma diminuicao das atividades
miotdxica, bloqueio neuromuscular, indu¢ao de edema e atividade bactericida.

O reconhecimento da importancia clinica do dano tecidual local em
envenenamentos tem motivado um grande numero de estudos sobre sua
patogénese. Estes podem levar a uma melhor compreensdo dos mecanismos que
levam a necrose tecidual, o que poderia inspirar a criacdo de novos métodos
terapéuticos. Em adicéo, o entendimento do mecanismo de agéo de toxinas pode
revelar mecanismos da injuria celular e tecidual que sdo comuns a outras
condi¢oes patoldgicas.
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Capitulo IT

Aspectos da lesdo tecidual local e da regeneragdo induzidas pela
BnSP-7, uma miotoxina isolada da pegonha da serpente Bothrops
pauloensis. Um estudo da liberagdo de citocinas pro-inflamatérias e

da expressdo de metaloproteases de matriz (MMP-9 e MMP-2).



Resumo

Envenenamentos causados por serpentes do género Bothrops Séao
caracterizados por lesdo tecidual local proeminente devido a mionecrose,
hemorragia e edema. A lesao tecidual aguda induzida por essas peconhas ocorre
devido a acdo de diferentes toxinas presentes nas peconhas, entre elas as
fosfolipases A, (PLA2) miotoxicas possuem um importante papel. Este estudo
avaliou a progressao da lesao tecidual local e da inflamacao induzidas pela BnSP-
7, uma miotoxina isolada da peconha de Bothrops pauloensis. A expressao de
MMPs (MMP-9 e MMP-2) durante os processos de degeneracdo e regeneracao
do musculo gastrocnémio também foi investigada. A lesdo tecidual local foi
caracterizada por edema, necrose e inflamagédo avaliada até 24 horas apés a
inoculacdo de BnSP-7. A regeneracdo das miofibrilas, analisada ao microscopio
optico, foi observada de 72 horas a 2 semanas. A MMP-9 foi expressa nos
mesmos intervalos de tempo em que observou-se o musculo em regeneragao,
sugerindo um envolvimento desta MMP no processo de regeneragdo. A MMP-2
foi expressa em todos os tempos testados. Os niveis das citocinas IL-8, IL-6, IL-1
B and TNF-a no mdusculo gastrocnémio e em MPAC (células peritoneais
aderentes murinas) foram avaliados apés estimulo com BnSP-7, BnSP-7
modificada com BPB e a peconha bruta de Bothrops pauloensis. As citocinas
liberadas em maior quantidade pelo musculo gastrocnémio e pelas MPAC foram
IL-18 e IL-8, respectivamente. A liberacdo de TNF-a nado foi significativa em
ambos 0s modelos experimentais, quando comparado ao controle. Os resultados
mostraram também que a modificagdo da BnSP-7 com BPB levou a uma
diminuicdo da liberagdo das citocinas quando comparado a BnSP-7 nativa. Foi

demonstrado entdo que a BnSP-7 induz a formagdo de edema e aumento da
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liberacao de CK, citocinas (IL-6, IL-8, IL-1-1B) e expressdo de MMP-9. Assim esta
miotoxina pode estar agindo como um estimulo pro - inflamatorio, induzindo a
producédo e liberagdo de citocinas pelas células inflamatérias e pelas células
satélite, o que representa um importante papel no processo inflamatério e,

consequentemente, na evolucao da leséo tecidual local e da regeneracao.

Palavras-chave: miotoxina, fosfolipase A, peconha de serpentes,

metaloproteases de matriz, inflamacao, citocinas, BnSP-7.
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Abstract

Envenomations caused by Bothrops snake venoms are characterized by
prominent local tissue damage due to myonecrosis, hemorrhage and edema. The
acute muscle damage observed in the envenoming can be due the action of
different toxins present in the venom, between them, the myotoxic phospholipases
A, (PLA2) show an important role. In the present study, the progression of local
tissue damage and inflammation induced by BnSP-7, a myotoxin isolated from
Bothrops pauloensis snake venom was evaluated. We further investigated the

MMPs expression (MMP-2 and MMP-9) during process of degeneration and
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regeneration of the gastrocnemius skeletal muscle. Local tissue damages were
characterized by edema, necrosis and inflammation evaluated until 24 h after
inoculation of BnSP-7. The regeneration of myofibers, analyzed by light
microscopy, was observed from 72 hours to 2 weeks after inoculation of toxin. The
expression of MMP-9 occurred at the same times intervals of regenerating muscle,
suggesting that this MMP is involved with the regeneration process. MMP-2 was
expressed at all times tested. The IL-8, IL-6, IL-1 B and TNF-a cytokines levels
were analyzed on mice gastrocnemius muscle and MPAC (murine peritoneal
adherent cells) after BnSP-7, BnSP-7 modified with BPB and Bothrops pauloensis
crude venom inoculation. The cytokines released in higher levels by mice
gastrocnemius muscle and MPAC were IL-1B3 and IL-8, respectively. The release
of TNF-a wasn’t significative in both models. The results showed also that the
modification of BnSP-7 with BPB decreased the release of IL-8, IL-6 and IL-1 B
when compared to native BnSP-7. We have demonstrated that BnSP-7 induces an
increase in edema, release of CK, cytokines (IL-6, IL-8, IL-1-18) and expression of
MMP-9. This way, this myotoxin can be acting as pro-inflammatory incentives,
inducing cytokine production and liberation from the inflammatory and satellite
cells, that present important role in inflammatory process and, consequently, in the
evolution of local tissue damage and regeneration.

Key words: myotoxin, phospholipases Az, snake venom, matrix

metalloproteinases, inflammation, cytokine, BnSP-7.
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1. Introduction

Local tissue damage induced by the bothropic poisoning is characterized by
hemorrhage, edema, inflammation and myonecrosis (Nishioka et al., 1992).
Muscle necrosis can occur due to direct action of myotoxic phospholipases Az on
plasma membranes of muscle cells. Beyond those effects, the regeneration was
also verified after treatment of mice muscles with myotoxins (Harris, 2003;
Vignaud et al., 2005).

The inflammatory response that settles down soon after envenoming is also
of relevance for progress of tissue damage, once besides snake venom toxins on
site of bite, there is also the participation of endogenous mediators that can
contribute with these alterations. Local tissue damage observed in bothropic
envenomation triggers a cascade of events initiated by the recruitment of
leukocytes to the site of the bite. Activated leukocytes release a broad spectrum of
cytokines such as IL-1, IL-6 and IL-8, which amplify the inflammatory response
contributing to the necrosis process (Voronov et al., 1999).

Increments in cytokines release induced by snake venom or isolated toxins
were found by many authors. Barros et al. (1998) verified an increase on blood IL-6,
IL-10 and INF-y caused by Bothrops atrox snake venom. Clissa et al. (2001)
showed that jararhagin, a metalloproteinase from Bothrops jararaca venom, induces
the production of IL-18 and TNF-a in the supernatant of murine peritoneal cells in
culture, although IL-6 levels were not detected. Rucavado et al. (2002) found
increased levels of IL-6 and IL-13 in mice muscle induced by MT-Ill, a myotoxic

phospholipase A; isolated from Bothrops asper venom. Levels of TNF-a e IFN-y
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were not detected. B. asper snake venom also induced increase of IL-6 and TNF-a
in peritoneal fluid (Zamuner et al., 2005). Fernandes et al. (2006) verified an
increase on production of IL-1 and TNF-a induced by BaP1 in the peritoneal
exudate, a metalloproteinase isolated from B. asper snake venom.

Chaves et al. (2005) concluded that TNF-a, IL-1B and IL-6 do not play a
significant role in the acute local pathological alterations induced by the poison of B.
asper. Moreover, they suggest that the local production of these cytokines has a
participation in the local inflammatory reaction, setting the stage for the removal of
necrotic tissue by inflammatory cells, and promoting tissue repair, regeneration and
revascularization. Besides, IL-6 may have a role in the expression of ICAM-1 after
injection of B. jararaca venom, being relevant for firm adhesion of neutrophils
(Zamuner and Teixeira, 2002).

The matrix metalloproteinases (MMPs) are also important mediators of tissue
damage and inflammation of a variety of pathologies (Shapiro, 1998; Nagase and
Woessner, 1999), thus they could have an important role in local alterations
induced by the venom (Kherif et al., 1999; Rucavado et al., 2002).

Several studies showed that MMP-2 and MMP-9 are increased in a variety of
pathologies, as myonecrosis (Kherif et al, 1999), chronic inflammation (Trengove et
al, 1999), meningitis (Leib et al, 2000), hemorrhage and cerebral ischemia
(Rosenberg, 1997; Gasche et al, 1999), among others. Rucavado et al (2002)
reported an increase of MMP-9 in gastrocnemius muscle induced by the toxins
BaP1 and MT-IIl, isolated from B. asper venom, suggesting a role not in induction of
injury but in inflammatory response and regeneration.

In the present study, the progression of local tissue damage and

inflammation induced by BnSP-7, a myotoxin isolated from Bothrops pauloensis
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snake venom was evaluated. We further investigated the MMPs expression
(MMP-2 and MMP-9) during process of degeneration and regeneration of the

gastrocnemius skeletal muscle.

2. Material and methods

2.1. Venom and toxins

Crude venom of Bothrops pauloensis was obtained from the Pentapharm
serpentarium, Minas Gerais, Brazil. Myotoxin BnSP-7 (Rodrigues et al., 1998) and
BnSP-7-BPB (BnSP-7 with the alkylation of His 48 by brometo de 4-
bromophenacil (BPB) were kindly provided from Prof. Dr. Andreimar Martins
Soares from Faculdade de Ciéncias Farmacéuticas de Ribeirdo Preto from
Universidade de Sao Paulo. Proteins were estimated by the method of Bradford

(1976).

2.2. Animals

BALB/c male mice were obtained from Biotério Central do Instituto Butantan
and maintained under standard conditions (temperature 22 = 1°C, relative
humidity 60 + 5%, 12 h light/dark cycle) with diet and water ad libitum.. The
experimentation protocol was approved by the Committee of Ethics for the Use of

Animals of the Instituto Butantan (protocol number 003/2001) and it is in
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agreement with the ethical principles of animal experimentation adopted by the

Colégio Brasileiro de Experimentacao Animal (COBEA).

2.3. Edema inducing-activity

Groups of four male BALB/c mice (18-22 g) were injected in the subplantar
region with the crude venom and the myotoxin BnSP-7 (10 pg/10 uL). Control
animals received an injection of PBS under identical conditions. After 30, 1h, 3hs,
6hs e 24hs the edema at the paw was measured using a low pressure pachymeter
(CALIPER). Zero time points were subtracted from all the values and the

differences were expressed as media percentage + S.D.

2.4. Myotoxic activity

The assay of creatine kinase (CK) was carried out using the CK-NAC kinetic
kit from Bioclin. Myotoxin BnSP-7 (50 nug/25 pL or crude venom (25 ug/25 uL) were
injected intra-muscularly in groups of four BALB/c male mice (18-22 g). Control
animals received an injection of 25 uL PBS under identical conditions. After time
intervals of 1, 3, 6 and 24 hours after injection, blood was collected from cardiac
punction and the plasma creatine kinase activity was determined. Activity was
expressed in U/L, one unit defined as the phosphorylation of 1 umol of creatine /min

at 25 °C.
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2.5. Histological Analysis

Myotoxic activity was also evaluated on the basis of morphologic alterations
induced by i.m. injections of the myotoxin BnSP-7 (50 nug/25 uL) or crude venom
(25 ng/25 pL) in the left gastrocnemius skeletal muscle of BALB/c male mice (18-
22 g, n = 3). Control animals received an injection of 25 uL PBS under identical
conditions. After time intervals of 1, 3, 6, 24 and 72 hours, 1 and 2 weeks of
injection the animals were sacrificed in CO, chamber and a small section of the
central region of the muscle was excised. The material was then soaked in fixing
solution (10% formaldehyde in PBS, v/v) and dehydrated by increasing
concentrations of ethanol and processed for inclusion in paraffin. The resulting
blocks were sliced in 6.0 um thick sections, stained with 0.25% (w/v) hematoxin-

eosin (HE) or Masson and examined under a light microscope.

2.6. RNA extraction

Total RNA was extracted from gastrocnemius muscle by Tri-Reagent
(Sigma) method following the manufacture’s instructions, after i.m. injection of 50
ug of BnSP-7 or 50 uL of PBS at different time intervals (1, 3, 6, 24, 72 hours and
1 and 2 weeks). RNA extraction was carried out in an RNAse-free environment.
RNA was quantified by reading the absorbance at 260 nm according to the

method described by Sambrook et al. (1989).



45

2.7. Semi-quantitative RT-PCR analysis:

These experiments were accomplished according to Baldo, C. (2004) with
modifications. The reverse transcription of 1 pg RNA was carried out using M-MLV
RT reverse transcriptase (2 U/uL) (Invitrogen), oligo (dT)+s, primers (6.3 pmol/ L),
dNTP (0.2 mM), MgCl, (2.5 mM) and 0.5 U RNAseOUT Ribonuclease inhibitor
(Recombinant).

For the polymerase chain reaction (PCR), the cDNA (2 uL) obtained was
incubated with 0.05 U/uL Platinum® Taq DNA Polymerase (Invitrogen), 0.5 mol/pL
of 3" and 5’ primers, 0.2 mM dNTP, 200 mM, 10x Tris-HCI buffer and 2 mM MgCl..

The RT-PCR conditions for the MMP-9 were: 37°C for 1 hour (RT-reaction),
95°C for 5 min (hot start) followed by 36 cycles at 94°C for 40 sec (denaturing),
58°C for 40 sec (annealing temperature), and 72°C for 50 sec (extension). PCR
conditions for the MMP-2 were: 37°C for 1 hour (RT-reaction), 95°C for 5 min (hot
start) followed by 38 cycles at 94°C for 40 sec (denaturing), 60°C for 40 sec
(anneling temperature), and 72°C for 50 sec (extension). PCR conditions for the 3
actin were: 37°C for 1 hour (RT-reaction), 95°C for 5 min (hot start) followed by 28
cycles at 94°C for 40 sec (denaturing), 58°C for 40 sec (anneling temperature),
and 72°C for 50 sec (extension). Semi quantitative RT-PCR was established by
terminating reactions at intervals of 28, 30, 33, 36, 38 and 40 cycles for each
primer pair to ensure that the PCR amplicons were within the linear portion of the
amplification curve. PCR products were detected on 2% agarose electrophoresis
using as nucleotide size markers the 100 bp Ladder (Invitrogen). The primers used
were B-Actin  (forward 3 AACCCTAAGGCCAACCGTGA; reverse %

ATGCCACAGGATTCCATACG; 490 bp), MMP-2 (forward 3
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GTTGGCAGTGCAATACCTGA; reverse 5 GGTATCCATCTCCATGCTCC; 404
bp) and MMP-9 (forward 3 CATCGAACTTCGACACTGAC; reverse 5
GCCACGACCATACAGATACT; 212 bp). The primer for the protein B-actina was
positive control of the reaction since this protein is expressed constitutively by the
cells.

The relative abundance of the genes was obtained by the reason among
the reading of optical densitometry of genes MMP-9 or MMP-2 for the constitutive

gene.

2.8. Peritoneal cells and culture

The MPAC (murine peritoneal adherent cells) experiments were
accomplished according to Clissa et al. (2001). The production of peritoneal
exudates cells from 18 to 22 g male BALB/c mice was elicited by intraperitoneal
injection of 1 mL Brewer's thioglycollate medium (Difco Laboratories). Five days
later, the cells were collected from the mouse peritoneal cavity in 5 mL of complete
RPMI medium (Gibco) containing 2 IU/mL of Heparin (Roche). The pooled cells
were then washed twice with phosphate-buffered saline (PBS) and then
resuspended in complete RPMI containing 5% heat-inactivated Fetal Calf Serum
(FCS) (Bio-Whittaker). The cells were cultured in 24 well (5 x 10° cells/well) cell
culture plates, incubated at 37°C in the presence of CO, for 2 h. After incubation,
they were washed three times with PBS, to remove non-adherent cells, and RPMI
containing 5% FCS was added to each well. Approximately 95% of the remaining

adherent cells were macrophages as determined by morphology.
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Viable cells were quantified by the presence in live cells of mitochondrial
succinyl dehydrogenase, by adding the enzyme substrate 3-(4,5-dimethylthiazol-2-
yl) 2.5 diphenyl-tetrazolium bromide (MTT) (Sigma) to the adhered cells. After 24
hours from stimulation with 2.5, 5.0, and 10.0 pg/mL of BnSP-7, BnSP-7-BPB or CV
culture supernatants were discarded and the cells remaining on the plate were
incubated with 200 uL of MTT (5 mg/mL in PBS) for 90 min at 37°C. The plates
were then washed with PBS, and 200 uL/well of dimethyl sulfoxide (Sigma) were
added. One hour later, the optical density was determined at 490 nm. The

absorbance obtained using non-treated cells was used as 100% viability.

2.9. Cytokine measurement

For this assay MPAC were stimulated with 5 pg/ml of crude venom, BnSP-7
or BnSP-7-BPB in duplicate. After 2, 4, 6, 8 and 24 hours the supernatants were
collected and stored at -20° C for subsequent measurement by ELISA. Treatments
with PBS were used at zero time as control.

We also tested the induction of cytokine on gastrocnemius muscle. 10 ug/10
ul of crude venom, BnSP-7 or BnSP-7-BPB were injected in the left gastrocnemius
muscle of BALB-c male mice (18-22 g, n = 3). Control animals received an injection
of 10 pl PBS under identical conditions. After 2, 4, 6, 8 and 24 hours the animals
were sacrificed, the muscle was extracted, added to 200pl of PBS, perforated and
homogenized with a glass stem in the own tube eppendorf. Then, more 300ul of
PBS was added and samples were centrifuged 12000xg, 5 minutes
(Laborzentrifugem 2K 15-Sigma). The supernatants were collected and stored at -

20° C for subsequent measurement by ELISA.
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Cytokine levels in the cells supernatants and gastrocnemius muscle
supernatants were measured by ELISA, according to the manufacturer's
instructions (R&D Systems). The monoclonal and polyclonal antibodies against IL-
1B, IL-6, TNF-a and KC (the mice cytokine corresponding to the human cytokine IL-
8) were from R&D Systems. Cytokine concentrations were calculated by
interpolation of the regression curve of known amounts of recombinant cytokines

(rIL-6, rIL-1B, rTNF- a and rKC from R&D System) and reported as ng/ml.

2.10. Statistical Analysis

The experiments accomplished in triplicate were analyzed by one way
ANOVA followed by the test of Dunnett, while experiments made in duplicate were
analyzed by one way ANOVA followed by the test of Tukey. Differences were
considered statistically significant at p<0.05. The results are expressed as the

average of the triplicate or duplicate plus the standard deviation.

3. Results

3.1. Edematogenic activity

There was a significant increase of mice paws inoculated with CV or BnSP-

7, evidencing the presence of edema (Table I). The maximum edema percentage
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obtained by the CV was of 79%, 1 hour after inoculation, while the myotoxin

BnSP-7 presented a maximum increase after 30 minutes (77%).

3.2. Myotoxic activity

Table | also shows a significant increase in the release of creatine kinase
induced by BnSP-7 when compared to CV and PBS control. The maximum of
release was observed 3 hours after inoculation of CV and BnSP-7, corresponding to
515.4 and 4,147.5 U/L, respectively. The activity of CK for control group was of

approximately 47 U/L.

3.3. Histological analysis

Figures 1 and 2 show histological sections of mice gastrocnemius muscle
extracted 1, 3, 6, 24, 72 hours, 1 and 2 weeks after the inoculation with PBS, 25
pug CV or 50 ug BnSP-7.

In comparison with control PBS, the muscles inoculated with CV presented
swollen and with great extravasation of erythrocytes, characterizing a hemorrhagic
effect. After 3 hours, it was observed an inflammatory infiltrate, composed mainly
of neutrophils that increased progressively up to 72 hours. The tissue necrosis
was evidenced mainly between 24 and 72 hours. Myocytes in regeneration were
observed after one week of CV inoculation. In this period, it can be noticed a
decrease of edema, hemorrhage, necrosis and leukocyte infiltrate, which became
composed mainly by macrophages. The muscle cells in regeneration showed a

reduced size with large and central nuclei, with prominent nucleolus. The process
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of repair of the muscle fibers is followed by formation of fibrous connective tissue,
evidenced by the presence of granulation tissue in slides stained with Masson
(Figures 1G, 1H).

In comparison with the control PBS, in the first 3 hours after the inoculation
of myotoxin BnSP-7 the muscle presented swollen (spaced fibers), with a lot of
necrotic cells and discreet inflammatory infiltrate constituted predominantly by
neutrophils. The edema decreased progressively until 6 hours, while the
inflammatory exudate increased progressively up to 72 hours, being located
mainly in the endomisium. After 24 hours, the number of necrotic cells decreased
(Figures 2E, 2F, 2G). From 72 hours to 2 weeks the inflammatory infiltrate became
multifocal, being characterized practically by macrophages and the edema and
necrosis have disappeared. In that period, were visualized myocytes in
regeneration and the presence of granulation tissue (Masson-Figure 2E),
composed of inflammatory cells, fibroblasts and newly formed and forming

vessels.

3.4. Expression of MMPs

The RT-PCR reactions showed that MMP-9 expression was gradually
increased from 72 hours to one week and started to decrease two weeks after
inoculation of BnSP-7 in the gastrocnemius muscle, reaching the highest level of
expression at one week. No significant levels of MMP-9 induced by PBS were
detected (Figura 3B). MMP-2 expression was verified in all times tested, with a

decrease at 3, 6 and 24 hours after stimulus by both BnhSP-7 and PBS (Figura 3C).
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3.5. Effect on cytokines

Exposure of MPAC and gastrocnemius muscle to toxins took to an increase
of all cytokines tested, however the release of TNF-a wasn’t significative (results not
showed).

MPAC levels of IL-6 reached peak 8 hours after stimuli by BnSP-7, while for
muscle the peak was at 2 hours. BnSP-7-BPB decreased successfully IL-6 levels
when compared to BnSP-7 in both experimental models (Figures 4A and 5A,
respectively). MPAC levels of IL-8 reached peak 6 hours after stimuli by BnSP-7,
while for muscle the peak was at 2 hours. BnSP-7-BPB also decreased IL-8 levels
when compared to BnSP-7 (Figures 4B and 5B, respectively). MPAC levels of IL-13
reached peak 6 hours after stimuli by BnSP-7, while for muscle the peak was at 4
hours. BnSP-7-BPB wasn’t so successful to diminish levels of IL-18 when
compared to BnSP-7 since it was observed at only one time interval of each
experiment (Figures 4C and 5C, respectively). BnSP-7 induced higher cytokines
release in MPAC while in gastrocnemius muscle the CV was able to induce higher

levels of all cytokines.

4. Discussion

Bothropics myotoxins induce serious muscle damage soon after the
intramuscular injection, characterized mainly by edema, inflammation and

mionecrose. (Gutiérrez et al., 1989; Nishioka et al., 1992; Gutiérrez & Rucavado,
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2000). Thus, the pathogenesis of these effects is being very studied through the
morphologic and biochemical alterations in the affected muscle (Gutiérrez &
Lomonte, 1995; Rodrigues et al., 2001; Harris, 2003; Rucavado et al., 2002;
Rodrigues et al., 2007).

In this work it was verified that both crude venom and myotoxin BnSP-7
were able to induce significant increase of mice paw, characterizing the edema.
For Zuliani et al. (2004) and Landucci et al. (1998) fosfolipases A, increase the
microvascular permeability and the blood flow in mice and rat paw causing the
edema. The edema formation can also be broadly linked to mast cells activation
(Cirino et al.,, 1989; Landucci et al., 1998). Mast cells are inflammatory cells
located close to blood vessels, nerves, epithelium and smooth muscles and they
express and release type Il fosfolipases Az, that have the function of modulating
it's degranulation (Zuliani et al., 2004). The discovery that mast cells activation by
bothropstoxin-1, a fosfolipase A, Lys-49 isolated from Bothrops jararacussu snake
venom (Homsi-Brandeburgo et al., 1988), was inhibited by heparin suggests that
the positive charge of this toxin is the major responsible factor for its
pharmacological properties (Landucci et al., 1998). Other studies showed that the
initial edema (30 minutes) is inhibited by pretreatment with ciproheptadin,
indicating the participation of histamine or serotonin in the process, while the late
edema (5 hours) is inhibited with pretreatment with aspirin, suggesting the
prostaglandins participation (Gutiérrez et al., 1986). Besides, Landucci et al.
(1998) suggest that phospholipids hydrolysis by phospholipases A is not essential
for edema formation, in other words, the phospholipases may have a
pharmacological domain independent from catalytic site (Kini & Evans, 1989; Kini,

2003), explaining then the role of BnSP-7 Lys-49 in the induction of this effect.
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The muscle damage showed that first intervals of time after inoculation of
crude venom or BnSP-7 were characterized by edema, necrosis and inflammation
and, just for CV, hemorrhage. This bleeding is due to the action of hemorrhagic
toxins, like metalloproteinases, present in the crude venom (Gutiérrez et al., 1995)
that cause lesions on the walls of the small blood vessels (Oshaka et al., 1979;
Ownby et al., 1990). The mechanism for which hemorrhagic metalloproteinases
causes systemic or local tissue damage is due to their proteolytic action in proteins
of the basal membrane (Bjarnason and Fox, 1994; Escalante et al., 2006). This
action weakens the mechanical stability and hemodynamic biophysical forces that
usually operate in the circulation, provoking a distention in the capillary wall until the
integrity is broken and extravasation occurs in an explosive way, leading to tissue
hypoxia and, consequently, to cellular death (Gutiérrez and Rucavado, 2000;
Gutiérrez et al., 2005; Gutiérrez et al., 2006). So, it is suggested that this distention
and abrupt rupture result in the loss of the integrity not only of endothelial cells, but
also of the components of the basal membrane (Moreira et al., 1994; Gutiérrez et
al., 2006). Bleeding injuries can also be provoked by the inhibitory effect on platelet
aggregation by SVMPs (Bjarnason and Fox, 1994, Kamiguti, et al., 2003). Besides,
SVMPs induce the separation of endothelial cells from extracellular matrix proteins
and its apoptosis (Tanjoni et al., 2005; Diaz et al., 2005; You et al., 2003).

The mionecrosis caused by CV and BnSP-7 was assayed by levels of
creatine kinase in the serum of mice injected with these toxins. The enzyme
creatine kinase is found in high concentrations in the heart, skeletal muscles and
in the brain. Thus, when the muscle tissue is damaged in some way the levels of
CK in the blood increase. The myotoxin BnSP-7 induced a larger release of the

enzyme creatine kinase than crude venom.
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The myotoxicity induced by snake venoms can be caused by the indirect
action of hemorrhagins, that cause injury to blood vessels leading to ischemia and,
consequently, to cellular death; or it can be caused by the direct action of
phospholipases A, by rupture of plasma membranes leading to alteration on
permeability and this way they provoke cellular damage. The mionecrosis induced
by CV and BnSP-7 begins 1 hour after the inoculation. This effect observed in the
treated muscles with CV can also be due to the direct action of PLAzs Lys49 on
plasma membrane. It is believed that it’s action in the muscle plasma membrane is
due to areas of its structure that recognize acceptor sites negatively charged, both
for low as high affinity in the muscle membrane, and to areas that interact and
penetrate in the lipid bilayer promoting destabilization of the membrane through an
independent mechanism of the catalytic action, practically absent in those
proteins. This action results in an influx of calcium, that begins a variety of
degenerative mechanisms as alterations in the cytoskeleton, mitochondrial
damages, proteases and calcium-dependent phospholipases activation and
hypercontraction of myofibers, that consequently cause more cellular damages,
taking to necrosis of muscular fibers (Harris, 2003; Gutiérrez and Ownby, 2003).

The use of synthetic peptides evidenced the C-terminal region (115-129) as
responsible for the toxic activities in some myotoxic PLA, Lys49 (Nunez et al.,
2001; Lomonte et al., 2003a). This region combines cationic and hydrophobic
amino acids responsible for the cellular membranes damage mechanism. The
cationic residues would interact electrostatically with anionic groups of an aceptor
site possibly membrane phospholipids negatively loaded (Lomonte et al., 2003b),
while the hydrophobic residues, especially the aromatic ones, would interact with

and possibly penetrate the phospholipidic bilayer, resulting in its destabilisation
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(Nunez et al., 2001). However, the fact of a single peptide plays all the main toxic
activities of the origin molecule, does not prevent the existence of other motify that
can participate or complement the action of toxic effector site (Lomonte et al.,
2003(b)). In contrast, C-terminal peptides of some myotoxic PLA, Asp49 showed
no activity of membrane direct damage, suggesting that the toxic mechanism
exercised by these proteins, that probably involves its catalytic activity as an
important step, is different from that used by myotoxic PLA; Lys49 (Nufez et al.,
2001).

The results obtained by histological analyses confirm the high levels of CK
liberated by gastrocnemius muscle. Soares et al. (2000) also verified an increase
in CK plasma levels induced by BnSP-7. Rodrigues et al. (1998) showed necrosis
of gastrocnemius muscle 24 hours after inoculation of BnSP-7, while BnSP-7
modified with BPB did not produced any visible necrosis.

Our histological analysis, as well as in other studies (Gutiérrez et al., 1991;
Gutiérrez & Lomonte, 1989; Harris, 1991, Harris, 2003), also showed that
mionecrosis is followed by the invasion of inflammatory infiltrate in abundance and
by regeneration in the affected muscle.

The efficiency of local circulation is essential for complete muscle
regeneration, since it allows the arrival in the damaged region of macrophages
that phagocyte necrotic cells, as well as nutrients and O, to supply the intense
metabolic activity of the regeneration phase (Harris, 2003). Since CV caused
intense hemorrhage, as shown previously, the reinervation and the regeneration of
the blood vessels in the muscle are essential for the regeneration process
(Vignaud et al., 2005; Harris, 2003). Besides, in this slower process of

regeneration it is common the emergence of many fibroblasts and fibrosis
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(Gutiérrez & Lomonte, 1995). This dense organization of ECM difficults further cell
migration and regeneration, thus resulting in a terminal residual fibrotic state within
the muscle (Bedair et al., 2007).

The myotoxin BnSP-7 did not cause damage to blood vessels, nerves or
basal lamina, witch stays intact in the periphery of the muscle cells, therefore
favoring a fast and efficient regenerative process also evidenced in this work. The
muscle tissue inoculated with CV or the myotoxin BnSP-7 has the capacity of
regeneration of its fibers after 72 hours before the inoculation of these samples. It
is possible that the venom and toxins themselves begin a vigorous regenerative
process of the muscular fibers due to their chemotactic properties, recruiting
macrophages and activating satellites cells (Harris, 2003). Although the
morphological structure of muscle injected with BnSP-7 or CV showed in
regeneration, its function was not verified in the present work. Vignaud et al.
(2005) verified that some slow-twitch muscle contractile properties were not fully
recovered even by 12 weeks after treatment by snake venom Notechis scutatus
scutatus.

The satellites cells, precursory of the regenerate muscle cells, are located
between the plasma membrane and the basal lamina of muscle fibers and they
are surrounded by ECM components including laminins, fibronectin and type-IV
collagen. These cells are very resistant to aggressions of several different natures,
remaining intact to the attack, for instance of phospholipases A,, and they are
activated and enter into division during the degenerative processes (Harris, 2003).
Being activated they are known to express MMPs, especially gelatinases witch
target collagen-IV and laminins. An elevated level of MMPs production is thought

to result in cell migration into injured areas with subsequent differentiation and
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fusion of satellite cells into myofibers, characterizing the regeneration (Kherif et al.,
1999, Fahime et al., 2000). Our data showed an increase in expression of MMP-9
from 72 hours to two weeks after inoculation of BnSP-7 demonstrating that MMP-9
may have a role on regeneration process, since we see regenerating muscle fibers
at these same times in our histological analyses.

Kherif et al. (1999) demonstrated by in situ hybridization that MMP-9 mRNA
is produced by inflammatory cells, predominantly polymorphonuclear leukocytes,
and by putative activated satellite cells. Besides other cells usually found in
histological studies of injured muscles like macrophages and mast cells are know
to store and produce MMP-9 in response to different stimuli from necrotic tissue,
representing one important source of this MMP.

We also observed expression of MMP-2 in our experiments. Many types of
cells are able to produce MMP-2 such as skeletal muscle, endothelial and
fibroblast cells (Guérin and Holland, 1995). The decrease at 3, 6 and 24 hours
after stimulus by both BnSP-7 and PBS is being investigated. Both PBS and
BnSP-7 expressed MMP-2 in all times tested. Kherif et al. (1999) hypothesize that
a constant MMP-2 activation may intervene during muscle regeneration.

Although the expression of MMPs was evidenced during tissue
degeneration and regeneration process induced by BnSP-7, the respective active
or latent forms were not detected in the present study. Kherif et al. (1999) showed
that skeletal muscle produce both MMP-2 and MMP-9 gelatinases as latent and/or
active forms, but with differential patterns related to the time course of muscle
necrosis and regeneration. The same way, Rucavado et al. (2002) found by
zymography and a specific enzymatic assay that MMPs in muscle homogenates

corresponded predominantly to the latent forms, therefore lacking activity.
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The MMPs can also contribute to inflammatory processes regulating
physical barriers, modulating inflammatory mediators such as cytokines and
chemokines, and establishing chemokine gradients in inflamed tissues that
regulate the movement of leukocytes at sites of infection or injury. MMPs can
either promote or repress inflammation by the direct proteolytic processing of
inflammatory cytokines and chemokines to activate, inactivate or antagonize
chemokine function (Manicone and McGuire, 2008). Thus, our findings of
increased levels of IL-1B, IL-6 and IL-8 on muscle homogenate and MPAC
suggest an involvement of these cytokines with MMPs and regeneration. MMP-2
and MMP-9 can activate the IL-13 precursor to the active form (Schonbeck et al.,
1998) leading then to stimulation of macrophages essential for regenerating
process, once they remove the necrotic cells allowing occupation of new
myofibers. Interestingly, IL-1B up-regulates MMP-9 (Brenner et al., 1989). MMP-9
process IL-8 in a product that have more potent chemoattractant activities (Van
den Steen et al., 2000) promoting then activation of neutrophils. In addition these
cytokines also induce the expression of MMPs (Sarén et al., 1996).

Raised levels of pro-inflammatory cytokines have been detected in the
serum of human victims or in experimental models following Bothrops envenoming
(Barravieira et al., 1995; Barros et al., 1998; Cardoso et al., 2001; Clissa et al.,
2001; Carneiro et al., 2002; Rucavado et al., 2002; Cruz et al., 2005; Chaves et al,
2005; Fernandes et al., 2006; Zuliani et al., 2004; Chacur et al., 2004; Zamuner et
al., 2005). Our present findings showed an increase of IL-6, IL-8, IL-13 for both
experimental models, MPAC and gastrocnemius muscle, induced by toxins and

crude venom, although these values were higher for gastrocnemius muscle. These
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cytokines are important in the regeneration processes since they activate many
inflammatory cells.

The modification of BnSP-7 with BPB decreased significantly the release of
all cytokines in almost all times tested for both MPAC and muscle. These results
reaffirm the conclusion made by Soares et al. (2000) that the alkylation of BnSP-7
His 48 with BPB leads to a reduction of pharmacological effects, suggesting that
this modification induces conformational changes in molecule regions different
from the catalytic site, since Lys49 PLA; lack enzymatic activity.

We conclude that both experimental models used in this work succeed on
showing the profile of pro-inflammatory cytokine release of all toxins tested. We
have demonstrated that BnSP-7 induces an increase in edema, release of CK,
cytokines (IL-6, IL-8, IL-1-1B) and expression of MMP-2 and MMP-9. This way, this
myotoxin can be acting as pro-inflammatory stimulus, inducing cytokine production
and liberation from the inflammatory and satellite cells, which present important
role in the inflammatory process and, consequently, in the evolution of local tissue
damage and regeneration. Future studies using antibodies anti-cytokine or anti-
inflammatories are of extreme importance for the understanding of inflammatory
mechanisms induced by this toxin. The MMPs must also be more studied since
they seem to play an important role on cell migration and regeneration process. In
addition, studies of the pathogenesis of local tissue damage on envenomation can
take to a better understanding of the mechanisms that lead to tissue necrosis and
later regeneration, what could inspire the creation of new therapeutic methods.
Thus, the understanding of the mechanism of action of snake venom toxins can

reveal mechanisms of cellular and tissue injury that are common to other
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pathological conditions, like degenerative diseases (Duchennes’s muscular

dystrophy), allowing the development of alternative therapies
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Figure Captions

Figure 1: Photomicrography of fine cross cuts with 6,0 um of thickness of left mice
gastrocnemius muscle, after 1, 3, 6, 24 and 72 hours, 1 and 2 weeks. The
alterations were induced by 25ug of crude venom (CV) of Bothrops pauloensis
dissolved in 50ul of PBS.

A: PBS. (200 x), B, C, D, E, F, H: CV = 1, 3, 6, 24 and 72 hours, respectively.
(400 x), G, H: CV = 1 and 2 weeks, respectively. (200x)

| = Inflammatory infiltrate, H = Hemorrhage, N = Necrosis, E = Edema, CN

Central Nuclei, GT = Granulation Tissue, HE = Hematoxilin and Eosin, M

Masson.

Figure 2: Photomicrography of fine cross cuts with 6,0 um of thickness of left mice
gastrocnemius muscle, after 1, 3, 6, 24 and 72 hours, 1 and 2 weeks. The
alterations were induced by 50 ug of the myotoxin BnSP-7 isolated from Bothrops
pauloensis crude venom dissolved in 50ul of PBS.

A, B, C, D, F: BnSP-7 = 1, 3, 6, 24 hours and 2 weeks, respectively. (200 x), E,
G: BnSP-7 = 72 hours and 1 week, respectively (400 x).

| = Inflammatory infiltrate, N = Necrosis, E = Edema, CN = Central Nuclei, GT =

Granulation Tissue, HE = Hematoxilin and Eosin, M = Masson

Figure 3: Semi-quantitative expression of genes MMP-9 and MMP-2 in the
gastrocnemius muscle of mice BALB/c inoculated with 25 pg of BnSP-7. A-
Standard electrophoretic on agarose gel 2% of fragments obtained by RT-PCR. B-
Optical densitometry of gene MMP-9 obtained by RT-PCR. C- Optical densitometry
of gene MMP-2 obtained by RT-PCR. * The relative abundance of the genes was
obtained by the reason among the reading of optical densitometry of genes MMP-9
or MMP-2 for the constitutive gene (3-actin).

P1, P3, P6, P24, P72, P1w, P2w: Control animals injected with 25 uL of PBS, and
sacrificed after 1, 3, 6, 24 and 72 hours, 1 and 2 weeks respectively.

B1, B3, B6, B24, B72, B1w, B2w: Animals injected with 25 ug of BnSP-7, and
sacrificed after 1, 3, 6, 24 and 72 hours, 1 and 2 weeks respectively.

M: 100-pb ladder marker
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Figure 4: Release of cytokines by MPAC. MPAC were stimulated with 5 pg/ml of
crude venom (CV), BnSP-7 or BnSP-7-BPB. After 2, 4, 6, 8 and 24 hours the
supernatants were collected and stored at -20° C for subsequent measurement by
ELISA: A = IL-6, B = IL-8, C = IL-1B. Treatments with PBS were used at zero time
as control. The experiments were accomplished in duplicate and analyzed
statistically by ANOVA followed by the test of Tukey. The symbols represents
significant difference (p<0.05) between: BnSP-7 and BPB (*), BnSP-7 and CV (%),
BPB and CV (°). Results are presented by the average + SD.

Figure 5: Release of cytokines by gastrocnemius skeletal muscle. Gastrocnemius
muscle was injected with 10 pyg/10 pL of crude venom, BnSP-7 or BnSP-7-BPB.
Control animals received an injection of 10 pul PBS under identical conditions. After
2, 4, 6, 8 and 24 hours the animals were sacrificed and the muscle was extracted,
processed and the supernatants were collected and stored at -20° C for subsequent
measurement by ELISA: A = IL-6, B = IL-8, C = IL-1B. The experiments were
accomplished in triplicate and analyzed statistically by ANOVA followed by the test
of Dunnett, where the symbol * represents a significant difference (p <0,05) among
the experimental groups (BnSP-7, BPB, CV) and the group control (PBS), the
symbol * represents a significant difference (p <0,05) among BnSP-7 and BPB.

Results are presented by the average = SD.
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Tables

Table I: Induction of time-dependent edema? and creatine kinase release®.

EDEMA (%) CK (U/mL)
0,5h 1h 3h 6h 24hs 1h 3h 6h 24hs*
PBS 25+0.7 16.5%+7.8 7.0x1.1 14.7 £5.8 59+0.7 170+ 11,4 32,5+11,6 22,6 £9,3 70,2 +5,7
BnSP-7 771 +13 70.4 +8.8 66.2 +2.3 48.3+10.2 33.1%4.2 3747,3+56,6 41475+113,3 2833,3+5724 149,0 £73,3
cv 76.0 +3.5 79.0+12.7 62.5+7.8 49.0+1.4 30.5+1.7 361,6 +116,8 515,4 +125,9 469,5+ 11,4 264,4 + 68,7

a: After inoculation of 25ug/50uL of CV from Bothrops pauloensis or 50ug/50 pL of myotoxin BnSP-7 in mice paw, the increase of paw area was measured with a low pressure pachymeter (0.5, 1,
3, 6 and 24 hours) and expressed in percentage of induced edema. b: Mice were injected with 25 ug of CV from Bothrops pauloensis or 50ug of myotoxin BnSP-7 in gastrocnemius muscle,
sacrificed after 1, 3, 6 and 24 hours. The activity was expressed in U/L. Animals injected with 50 uL of PBS were used as control.

The experiments were analyzed statistically by ANOVA followed by the test of Dunnett. All results represented significant difference (p <0,05) among the experimental groups (BnSP-7 and CV)
and the group control (PBS). The results are presented by the average + SD (n=3). "Differences of the time 24hs were not significative.
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Anexo |

TOXICON

(http://www.elsevier.com/wps/find/journaldescription.cws_home/259/authorinstructi

ons)

An Interdisciplinary Journal on the Toxins Derived from Animals, Plants and

Microorganisms - Official Journal of The International Society on Toxinology

Guide for Authors

Manuscript Preparation

General: Manuscripts must be typewritten, double-spaced with wide margins on
one side of white paper. Good quality printouts with a font size of 12 or 10 pt are
required. The corresponding author should be identified (include a Fax number
and E-mail address). Full postal addresses must be given for all co-authors. All
numbers should be numbered consecutively. Authors should consult a recent
issue of the journal for style if possible. An electronic copy of the paper should
accompany the final version. The Editors reserve the right to adjust style to certain
standards of uniformity. Authors should retain a copy of their manuscript since we
cannot accept responsibility for damage or loss of papers. Original manuscripts
are discarded one month after publication unless the Publisher is asked to return

original material after use.
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Paper length: Toxicon has set no standard length for papers, but the Editors insist
upon a clear presentation of data in as concise a form as is consistent with good

reporting. The fragmentation of a report into several short papers is discouraged.

Abstracts: There should be an abstract of no more than 200 words.

Text: Follow this order when typing manuscripts: Title, Authors, Affiliations,
Abstract, Keywords, Main text (introduction, materials and methods, results and
discussions), Acknowledgements, Appendix, References, Vitae, Figure Captions
and then Tables. Do not import the Figures or Tables into your text. The
corresponding author should be identified with an asterisk and footnote. All other
footnotes (except for table footnotes) should be identified with superscript Arabic

numbers.

Units: Units of measure must be clearly indicated.

Symbols: The Latin name must be given for all animal and plant species. Trade
names or abbreviations of chemicals may be used only when preceded by the
chemical or scientific name. Thereafter, trade names, common names or

abbreviations should be used.

Mathematical equations: Compound numbers should be in bold face Arabic

numerals or underscored.
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vertical rules should be used. Tables should not duplicate results presented
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