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RESUMO

A atividade de catalase em Candida albicans tem sido sugerida como um
mecanismo de resisténcia ao antifungico anfotericina B. Neste contexto, poucos
sdo os estudos de enzimas como catalase e superéxido dismutase em leveduras
do género Candida expostas a diferentes situacoes. Assim, este estudo teve por
objetivo investigar o efeito da exposicdo de Candida a antineoplasicos, ions
metalicos e antifungicos como fluconazol e anfotericina B sobre a atividade
dessas enzimas. Os resultados apontaram que o antineoplasico metotrexato
aumentou a atividade da catalase em C. albicans, que ions metalicos como
cobre, zinco, manganés e ferro produzem um efeito variavel na atividade de
superoéxido dismutase, bem como, um efeito variavel de um ion no acumulo de
outro. Também verificamos através de nossos resultados que a inducédo de
resisténcia ao fluconazol e anfotericina B aumentam a atividade de catalase e
superéxido dismutase em C. albicans e C. dubliniensis. Esses resultados
sugerem que o antineoplasico metotrexato e a inducdo de resisténcia a
anfotericina B e fluconazol podem gerar um estresse oxidativo em leveduras do
género Candida que possivelmente se adaptam a esse estresse aumentando
seus mecanismos de defesa antioxidante. Esse efeito pode induzir a uma maior

resisténcia desses organismos ao ataque de células fagociticas do hospedeiro.

Palavras chaves: superoxido dismutase, catalase, candida, estresse oxidativo.
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ABSTRACT

Catalase is an enzyme that has been suggested to be involved in resistance
mechanisms to antifungal drug such as amphotericin B. There are few studies
focusing on catalase and superoxide dismutase in yeasts, such as Candida,
exposed to different situations. Thereby, the aim of the present study was to
investigate the effect of exposing Candida to antineoplastic drugs, metallic ions and
antifungial drugs, namely fluconazole and amphotericin B, on catalase and
superoxide dismutase activities. Results show that methotrexate induced catalase
activity in C. albicans and that metallic ions, such as copper, zinc, manganese and
iron produced a variable effect on superoxide dismutase activity of C. albicans, as
well as a variable effect in the uptake of one ion on another. We also showed that
fluconazole and amphotericin B resistance increased catalase and superoxide
dismutase activity in C. albicans and C. dubliniensis. These results suggest that
methotrexate as well as the induction of fluconazole- and amphotericin B-resistance
may induce oxidative stress in yeasts such as Candida, which may adapt by
increasing antioxidant defense mechanisms. This effect may induce a major

resistance of this yeast to phagocytic cell attack.

Keywords: superoxide dismutase, catalase, candida, oxidative stress.
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1. INTRODUCAO
1.1. Candida

O género Candida pertence ao Reino Fungi, divisdo Fungi Imperfecta,
classe dos Blastomicetos, familia Cryptococcaceae. Nesse género estédo
catalogadas aproximadamente 200 espécies, sendo que a espécie C. albicans é
a mais prevalente como patégeno ao homem (Bodey et al., 1992).

No homem, a Candida albicans é participante da microbiota endégena e
habita a boca, o intestino e a vagina. Essa espécie, em determinadas condicdes,
tais como, em caréncias vitaminicas, prematuridade, diabetes, gravidez,
tratamentos prolongados com antibidticos, corticdides, quimioterapicos,
radioterapicos, uso de préteses dentarias ou cardiacas e em individuos
imunocomprometidos, desempenha papel de fungo oportunista. Nessas
condicdes, invade os tecidos e provoca quadros clinicos que variam desde
processos infecciosos superficiais até infec¢des profundas envolvendo visceras
(Fonseca, 1980; Sidrim & Moreira 1999).

Segundo dados do “National Nosocomial Infections Surveillance” (NNIS),
nos Estados Unidos, no final da década de 80 e inicio de 90, 7% de todas as
infec¢cdes nosocomiais eram causadas por alguma espécie de Candida (Shaberg
et al., 1991), sendo que, no inicio da década de 80, essa espécie apresentava-
se como o sétimo patégeno mais frequente entre as infec¢cdes nosocomiais. No
periodo de 1986 a 1990, a Candida spp encontrava-se entre 0S cinco primeiros
agentes mais comumente identificados em hemoculturas de pacientes

internados em hospitais americanos. Na década de 90, em 50 hospitais dos



Estados Unidos da América, Candida spp respondeu por 8% dos 4.725
episodios de infeccdo de corrente sanguinea documentados naquelas
instituicbes, sendo considerada a quarta principal causa de infeccdo em
hospitais americanos (Colombo & Guimaraes, 2003). Nas ultimas décadas, as
candidemias tiveram o surpreendente aumento de 487% (Rex et al., 1995),
sendo que, entre os pacientes com SIDA, as candidiases atingem percentuais
de 43 — 93% da populacdo com significativa morbidade e frequentes recidivas

(Le Guenec et al., 1995).

1.2. Candidiase em Pacientes com Cancer

Nas ultimas décadas, as infec¢fes fungicas invasivas foram consideradas
a maior causa de morbidade e mortalidade nos pacientes com neoplasias,
particularmente leucemias, linfomas, sindromes mielodispldsicas e nos
transplantados de medula 6ssea (Rex et al., 1995; Walsh et al., 1994). Esse
espectro comecou a mudar a partir dos anos 1950, pois, até entdo, a terapia
antineoplasica era incomum e pouco diversificada. Com o avanc¢o das drogas
citotoxicas, agravaram-se 0s quadros de imunossupressao em pacientes com
cancer e neles, as doencas fungicas emergiram como importante causa de
morbidade e mortalidade (Wingard, 1994).

Entre 1973 e 1980, as infec¢des fungicas foram encontradas em 27 % de
32 pacientes com leucemia aguda, estando Candida envolvida na maioria
dessas infec¢des (DeGregorio et al., 1982). De acordo com Bodey (1984), as

candidiases séo causa de morte em 75% dos pacientes com leucemia aguda,



51% dos pacientes com linfoma e 47% dos pacientes com tumores solidos.
Alguns autores estimam que a frequéncia das candidiases disseminadas chegue
a atingir 60% dos pacientes com cancer e, entre esses, a mortalidade é de,
aproximadamente, 95% (Karabinis et al., 1988). Em um estudo realizado em um
hospital Universitario de Frankfurt no periodo de 1978 a 1992 apontou uma
incidéncia de infec¢Bes fungicas invasivas em individuos com leucemia mieloide
aguda de 25% e entre pacientes com SIDA (Sindrome da Imunodeficiéncia
Adquirida), de 19% (Groll et al., 1996).

Nas ultimas décadas, observou-se uma diminuicdo das infeccdes
causadas por Candida albicans. No entanto, ela ainda é reconhecida como a
mais patogénica e frequente espécie de Candida, causadora de infeccdes em
individuos imunocomprometidos ou imunocompetentes (Sullivan & Coleman,
1998). Essa tendéncia pode ser observada em estudos com swabs orais de
pacientes com cancer, onde apesar da espécie Candida albicans ser a mais
frequentemente isolada, as espécies ndo albicans aumentaram
consideravelmente, atingindo percentuais de aproximadamente 25% dos casos
(Davies et al.,, 2006). Outro estudo com pacientes com cancer avancado,
apontam 49% de isolados de Candida albicans, 24% de Candida glabrata e
4,6% de Candida dubliniensis (Bagg et al.,, 2003). Mais recentemente o0s
mesmos autores obtiveram a espécie Candida albicans em 59% dos isolados e
as espécies nao albicans mais frequentes foram Candida glabrata 19% e

Candida dubliniensis 7% (Bagg et al., 2005).



Alguns pesquisadores vinculam a mudanca no perfil de espécies isoladas
em paciente com cancer a terapia profilatica com fluconazol (Bodey et al., 2002).
Nesses pacientes, a candidiase estd associada a alta mortalidade, a qual

aumenta com a presenca de neutropenia (Anaissie et al., 1998).

1.3. Terapia Antifungica

Historicamente, as infec¢cfes flngicas invasivas estdo associadas a alta
morbidade e mortalidade, devido, em parte, as limitagdes da terapia antifingica
disponivel e as dificuldades em se fazer um diagndéstico rapido e acurado. Desde
os anos de 1950, o tratamento padréo de infec¢des fungicas graves é feito com
anfotericina B e com triaz6licos como fluconazol e itraconazol. Apesar de
vantajosos em relacdo a anfotericina B, os compostos triazélicos apresentam
limitagbes devido as suas formulagbes, espectro de atividade e ou
desenvolvimento de resisténcia. Frente a tais limitagbes surgiram, na ultima
década, novos farmacos com amplo espectro de acao, entre eles os triazdlicos
voriconazol e posoconazol e a nova classe equinocandina caspofungina e
micafungina que apresenta atividade perante diversas espécies fungicas (Sable
et al., 2008; Sidrim & Rocha, 2004). Contudo, alguns destes novos farmacos
ainda estédo sendo estudados quanto a sua eficiéncia no tratamento de pacientes
com cancer que desenvolvem candidiase. Entre os farmacos que apresentam
eficacia similar no tratamento de candidiases, em pacientes com cancer, estdo a
anfotericina B, o fluconazol e a caspofungina (Mays et al., 2006). A escolha da

terapia antifingica no tratamento da candidiase, depende, entdo, da gravidade



do caso, da ocorréncia de neutropenia, bem como da possivel ocorréncia de
cepas naturalmente resistentes ao fluconazol, como no caso de Candida krusei,
ou com potencial capacidade de resisténcia como no caso de Candida glabrata
e Candida dubliniensis (Moran et al., 1997; Spellberg et al., 2006). O uso de
cancidas, anfotericina B ou voriconazol esta recomendado nas infeccdes graves,
como em situagdes de neutropenia ou risco de Candidas resistentes ao
fluconazol. Nas demais situacdes, o fluconazol podera ser o farmaco de escolha

(Mensa et al., 2008).

1.3.1. Azdlicos

Os compostos azoélicos compreendem os imidazdis e os triazois, que se
constituem na segunda maior classe de agentes antifiUngicos disponiveis,
utilizados com consideravel sucesso no tratamento de infec¢des fungicas
superficiais e sistémicas (Bodey et al.,, 1992). Inicialmente, somente o
cetoconazol foi disponibilizado para o tratamento sistémico, tendo sido
posteriormente disponibilizado os triazolicos fluconazol, itraconazol, voriconazol,
posoconazol e ravuconazol. Os trés ultimos foram os mais recentemente
aprovados pelo “US Food and Drug Administration” (FDA) para o tratamento da
candidiase invasiva (Mathew & Nath, 2009).

O principal mecanismo de acdo dos compostos azélicos da-se pela
inibicAo da enzima citocromo P-450 demetilase (P-450pv), uma importante
enzima envolvida na biossintese do ergosterol fungico. A célula fangica tratada

com azobis apresenta acumulo de lanosterol, 3,6-diol esterol e auséncia de



ergosterol, sendo que o excesso de esterdis metilados alteram a fluidez e
permeabilidade da membrana plasmatica prejudicando o crescimento dos
fungos (Sidrim & Moreira, 1999; Bodey et al., 1992; Hitchcock, 1991).

Outros importantes sitios de agdo dos azdis compreendem as alteragdes
nas enzimas localizadas na membrana fungica (Surarit & Shepered, 1987), na
sintese de quitina (Vanden Bossche et al., 1987), como também alteracdes nas
enzimas citocromo c oxidase, peroxidase e catalase (De Nollin et al., 1977;

Thomas, 1986)

1.3.2. Poliénicos

Essa familia se constitui na maior classe de antibiéticos antifungicos e,
embora muitos poliénicos tenham sido isolados de espécies de Streptomyces,
somente a anfotericina B e a nistatina apresentam aplicacdo terapéutica
(Mathew & Nath, 2009). A nistatina utilizada no tratamento da candidiase oral e
a anfotericina B em casos mais severos, como nas candidiases sistémicas
(Bodey et al., 1992; Sidrim & Moreira, 1999).

Apesar de muitas décadas de uso, a anfotericina B permanece como um
dos mais importantes recursos terapéuticos, sobretudo pela letal acdo contra
diversos fungos causadores de micoses profundas em pacientes
imunocomprometidos (Bodey et al., 1992; BOhme et al., 2009).

Em doses fungistaticas, tal classe de antifingicos age diretamente sobre
membranas contendo ergosterol. A interacdo € complexa, influenciada pela

natureza dos esterbéis da membrana, assim como pelos acidos graxos



constituintes dos fosfolipidios, e resulta em aumento da permeabilidade da
membrana. Essa condicdo determina a inativagcdo das ATPases da membrana
que conduz ao efluxo de ions K* e Mg™, e influxo de prétons que produzirdo
acidificacao interna com consequente inibicdo do crescimento do microrganismo
(Thomas, 1986).

Em doses fungicidas, as moléculas dos poliénicos se agregam
intensamente com os ester6is da membrana fangica e formam poros aquosos,
por mecanismo de peroxidagdo de lipidios, através dos quais 0s componentes
celulares de baixo peso molecular, principalmente ions potassio, extravasam
destruindo o gradiente de préton da membrana (Thomas, 1986; Sokol-Anderson

et al., 1986).

1.3.3. Inibidores da sintese de glucana

Nas ultimas duas décadas, uma nova classe de antifingicos, os inibidores
da b-1,3- glucana sintetase, despertou o interesse dos pesquisadores. Neste
grupo esta a classe das echinocandinas e dos glicolipidios papulocandinas
(Onishi et al., 2000). Os principais representantes das equinocandinas sao
caspofungina, micafungina e anidulafungina, esta ultima, a mais recentemente
aprovada pelo FDA (Mathew & Nath, 2009).  Estes antifingicos inibem
irreversivelmente a enzima b-1,3- glucana sintetase, codificada pelos genes
FKS1 e FKS2, cuja auséncia impede a formac¢édo dos polimeros de glucana que

compbe a parede celular. Desta forma, a integridade da parede celular fica



prejudicada em decorréncia da acdo fungicida sobre espécies que possuam

guantidades consideraveis de b-1,3- glucana em sua parede.

1.4. Resisténcia de Candida spp aos agentes antifungicos

As constantes falhas nos tratamentos de infec¢cbes micoticas tém
chamado a aten¢do de pesquisadores para o grave problema da resisténcia aos
agentes antifingicos, bem como para 0S mecanismos envolvidos neste
fendmeno (Vanden Bossche et al., 1994; Bedini et al., 2006).

Com o advento da SIDA e com a expansdo na terapia do cancer, a
iImunossupressao passou a ser um problema destes pacientes, uma vez que
infeccdes por Candida, principalmente as formas oral e esofégica, passaram a
ser mais frequentes e de dificil tratamento. A terapéutica com o fluconazol,
considerado o menos toxico e com melhores niveis de toleréncia e absorgéo do
gue o cetoconazol, passou a ser rotineiramente utilizada, porém, requer longos
periodos de tratamento (Johnson et al., 1995). Desta nova situacdo, emergiu o
fendmeno de resisténcia de Candida ao fluconazol (Rex et al., 1995). A marcada
resisténcia ao fluconazol envolve, principalmente, as espécies C. krusei, C.
glabrata, C. albicans, C. tropicallis e mais recentemente C. dubliniensis que
possui a capacidade de desenvolver rapida resisténcia a esse antifungico
triazélico (Moran et al., 1997; Sullivan & Coleman, 1998; Sullivan et al., 1999;

Cuenca-Estrella et al., 2005; Hajjeh et al., 2004; Pfaller & Diekema, 2004).



1.4.1 Resisténcia aos antifungicos azélicos
Os principais mecanismos de resisténcia aos antifungicos azolicos
envolvem caracteristicas enumeradas por Sanglard et al. (1995) e Vanden
Bossche et al. (1994) como:
- Reducéao da suscetibilidade da enzima 14-a-demetilase;
- Amplificacdo do gene 14DM, codificando a superprodugcéo da enzima
14-a-demetilase e, consequentemente, requerendo maiores doses do
azolico para inibicdo do fungo;
- Reducéo da atividade da enzima d-5-6-dessaturase;
- Alteragéo na relacao fosfolipidio/esterol ndo esterificado. O aumento dos
esterdis nao esterificados reduz a permeabilidade da membrana flngica;
- Aumento da esqualeno-epoxidase que € acompanhada do aumento da
14-a-demetilase com consequente aumento na biossintese do ergosterol;
- Modificac¢des estruturais na proteina citocromo do fungo;
- Efluxo da droga, o que consiste na saida do antifiungico do interior das
células fungicas através de transporte ativo. Proteinas transportadoras,
como as MFS (major facilitador superfamily) e a glicoproteina P estao
envolvidas nesse processo. O efluxo ocorre em C. krusei, C. glabrata e C.

albicans resistentes ao fluconazol (Parkinson et al., 1995).

1.4.2 Resisténcia aos antifungicos poliénicos
Os primeiros relatos de resisténcia decorrente de tratamento com

poliénicos ocorreram em 1962 por Larsh e colaboradores. Tais pesquisadores



constataram que cepas de C. albicans, isoladas de pacientes tratados com
anfotericina B para histoplasmose, eram menos sensiveis aos poliénicos do que
as isoladas anteriormente ao tratamento. Mais tarde, Bodenhoff (1968) relatou
dois casos que demonstravam a indugdo de resisténcia em leveduras a
poliénicos “in vivo”, confirmando que essa resisténcia ndo era apenas um
fenbmeno de laboratério.

Diversos pesquisadores estudaram o fenbémeno de resisténcia aos
poliénicos “in vivo” (Athar & Winner, 1971; Bodenhoff, 1968; Patel & Johnston,
1968). Em 1972, Hamilton-Miller e colaboradores verificaram que o fendmeno de
resisténcia a essas drogas podia ser obtido “in vitro”, através de agentes
mutagénicos como N-metil-N-nitro-N-nitrosoguanidina.

A resisténcia das células fungicas a poliénicos esta relacionada a
alteracdo do conteudo de ergosterol celular, com significativa reducdo da
afinidade pelo antifangico. A enzima citocromo P45 demetilase (P-450pw),
importante enzima envolvida na biossintese do ergosterol, tem sido estudada,
pois, demonstrou-se que mutantes resistentes a anfotericina B sdo deficientes
nesta enzima, conseglentemente, apresentam menores niveis de ergosterol
(Espinel-Ingroff et al., 2000). Outros mecanismos de resisténcia envolvem:
aumento da atividade da catalase intracelular do fungo, o que impede a
formacdo de radicais livres responsaveis pelos “poros” (Kerridge & Nicholas,
1986) e alteracbes nas enzimas d-5-6-dessaturase e d-8-7-isomerase que

determinam acumulo de 14-metil-fecosterol na membrana plasméatica do fungo,
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composto que nao se constitui em alvo para poliénicos, resultando em cepas
resistentes (Vanden Bossche et al., 1994).

Entre os relatos de leveduras do género Candida que se tornaram
resistentes apos o tratamento com poliénicos, destacam-se os relacionados a C.
tropicalis (Drutz & Woods, 1973; Dick et al., 1980), C. lusitaniae (Guinet et al.,
1983), C. albicans (Martin & Dindsdale, 1982; Fischer & Henson, 1985; Jakab et

al., 1990; Conly et al., 1992) e C. guilliermondii (Dick et al., 1985).

1.5. Antineoplasicos

As drogas antineoplasicas sdo utilizadas a mais de cinco décadas no
tratamento do céancer. Este grupo engloba um diversificado numero de
compostos classificados em quimioterapicos (alquilantes, antibidticos,
antimetabdlitos, inibidores de topoisomerases, inibidores da mitose e outros),
terapia hormonal (antiestrégenos, antiandrogenos, analogos LH-RH, inibidores
de aromatase) e imunoterapia (interferon, interleucina 2 e vacinas) (Espinosa et
al., 2003). A seguir, serdo expostos resumidamente os mecanismos de acao nas
células tumorais, as indicacfes e reagBes adversas mais significativas dos

qguimioterapicos utilizados neste estudo.

1.5.1. Metotrexato
O metotrexato pertence ao grupo de medicamentos conhecidos como
antimetabdlitos. O composto é um quimioterapico analogo ao acido félico mas,

impede a sintese de purinas e pirimidinas através da inibicdo de enzimas chaves
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do processo de sintese de bases nitrogenadas. Sua acdo inibitéria sobre a
enzima diidrofolato redutase (DHFR) leva a um decréscimo nos niveis de
tetraidrofolato (THF), o qual resulta numa reducdo da metilagdo do DNA,
proteinas e lipidios. Esse composto apresenta outras duas ac¢des: inibe a enzima
timidilato sintase (TS), interferindo na sintese de DNA e bloqueia a sintese de
nova purina ao agir sobre o 5-aminoimidazol-4-carboxamida ribonucleotideo
(AICAR) (Tian & Cronstein, 2007). O metotrexato tem ampla utilizacdo em
Oncologia, sendo importante no tratamento da leucemia linfocitica em criangas
e, em combinagdo com outros antineoplasicos, na terapéutica do carcinoma de
mama, micose fungdéide, no cancer de pulméo, carcinoma epidemdide da cérvix
e de alguns tumores sélidos. Também é empregado como coadjuvante no
tratamento de condicbes ndo malignas, como psoriase, granulomatose de
Wegener, lupus eritematoso sistémico, artrite reumatodide e polimiosite. Além dos
efeitos adversos, comuns a maioria dos antineoplasicos, apresenta marcada
toxicidade para a medula 6ssea e para o endotélio da orofaringe e do trato
gastrointestinal. O dano renal € uma complicacdo frequiente da terapéutica com
doses elevadas. A droga é eliminada inalterada pelos rins, onde o baixo pH
permite que ocorra a deposicao de cristais, lesivo a esse 6rgdo, sendo que a
alcalinizag&o do filtrado glomerular previne esta condicdo. Mais raramente, pode
ocorrer hepatotoxicidade com fibrose portal, quadro pulmonar, erupcdes
cutaneas, alopecia e osteoporose (Moore & Erlichman, 1987; Grosflam &

Weinblatt, 1991; Brunton et al., 2007).
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Figura 1. Estrutura quimica do metotrexato

Fonte: Brunton et al. (2007)

1.5.2. Citarabina

Assim como o0 metotrexato, a citarabina também pertence a classe dos
antimetabolitos, sendo uma molécula analoga da pirimidina. E uma molécula
similar a citosina, diferenciando-se apenas quanto a orientacdo do grupo OH do
carbono 2, que é invertida. O exato mecanismo de acdo ndo estd bem
conhecido, mas sabe-se que a citarabina é convertida, intracelularmente, no
nucleotideo Citarabina-Trifosfato (Ara-CTP, Citosina Arabinosideo Trifosfato),
gue parece inibir a DNA-polimerase por competicdo, em relagcdo ao substrato
fisiologico, deoxicitidina trifosfato, resultando na inibicdo da sintese de DNA.
Ainda que limitada, a incorporacao de Citarabina-Trifosfato no DNA e RNA pode
também contribuir para os efeitos citotdéxicos da droga. Esta droga tem potente

acao mielossupressora, sendo utilizada primariamente para o tratamento de

leucemia mielocitica aguda e, ocasionalmente, da leucemia linfocitica aguda e
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leucemia mielocitica crénica. Seus efeitos adversos incluem leucopenia, anemia

e trombocitopenia, com possivel hepatotoxicidade (Brunton et al., 2007).

Figura 2. Estrutura quimica da citarabina

Fonte: Brunton et al. (2007)

1.5.3. Ciclofosfamida

A ciclofosfamida é uma proé-droga com um complexo metabolismo de
ativacdo. Apds a administracdo, aproximadamente 70 — 80% da droga é ativada
pelo sistema enzimatico citocromo P-450 (CYP) (de Jonge et al., 2005).

Uma caracteristica dos agentes alquilantes é sua capacidade de
estabelecer reacdes quimicas eletrofilicas, formando intermediarios de ion
carbdnio ou complexos de transicdo com as moléculas alvo. Essas reacgdes
resultam na formacdo de ligacbes covalentes (alquilagdo) com varias
substancias nucleofilicas, incluindo grupos biologicamente importantes, como
fosfato, amino, hidroxila, sulfidrila, carboxila e imidazdlico. O efeito citotoxico
desse agente estad diretamente relacionado a alquilagdo de componentes do
DNA (McCune et al., 2009; Pratt & Ruddon, 1979).

A ciclofosfamida é comumente utilizada no tratamento do cancer e, as

vezes, também € util em condi¢bes ndo neoplésicas, como na artrite reumatoide
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severa. De modo preferencial, é indicada no tratamento de leucemia linfocitica
cronica, mieloma mdultiplo, doenca de Hodgkin, leucemia linfocitica aguda e
linfoma de Burkitt. Também é utilizada para tratar diversos tumores soélidos como
o0 sarcoma de Ewing, rabdomiossarcoma, neuroblastoma e carcinomas de
mama, pulmdo e ovario. No entanto, provoca marcada imunodepressao,
acompanhada de nauseas, vOmitos, alopecia, anemia, tromocitopenia,
amenorréia e, mais raramente, atrofia testicular, hepatotoxicidade e fibrose

pulmonar (Brunton et al., 2007).

0] Cl
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Figura 3. Estrutura quimica da ciclofosfamida

Fonte: Brunton et al. (2007)

1.5.4. Dacarbazina

Inicialmente considerado um antimetabdlito, a dacarbazina é um agente
capaz de metilar o DNA com um amplo espectro de atividade antitumoral. A
utilidade clinica desse composto é restrita ao melanoma, doenca de Hodgkin e
sarcoma (Reide et al., 1999). Para que o composto tenha atividade, requer a
prévia ativacdo pelo sistema enzimatico do citocromo P450, através de uma
reacdo de N-desmetilacdo. Na célula alvo, a clivagem espontanea do metabdlito

libera um componente alquilante, o diazometano (Chabner & Calabresi, 1995).
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Figura 4. Estrutura quimica da dacarbazina

Fonte: Brunton et al. (2007)

1.5.5. Antineoplasicos e resisténcia a poliénicos

Achados de cepas de Candida spp. resistentes a anfotericina B, em
pacientes com cancer e em tratamento com antineoplasicos, tém sido
registrados a quase trés décadas na literatura. O primeiro caso registrado
ocorreu no ano de 1978, e desde entéo, foram registrados mais de 50 casos de
Candida spp. resistentes a anfotericina B, sendo a maioria em pacientes com
cancer (Wingard, 1995; Kovacicova et al., 2001). Ndo ao acaso, alguns autores
tém hipotetizado que o tratamento com drogas citotdxicas possa contribuir para
o desenvolvimento de resisténcia fungica aos poliénicos (Conly et al., 1992; Dick
et al., 1980; Pappagianis et al., 1979). Este efeito foi observado em estudos
realizados por Dick e colaboradores (1980), que verificaram que 7% das cepas
isoladas de pacientes com cancer apresentavam resisténcia a terapia com o
poliénico anfotericina B, sendo que, entre cepas isoladas de pacientes
internados em um hospital geral, a resisténcia ndo era observada.

A interferéncia de drogas antineopldsicas como a carmustina e a

lomustina, duas drogas com forte poder alquilante, induzindo resisténcia a

anfotericina B em Candida albicans, foram bem estudadas por Brajtburg e
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colaboradores em 1988. Os pesquisadores descreveram como um dos possiveis
mecanismos para a inducéo de resisténcia o efeito que as nitrosouréias exercem
ao aumentar a atividade de catalase fungica. Esta enzima tem sido associada
como um mecanismo adicional de resisténcia a poliénicos (Sokol-Anderson et
al., 1986), e assim sendo, sua atividade aumentada pode estar vinculada ao
poder oxidante gerado pelos antineoplasicos, que por sua vez, aumenta a

resisténcia de leveduras a a¢do oxidativa da anfotericina B.

1.6. Espécies Reativas do Oxigénio em leveduras

As espécies reativas do oxigénio (EROs) sdo compostos naturalmente
formados em todos os organismos aerdbios eucariontes como subprodutos da
respiracdo mitocondrial (Carmel-Harel et al., 2001). Como fonte priméria de ions
superoéxido (O;) esta a cadeia transportadora de elétrons, na membrana interna
da mitocOndria, onde aproximadamente 2% do oxigénio consumido durante a
respiracdo celular ndo é completamente reduzido a H,O (Halliwell & Gutteridge;
1999). A elevada reatividade das espécies quimicas geradas nesse processo
pode provocar danos celulares como oxidacdo de proteinas, inativacao
enzimatica, peroxidacao lipidica e mutagdes em nivel do DNA que, em situagdes
extremas, podem conduzir a morte celular (Grant, 2001; Costa & Moradas-
Ferreira, 2001; Cabiscol et al., 2000). Em condi¢cbes fisiolégicas normais, a
célula consegue evitar os danos provocados pelas EROs recorrendo a acao de
mecanismos enzimaticos e ndo enzimaticos de defesa antioxidante, que incluem

as enzimas superoxido dismutase (SOD), catalase (CAT), glutationa peroxidase
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(GPXx), e os sistemas glutationa (GSH) e tiorredoxina (Jamieson, 1998; Davidson
et al.,, 1996; Halliwell & Gutteridge, 2004). No entanto, esse tipo de resposta,
caracteristico de cada espécie, pode ser alterado quando as células séo
expostas a condi¢cdes de estresse como a presenca de metais pesados, agentes
antioxidantes e xenobibticos. A imposicdo deste tipo de condi¢cdes leva a
producdo excessiva de EROs que, ao ser detectada pela célula, induz respostas
descritas na literatura como repostas secundarias ao estresse oxidativo, e que,
em muitos casos, permite a sobrevivéncia da populagao (Franca et al., 2005;
Lushchak & Gospodaryov, 2005; Dumond et al., 2000; Lee et al.,1999).

De acordo com alguns autores, as principais enzimas constituintes em
todos o0s organismos aerobicos na prevengdo ou atenuacdo dos efeitos
deletérios promovidos por EROs séo a catalase (CAT), a superéxido dismutase
(SOD), a glutationa peroxidase (GPx) e glutationa redutase (GR). E através
delas que as células tentam manter niveis aceitdveis de O, e de H,0O,, para
evitar a formacéo do HO', que é extremamente danoso as células (Wilhelm et al.,

2000).

1.6.1. Superdxido dismutase (E.C. 1.15.1.1)

A superéxido dismutase (SOD) é uma metaloenzima amplamente
encontrada em organismos eucarioticos e procarioticos (Fridovich, 1995).
Constitui-se numa enzima capaz de catalisar a conversao de anion superéxido
(O27) a peréxido de hidrogénio (H,0O,) através de dois passos reacionais. O

primeiro passo consiste na reacdo do anion superdxido com o grupo prostético
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da SOD na sua forma oxidada. Essa ligacdo conduz a aquisicdo de um préton e,
consequente, liberacdo de oxigénio molecular. A forma reduzida da enzima liga,
entdo, um segundo anion superoxido e proéton, para liberar H,O; e retornar a sua

forma oxidada (Johnson & Giulivi, 2005).

LRI B —_— OO0

e

MY

Catalase
Peroxirredoxinas
Glutationa peroxidase

Figura 5. Papel da Superoxido dismutase (SOD) na destoxificacdo de
EROs

Fonte: Johnson & Giulivi (2005)

As isoformas da SOD séao classificadas de acordo com o cofator
inorganico ligado a regido protéica, podendo, assim, serem encontradas mais de
trés tipos de SODs (Johnson & Giulivi, 2005). Atualmente, sdo descritas quatro
isoformas: ferro (FeSOD), manganés (MnSOD), cobre e zinco (CuZnSOD) e

niguel (NiSOD) (Martchenko et al., 2004).
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Em organismos eucariontes, como Candida albicans, foram descritos dois
tipos de SOD: Cu/ZnSOD e MnSOD. A Cu/ZnSOD é uma enzima citosdlica e a
MnSOD é uma enzima mitocondrial (Lamarre et al., 2001). Nesses organismos,
a SOD desempenha um papel de prote¢cdo contra o ataque fungicida de
macrofagos e neutréfilos que produzem anion superoxido (Vazquez et al., 1998).
Comprovou-se que as leveduras, ao sofrerem exposicéo as espécies reativas de
oxigénio, sofrem influéncia no seu tempo de vida. Isso pode ser comprovado
através de ensaios com mutantes deficientes de cobre/zinco superdxido
dismutase (CuzZnSOD), manganés superéxido dismutase (MnSOD), catalase e
metalotioneina, que apresentaram uma viabilidade baixa durante a fase

estacionaria (Longo et al., 1996).

Figura 6. Cu/Zn SOD isolada de Candida albicans

Fonte: Protein Data Bank (2009)

1.6.2. Catalase (E.C. 1.11.1.6)
A catalase € uma enzima encontrada em todos 0s organismos Vivos,

sendo que, nas células eucaridticas, ela esta presente no peroxissomo celular. A
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enzima possui um grupamento heme que é o responsavel pela atividade
catalitica da enzima, convertendo perdxido de hidrogénio (H.O;) em duas
moléculas de agua (H20) e oxigénio (O) (Michiels et al., 1994). A reacdo se d&
qguando H,0O, entra no centro ativo da enzima e interage com dois amino&cidos
da cadeia polipeptidica: uma histidina e uma asparagina. Um dos atomos de
hidrogénio do H,O; (sob a forma de préton) é transferido de um oxigénio para o
segundo. Como consequéncia, a ligacdo entre os dois &tomos de oxigénio sofre
uma distensdo e quebra-se heteroliticamente, sendo que o0s elétrons
responsaveis pela ligacdo quimica O-O deslocam-se para a molécula de agua
formada. O atomo de oxigénio restante liga-se, entdo, ao atomo de ferro (+3),
formando a espécie Fe(IV)=0 e liberando uma molécula de agua. A espécie
Fe(IV)=O (+4 ligado ligado ao oxigénio) tem alto poder oxidante, reagindo
facilmente com uma segunda molécula de peréxido de hidrogénio. Nesse passo
reacional € removido um atomo de oxigénio do peréxido, formando-se, assim, o
O, que é liberado do ion ferro concomitantemente com a formag¢do de uma
segunda molécula de &gua. O ions ferro retornam ao seu estado de oxidacao
+3, estando prontos para mais uma catalise (Chelikani et al., 2004). A acéo
desta enzima procede a da SOD no sistema de destoxificagcdo de espécies
reativas do oxigénio, e assim como a SOD, a catalase também pode ser
induzida quando exposta a um estresse oxidativo (Coursin et al., 1985; Sokol-
Anderson et al., 1986).

Em microrganismos patogénicos, a catalase desempenha uma importante

funcdo na destoxificagdo de EROs liberadas por células fagociticas de defesa do

21



hospedeiro (Hampton et al., 1998). Soma-se a ela a participacdo da catalase no
processo de formagédo de hifas em Candida albicans (Nakagawa, 2008) e no
mecanismo de resisténcia a antifungicos poliénicos (Sokol-Anderson et al.,

1986).

Figura 7. Estrutura da Catalase de Sacaromyces cerevisiae

Fonte: Protein Data Bank (2009)

1.6.3. Glutationa Peroxidase (E.C. 1.11.1.19)

As peroxidases sdo enzimas que utilizam doadores de elétrons para
reduzir o H,O, a agua. Talvez, a mais importante das peroxidases seja a
glutationa peroxidase, uma enzima selénio-dependente, tetramérica, com quatro
subunidades idénticas de aproximadamente 22 kD. Essa enzima utiliza o
tripeptidio tidlico glutationa reduzida (GSH) como substrato para a
decomposicdo de peroxidos organicos, tais como lipoperoxidos provenientes da
peroxidacgédo lipidica. Durante o processo catalisado pela glutationa Peroxidase,

ocorre a oxidagao da glutationa, formando-se uma ponte dissulfeto entre duas
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moléculas de glutationa reduzida (GSH) que se oxidam (GSSG) (Kelling &

Smith, 1982; Michiels et al., 1994).
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Figura 8. Interconversao de glutationa nas suas formas reduzida (GSH) e
oxidada (GSSG) pela acéo das enzimas glutationa peroxidase (GSH-Px)

Fonte: Adaptado de Junior et al. (2001)

S&0 escassos os estudos da atividade da glutationa peroxidase na
espécie Candida albicans. Contudo, destacam-se os realizados por Manavathu
et al. (1996) e Gunasekaran et al. (1995), que estudaram a relagao da glutationa
peroxidase e glutationa reduzida na conversdo da fase leveduriforme para

flamentosa em Candida albicans.
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1.7. lons metéalicos e SOD

Os fons metalicos divalentes como cobre (Cu?®"), zinco (Zn**) e manganés
(Mn**) s&o elementos nutricionais que desempenham funcées importantes como
cofatores da enzima SOD em Candida albicans, bem como, em vérias outras
enzimas desse e de todos os organismos vivos (Hwang et al., 1999; Rhie et al.,
1999; Lamarre et al., 2001). A insercdo do metal representa o passo chave no
controle da atividade in vivo das diferentes formas de SOD (Luk et al., 2005).

Contudo, em excesso, 0s ions adquirem um efeito téxico frente as
enzimas, aminoacidos e acidos nucléicos, com a possibilidade de perda
funcional dessas estruturas. Alguns ions podem, inclusive, afetar funcionalmente
as células devido a participacdo em ciclos redox com formacao de radicais livres
(Romandini et al., 1992; Fujs et al., 2005). Nesse contexto o ion cobre tem sido
estudado devido a capacidade do mesmo poder gerar radical hidroxil (OH) e
provocar danos na membrana celular (Ito et al., 2007). O mecanismo pelo qual
esse dano ocorre pode ser explicado pela Reagcdo de Fenton, onde o radical
livre hidroxil (OH") é gerado a partir de H,O,. Acoplado a essa reacdo pode estar
a de Haber-Weiss, que envolve a forma oxidada de metais redox e anion
superoéxido (O;"), gerando a forma reduzida do metal que, por sua vez, pode ser
utilizado pela Reacdo de Fenton para gerar radical hidroxil (Romandini et al.,
1992; Jamnik & Raspor, 2003).

Como mecanismo de defesa, as células, leveduriformes, possuem
sistemas de destoxificacdo de ions e de espécies reativas do oxigénio (Halliwell

& Gutteridge, 2004). Entre 0s mecanismos propostos estédo: reducéo de entrada
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de ions metdlicos na célula, pela ligacdo de metais a metalotioneinas e a
compostos com grupamentos tidis; compartimentalizacdo em vesiculas de
membrana; formacg&o de precipitados insolUveis como sais de calcio e magnésio,
ou granulos de calcio e compostos sulfuricos (Stephen & Jamieson, 1996, Presta
& Stillman, 1997; Viarengo & Nott, 1993).

Mais recentemente, foi descrito um sistema que consiste em
transportadores de baixa e alta afinidade. Os de alta afinidade s&o seletivos para
metais especificos sendo sensivelmente regulados de acordo com a
necessidade do metal pelo meio intracelular. Os de baixa afinidade sdo menos
seletivos aos ions e tem uma resposta mais lenta na regulacdo de acordo com
as necessidades dos mesmos no meio intracelular. Este Gltimo sistema permite
a manutencdo da homeostase em condi¢cdes de excesso e de escassez de
metais no meio intracelular (Radisky & Kaplan, 1999).

Estudos com ions metélicos afetando a atividade enzimatica de SOD em
Candida albicans sao raros, tendo sido a maioria realizados em Sacaromyces
cerevisiae, Candida famata, Fusarium, Yarrowia lipolytica, Candida intermedia,
Candida famata (Romandini et al., 1992; Fujs et al., 2005; Luk et al., 2005;
Kayali-Ayar & Tarhan, 2003; Manzano et al., 2000). Estes estudos objetivaram
estudar principalmente o efeito de ions metalicos na atividade da SOD de

diferentes espécies exposta a diferentes ions.
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II. OBJETIVOS

Objetivo geral

O presente estudo tem por objetivo geral, investigar o efeito de agentes
antineoplasicos, ions metéalicos e da resisténcia a anfotericina B e fluconazol
sobre a atividade de enzimas envolvidas no estresse oxidativo de leveduras do

género Candida.

Este trabalho esta dividido em trés capitulos como segue:

Capitulo |

Objetivos especificos

1. Investigar a influéncia dos agentes antineoplasicos metotrexato, dacarbazina,
citarabina e ciclofosfamida, na concentragédo terapéutica, sobre a atividade da
catalase de C. albicans.

2. Investigar o efeito de diferentes concentragdes do metotrexato sobre a Vimax €
Km da catalase de C. albicans.

3. Verificar o tipo de alteracdo cinética que o metotrexato exerce sobre a

catalase fungica.
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Capitulo Il

Objetivos especificos

1. Verificar o efeito de concentragfes crescentes de ions cobre, manganés, ferro
e zinco sobre a atividade da SOD em cepas de C. albicans.

2. Determinar o acumulo celular de ions metalicos em cepas expostas as
concentracdes crescentes de cada um dos ions testados.

3. Investigar o efeito dos ions metélicos sobre a geracdo de massa fungica.

4. Verificar separadamente o efeito de cada um dos ions metalicos no acumulo

dos outros trés.

Capitulo I

Objetivos especificos

1. Verificar diferencas na atividade de catalase entre C. dubliniensis e C.
albicans sensiveis e resistentes ao fluconazol.

2. Verificar diferencas na atividade de SOD entre C. dubliniensis e C. albicans

sensiveis e resistentes a anfotericina B.
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CAPITULO | — ARTIGO 01

Catalase activity in Candida albicans exposed to antineoplastic drugs

Carlos E B Linares, Deizi Griebeler, Denise Cargnelutti, Sydney H Alves, Vera M

Morsch, Maria R C Schetinger
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An increased catalase activity in Candida spp. has been suggested as a mechanism that reduces
amphotericin B activity. Furthermore, resistance to antifungal agents like amphotericin B has
been reporied in some cancer patients undergoing chemotherapy treatment. In this study we
analysed the influence of chemotherapy agents on catalase activity in Candida albicans, the major
species involved in yeast infections. Eight strains of C. albicans isolated from HIV-positive patients
were exposed to cyclophosphamide, cytarabine, dacarbazine and methotrexate antineoplastic
drugs at the concentrations used during therapy. Catalase activity was measured and compared
to the control group. Very significant differences (P=0-01) were found when C. albicans was
exposed to methotrexate (2 pg mi™' =4 uM). For cyclophosphamide (50 pg mi™"), cytarabine

(1 pg mi™") and dacarbazine (8 pg ml™"), no differences were found (P=0-05) between the
control and drug-exposed groups. Although more extensive studies are necessary, these data
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do suggest that the antineoplastic drug methotrexate contributes to the resistance to antifungal
drug therapy by varying catalase activity.

INTRODUCTION

Candida albicans is a commensal organism found in the
human gastrointestinal tract and vaginal mucosa, and is
one of the major human pathogenic fungi. It is recovered
frequenty from immunocompromised hosts such as AIDS,
cancer or organ transplant patients. Previous studies on the
susceptibility of yeast isolated from cancer patients being
treated with antineoplastic drugs suggested that these agents
can reduce the susceptibility to polyenic drugs (Dick et al.,
1980; Ahearn & McGlohn, 1984; Brajtburg er al, 1988;
Sarachek & Henderson, 1991; Abrahamsen er al, 1992;
Conly etal, 1992; Vanden Bossche ef al., 1994; Salonen et al.,
2000; Davies et al, 2002).

Among the biochemical mechanisms that must be studied
to explain the low susceptibility to amphotericin B is the
increased catalase activity. Catalase is an important enzymic
mechanism against oxidative damage (Sokol-Anderson
et al, 1988). The target structure for amphotericin B is the
plasma membrane ergosterol, where the polyenic dmg
forms a channel Through this channel the fungal cell leaks
potassium ions, resulting in a disruption of the proton
gradient. It is hypothesized that rings of 810 polyene
molecules form aqueous pores within the membrane bilayer
structure, and amphotericin B causes oxidative damage to
plasma membranes (Sokol-Anderson er al,, 1986; Kerridge
& Nicholas, 1986; Nakagawa et al,, 2003).

The treatment of candidiasis in cancer and/or transplant
patients is difficult, and frequently is a failure. The emer-
gence of Candida resistance in this context requires new
evaluations, like the study of determinant factors in the
emergence of resistance, among them antineoplastic therapy.
Studies aiming to evaluate the catalase activity withregard to
antineoplastic agents are either scarce or not complete. In
view of this, we have analysed C. albicans catalase activity
when the yeast is exposed toantineoplastic drugs at the same
therapeutic concentrations as are used in human plasma.
The catalase activity of C. albicans exposed to the drugs was
compared to the same group not exposed to drugs. To
demonstrate the kinetics of antineoplastic drugs capable of
changing the catalase activity of C. albicans, K, and Vi
were determined by Lineweaver—Burk analyses.

METHODS

Strains. C. albicans strains used in this study are listed in Table 1.
Cultures of C. albicans were isolated from patients treated at
University Hospital of Santa Maria, Santa Maria, Brazil who had no
previous contact with the antineoplastic drugs. HIV -positive patients
were chosen due to the ease of isolating opportunist fungi without
invasive methods. The identification of the species was based on
their phenotypic characteristics. Only numbers were used to identify
the yeast strains, shown in Tables 1 and 2. C. albicans from the
American Type Culture Collection, ATCC 44373, was used as the
control strain. The protocol used was approved by the Bicethics
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Table 1. Yeast strains

Data are the means +5D of triplicate experiments.

Yeast* Mean catalase activity [AE min~' (mg protein) ']
Drug-free Yeast exposed to Yeast exposed to Yeast exposed to Yeast exposed to
yeastt dacarbazinet$ cyclophosphamidell§ cytarabine¥§ methotrexates

10 36+1-1 59 + 01 5.5+ 17 6 1+16 149436
172 52419 v e o 3 | 9-6+2-8 67+ 08 210+ 10-4
119 1394 1-1 9:3+1-8 10:3433 77412 131441
170 26+ 11 40 +0-4 128454 41407 11-341-5
59 42416 13-8 +23 15-0+38 5+5 +2:2 10-84+0-7
124 53411 97414 7-4+0-6 10-0+ 06 32:0+6°1

81 9-8+430 96 +2-9 85404 45411 22:8+2-2
ATCC 44373 67422 54425 40+ 1-6 30+ 006 81411

*C. albicans isolated from HIV-positive patients assisted in the University Hospital of Santa Maria.

tC. albicans not exposed to antineoplastic drug.
+C. albicans exposed to dacarbazine (8 pg ml™').

§Statistical analysis did not demonstrate significant differences between C. alldcans exposed and not exposed to the drugs (P=0-05).

IIC. albicans exposed to cyclophosphamide (50 pg ml™ '),
YC albicans exposed to cytarabine {1 pg ml~ b,

#C. albicans exposed to methotrexate (2 pg ml™'). Statistical analysis showed very significant differences between C. albicans exposed and not

exposed (P<0-01).

Committee of the Integrated Regional University of High Urnuguay
and the Missions from Frederico Westphalen, RS, Brazil, under
registration number 061-2/PIH/04.

Table 2. Effect of methotrexate on C. albicans catalase
activity

Yeast™ Methotrexatet Kt V...5 [AE min™
(mM) {mg protein) ']
124 0 M 1-96 3-08
2pM 215 477
4 M 228 5-61
& pM 277 7-07
170 0 pM 1-75 1-83
2 M 1-94 2-59
4pM 22 2-88
8 pM 348 682
172 0pM 1-59 23
2 M 203 3-26
4 pM 215 3-77
8 pM 2:55 462

*C. albicans that presented the highest differences between yeasts
exposed and not exposed to methotrexate.

tAntineoplastic drug that produced significant differences in catalase
activity in C. albicans.

$Substrate concentration.

§Maximum velocity.

Antineoplastic exposition. The selection of the drugs was based
on the most frequently used antineoplastic dmags for cancer treat-
ment at the University Hospital of Santa Maria. The concentrations
of cyclophosphamide (50 pg ml ') [genuxal - 2H-1,3,2-0xazaphos-
phorin-2-amine, N,N-bis(2-chloroethyl})-tetrahydro-2-oxide mono-
hydrate], cytarabine (1 pg mil " [aracytin — 4-amino-1-f-D-arabino-
furanosyl-2( 1H)-pyrimidinone], methotrexate (2 pg ml ' =4 pM)
[litrexate N{4[(2,4-diamino-6-pteridinyl)methyl]methylamino]
benzoyl]-L-glutamic acid] and dacarbazine (8 pg ml—') [DTI - 5-
(3,3-dimethyl-I-triazeno)imidazole4-carboxamide] used in the tests
were mimicking the therapeutic plasma concentrations of these
drugs, which were obtained from other studies (Egorin er al., 1989;
Liliemark & Peterson, 1991; Morikawa et al, 1997; Batey et al, 2002).
The strains were grown for 24 h in glucose Sabouraud agar and then
were cultivated in 6 ml YNB (Yeast Nitrogen Base without amino
acids; Difco), supplemented with the appropriate antineoplastic
drug, for 48 h at 35 "C. The tests were performed in triplicate.

Preparation of cell-free extracts. A crude extract was prepared
by glass-bead lysis. Cells cultured in YNB supplemented with drug
were washed three times with 0-85% saline and then resuspended in
Iysis buffer (50 mmol1™" potassium phosphate pH 7-0) containing
0-5 g 500 pm diameter glass beads. The mixture was homogenized
in a Teflon-glass homogenizer by 4-6 cycles of 20 s alternating with
cooling. Then, the mixture was centrifuged for 20 min in a refriger-
ated centrifuge to remaove cell debris and glass beads. The superna-
tant was used for enzyme assays.

Catalase activity. Catalase activity was determined in cell-free
extracts by the method of Aebi (1984 ). The readings were performed
in triplicate.

Protein analysis. Protein was measured by the Bradford method using
Coomassie blue, and serum albumin as a standard { Bradford, 1976).

Kinetic analysis. The kinetics of the interaction between the
antineoplastic drug and catalase were determined using a
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Lineweaver—Burk double reciprocal plot {Lineweaver & Burk, 1934),
by plotting 1/v against 1/5 analysed over a range of hydrogen perox-
ide concentrations (1-5-30 mmol 1 ') in the absence and in the pre-
sence of methotrexate (2-8 pM). K, values were obtained by two
different estimates, 1/v vs 1/8 and /v vs ofS

Statistics. In order to compare the means obtained for catalase
activity in the groups exposed and not exposed to antineoplastic drug,
the t-test was used, using the GraphPad InStat statistical program.

RESULTS AND DISCUSSION

The emergence of fluconazole and amphotericin B resistant
strains of C. albicans in cancer patients is a troubling new
development (Nolte et al, 1997). Though over the last
decade fluconazole-resistant Candida sp. infections in
cancer patients were more studied than amphotericin B
resistant infections, currently, the increasing incidence of
development of amphotericin B resistance in patients with
Candida sp. infection, and receiving antineoplastic and
antitfungal therapy, is a reality.

In this context, the increased fungal catalase activity has
been suggested as a mechanism that not only reduces the
amphotericin B activity, but also protects against oxidative
damage, favouring the survival of fungal cells. This may be
related to the resistaince mechanism for amphotericin B
(Sokol-Anderson er al., 1988). However, since 1990, very
few complete studies have demonstrated the influence of
antineoplastic drugs on catalase activity, a fact that impelled
this study, especially considering the failure of systemic
mycosis treatment in cancer patients.

To verify the antineoplastic drug influence on catalase
activity, non-exposed C. albicans was used as a control in
this study. Table 1 shows the levels of catalase in C. albi-
cans not exposed to drugs and exposed to dacarbazine
[8 pgml™"), cyclophosphamide [50 pg ml™'], cytara-
bine [1 ug ml™ '] and methotrexate [2 uyg ml™ ' =4 pM].
Statistical analysis demonstrated no significant differences
(P=0-05) between the groups of C. albicans exposed and
not exposed to dacarbazine, cyclophosphamide and
cytarabine. The mean catalase activity in yeast exposed to
dacarbazine [8-4+3-14 AE min ' {m;:i; protein}_'] or
cyclophosphamide [9-137+3+6 AE min~ ' (mg protein) ']
was only slightly higher than in the non-exposed yeast
[6-412 +3-73 AE min ' (mg protein) Y. The mean catalase
activity in yeast exposed to cytarabine [3-954+2:2 AEmin '
(mg protein) '] was slightly lower than that in the drug-free
yeast.

Although no statistical differences were found in the groups
exposed and not exposed to dacarbazine, cyclophosphamide
and cytarabine, we observed that when we took C. albicans
ATCC 44373 catalase activity as a standard, the yeasts
with catalase activity lower than C. albicans ATCC 44373
increased their levels of catalase, and the yeasts with levels
of catalase activity higher than C. albicans ATCC 44373
decreased their levels after exposure. Extensive investiga-
tions are necessary to demonstrate the real influence of

dacarbazine, cyclophosphamide and cytarabine on C. albi-
cans catalase activity and resistance to antifungal therapy.

The effect of methotrexate on catalase activity in C. albicans,
shown in Table 1, was a significant difference (P <0-01} in
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Fig. 1. Kinetic analysis of the catalase activation by methotrex-
ate in yeast 124 (a), 170 (b) and 172 (c). The graphs show
double reciprocal plots of the catalase experments in the
absence and in the presence of methotrexate concentrations
ranging from 2 to 8mM (<, O pM; 4, 2 pM; O, 4 pM; H,
8 pM). Catalase activity (v) was measured at various concentra-
tions of substrate (S) (1-5-30 mM) in 2 ml assay solutions with
100 mM phosphate buffer (pH 7-0) using 200 pl lysed fungal
cells. Experiments were repeated three times.
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activity when compared to the drug-free yeast. The activity
found in yeasts exposed to the drug [16:75+7-96 AE
min ' (mg protein) ~'] was higher than that in the drug-free
yeasts [6+41243:73 AE min ' (mg protein) '] In view of
these catalase activity alterations, a kinetic study was per-
formed for the yeasts that presented more alterations when
exposed to this antineoplastic drug. The effects of metho-
trexate on K, and V.., shown in Table 2, were deter-
mined by Lineweaver—Burk plots (Fig. 1). The kinetic sudy
showed K, and V.. increased when yeast 124 (Fig. 1a), 170
(Fig. 1b) and 172 (Fig. 1c) were exposed to increasing levels
of methotrexate. For these yeasts the V., was more than
double compared to that of yeasts exposed to 8 pM metho-
trexate (twice plasma concentration). Increasing K, values
were found for the three yeasts when exposed to increasing
methotrexate concentrations compared to the same group
not exposed. The Lineweaver—Burk kinetic study with the
three yeasts showed an uncompetitive pattern. Probably,
the concentration of the reactants produced a large rate of
interaction between the enzyme and the substrate causing
an elevation of the catalase V,,,,,, and consequently of the
formation of the product. This fact may contribute to the
appearance of amphotericin B resistance in cancer patients
undergoing antineoplastic drug treatment.

In accordance with our results, Brajtburg er al. (1988 ) found
an increased level of catalase was induced by 2-chloroethyl-
L-nitrosourea, an important drug in the therapy of cancer.
Ahearn & McGlohn (1984) suggested that cytotoxic drugs
might be responsible for mutations capable of producing
resistance to polyenic drugs and consequent treatment
failure in cancer patients with candidiasis.

Other studies involving Candida spp. and the antimetabolic
agent methotrexate have been carried out by Ghannoum
(1986), who observed that this antineoplastic agent elicited
pseudomycelial formation in Candida glabrata. Tt was sur-
prising because the inability of C. glabrata to form pseudo-
mycelia is used as an important criterion in its identification.
The formation of pseudohypha suggested a blockage of the
cellular division mechanism in this yeast. However, a real
interference of methotrexate in the antioxidant activity of
C. albicans is being shown here for what is believed to be the
first time.
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Abstract

Copper, zinc and manganese are important cofactor in Cu/ZnSOD and MnSOD
fungal enzyme. In some situations high concentrations of these ions can be toxic
to microorganisms, and SOD activity can be affected requiring cell defenses
mechanism, once SOD activity plays an important role detoxifying superoxide
radicals. In this study we investigated the influences of metal ions on Candida
albicans (C.a) SOD activity, as well as the influence of one ion on the other
intracellular accumulation. For this three C.a strains (ATCC 44373, 172 and 170)
were exposed to increasing metal ion concentrations. C.a 172 exposed to
copperpaizaumy and  zinCuzouvmy sShowed the highest SOD  activity, to
manganese.gsumy and irongesuwy C.a 170 and 172 showed the highest SOD
activity, respectively. Our results also indicate that cooper exposition induced
significant (P<0.05) manganese increased accumulations in C.a 170 and 172.
Zinc exposition induced significant (P<0.05) cooper and iron increased
accumulations to three yeast tested. Manganese exposition induced significant
(P<0.05) copper and zinc accumulations in C.a 44373, and iron to C.a 170 and
172, and finally, iron exposition induced significant (P<0.05) copper and zinc
increased accumulations to three yeast tested. These results are important once
it shows the effect that metals can interact and change their concentrations. Our
findings show the complex mechanism involved in yeast adaptations to different
ion concentrations and how yeasts tested responded to these variations.

Key words: Superoxide dismutase, Candida albicans, copper, zinc, iron,

manganese.
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Introduction

Copper (Cu®"), zinc (Zn?*") and manganese (Mn®*") metal ions play an
important role in fungal metabolism regulation. They are essential as a cofactor
to Cu/ZnSOD and MnSOD (Hwang et al. 1999; Rhie et al. 1999; Lamarre et al.
2001). Superoxide dismutase (SOD) is an enzyme that converts damaging
superoxide radicals (O;"), a key form of ROS, to the less damaging hydrogen
peroxide (H.0O,), which can be converted into water by catalase action
(Martchenko et al. 2004; Johnson and Giulivi 2005). Candida albicans, as other
eukariotes, is known to express Cu/ZnSOD and MnSOD in the cellular cytosol,
and MnSOD is also present in the mitochondria (Lamarre et al. 2001). Candida
albicans SOD synthesis requires copper, zinc and manganese, however, high
concentrations of these ions can be toxic to the microorganism, and SOD activity
may be lost or reduced. The toxicity of these ions may be due to complex
formations that modify the biological activity of proteins, enzymes, nucleic acid
and amino acids (Romandini et al. 1992; Fujs et al. 2005). Cell yeast toxicity
defenses are correlated with detoxification of intracellular metals and reactive
oxygen species (ROS) generated during metal exposure (Halliwell and
Gutteridge 2004). Some mechanisms proposed for cell defense against ion
toxicity include: reduced ion level uptake, direct metal binding to metallothioneins
and other thiol-containing compounds, compartmentation in membrane vesicles;
and the formation of insoluble precipitates (Stephen and Jamieson 1996; Presta
and Stillman 1997; Viarengo and Nott 1993). More recently, membrane metal

transport systems have been reported to consist of both low and high affinity
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transporters. High affinity transporters are selective for their target metals and
are tightly regulated according to metal need. Low affinity transporters are less
responsive to metal need and are somewhat less selective for metal transport.
The latter system allows the maintenance of metal homeostasis in conditions of
either metal limitation or excess (Radisky and Kaplan 1999).

Candida albicans, the organism used in this study, is a commensal
organism involved in the majority of human fungal infections. These infections
range from thrush in immunocompetent hosts, to life-threatening systemic
infections in immunocompromised individuals such as AIDS, cancer or organ
transplants patients (Abrahmsen et al. 1992; Conly et al. 1992; Corner and
Magee, 1997; Davies et al. 2002).

Studies aiming to evaluate metal ions affecting Candida albicans SOD
activity and metal ions acquired by exposure are scarce in the literature.
Therefore the first aim of this study is to examine how copper, zinc, manganese
and iron acquired by exposure may affect Candida albicans SOD activity.
Secondly, this study shows how exposure to one ion can affect accumulation of

others.

Material and methods

Yeast Strains

Candida albicans strains used in this study were Ca 172 and Ca 170. Cultures of
Candida albicans were isolated from patients treated at HUSM (University

Hospital of Santa Maria). HIV positive patients were chosen due to the facility of
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isolating opportunist fungi without invasive methods. The identification of the
species was based on their phenotype characteristics. Only numbers were used
to identify the yeast. Candida albicans from the American Type Culture Collection
ATCC 44373 was used as the growth control strain. The protocol used was
approved by the Bioethics Committee from the Integrated Regional University of
Alto Uruguai and Missdes at Frederico Westphalen — RS, Brazil (Universidade
Regional Integrado do Alto Uruguai e das Missdes), under registration number

061-2/PIH/04.

Metal ion exposure

Before metal exposure, ions were determined in dextrose Sabouraud broth (20 g
dextrose, 5 g peptone, g.s.p. 1000 mL H,O MilliQ). Copper, zinc, manganese
and iron basal concentrations in the medium were 0.00173 pM, 0.0688 uM,
0.00591 uM, 0.0282 uM, respectively. The strains grew for 24 h in dextrose
Sabouraud agar and were cultivated in 100 mL of Sabouraud broth
supplemented with copper (0.173uM, 0.432 pM, 0.865 puM, 1.297 uM, 1.73
UM), zinc (6.88uM, 17.2 uM, 34.4 uM, 51.6 uM, 68.8 uM), manganese (0.591 uM,
1.479 pM, 2.955 pM, 4.432 pM, 5.91uM), iron (2.82 pM, 7.05 pM, 14.1 uM, 21.15
MM, 28.2 uM). To obtain final ion concentrations in the medium, stock solutions
of CuCl,.2H,0, MnCl;.4H,0, ZnCl; and FeCl;.6H,O were added. The strains

were incubated for 48 h at 35 °C. The tests were performed in triplicate.

Preparation of cell-free extracts
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A crude extract was prepared by glass bead lyses. The cells cultured in
Sabouraud broth supplemented were washed three times with MilliQ water and
then resuspended in the lyses buffer (50 mM potassium phosphate pH 7.0)
containing 0.5 g of 500-mm-diameter glass beads. The mixture was homogenized
in a teflon-glass homogenizer for six alternating cycles of 20 s, under cooling.
Then, the mixture was centrifuged for 30 min in a refrigerated centrifuge to
remove cell debris and glass beads. The supernatant was used for enzyme

assays.

Preparation of cell for metal ion determination

Cells cultured in supplemented Sabouraud broth were centrifuged at 4,000 rpm
for 5 min. Sediments were washed three times with MilliQ water and then
lyophilized for 24 hours for cell mass determination. Three mL of concentrate
HNO3; and 1 hour boiling was performed for organic phase decomposition. The

concentrations were adjusted with 20 mL MilliQ water.

Metal ion determination

An inductively coupled plasma optical emission spectrometer (Spectro Ciros
CCD, Spectro Analytical Instruments, Kleve, Germany) was used for
determination of Cu, Fe, Mn and Zn with an axial view configuration. Nebulization
was performed through a crossflow nebulizer coupled to a Scott double pass
type nebulization chamber. Plasma operating conditions and selected

wavelengths used for element determination are listed in Table 1, and they were
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used as recommended by the instrument manufacturer (Spectro Ciros CCD,
software version 01/March 2003, Spectro Analytical Instruments GmbH & Co.
KG: Kleve, Germany) Argon 99.996% (White Martins-Praxair, Sdo Paulo, Brazil)
was used for plasma generation, for nebulization, and as the auxiliary gas. Milli-Q
water (18.2 MQ cm) was used to prepare all solutions. Working analytical
solutions for Cu, Fe, Mn and Zn were prepared before use by serial dilution of
stock reference solutions containing 1000 mg I in 0.5% (v/v) HNOa.
Concentrated nitric acid (65%) was distilled in a sub-boiling system (Milestone,

model DuoPur).

SOD activity

The activity of superoxide dismutase was assayed according to Mc Cord and
Fridovich (1969). The assay mixture consisted of a total volume of 1 mL,
containing 50 mM glycine buffer (pH 10.5), 60 mM epinephrine and enzyme.
Epinephrine was added for adrenochrome formation. Adrenochrome formation
was recorded at 480 nm with a UV-Vis spectrophotometer for 4 min. One unit of
SOD activity was expressed as the amount of enzyme required to cause 50%

inhibition of epinephrine oxidation under the experimental conditions.

Protein analysis
Protein was measured by the procedure of Bradford method using Coomassie
Blue and serum albumin as standard (Bradford 1976).

Statistics
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ANOVA with Tukey-Kramer post-test was used to compare the influence of each
ion on the accumulation of the other ions in Candida albicans cells. The

operations were performed using the GraphPad InStatO statistical program.

Results

The comparative Candida albicans SOD activity was investigated as a
function of metal ion exposure and Candida albicans ATCC 44373 was used as
standard. In general, ion concentrations did not produce a significant effect on
Candida albicans biomass weight (Data not show). Only zinc concentrations
greater than 51.6 pM for Candida albicans 170, and 34.4 uM for Candida
albicans ATCC 44373 produced a significant decrease in biomass weight.
Our results presented in figure 1 show SOD activity in crude extracts and total
copper accumulation of Candida albicans exposed to copper (ll). The initial
copper ion concentration in the medium ranged between 0.0017 — 1.73 uM.
Increased copper exposure produced an increased accumulation in the three
Candida albicans yeasts tested. Candida albicans 172 showed the highest SOD
activity (561 + 89 Ul mg protein™) and copper accumulation (1765 + 80 pg g™).
High SOD activity was observed in Candida albicans ATCC 44373, 172 and 170
in the copper concentrations of 0.432, 0.17 and 1.73 pM, respectively. The
assimilation profile of copper in the three yeasts tested seems to be similar, and
the peak SOD activity occurred at different copper concentrations. Copper
exposure induced a significant (P<0.05) increase in zinc and manganese

accumulation in Candida albicans 170 (Figure 1B). To Candida albicans 172
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cooper exposure induced a significant (P<0.05) increase in managanese
accumulation (Figure 1C).

Results expressed in Figure 2 show SOD activity in crude extracts and
total zinc accumulation of Candida albicans exposed to Zinc at concentrations
that ranged between 0.069 — 68.8 uM. Candida albicans ATCC 44373 showed a
greater accumulation of zinc (0.0688 UM exposure = 143 + 0,3 pg g*; 68.8 uM
exposure = 17205 + 285 pg g*) than the other two yeasts tested. The highest
SOD activity observed in Candida albicans 172, 170 and ATCC 44373 occurred
at concentrations of 17.2, 34.4 and 6.88 uM, respectively, of zinc. Only Candida
albicans ATCC 44373 showed increased zinc accumulation when exposed to
increasing zinc concentrations. No SOD activity was found for Candida albicans
ATCC 44373 and 170 exposed to zinc concentrations higher than 51.6 and 34.4
MM, respectively, due its severe effects on biomass production. Zinc exposure
induced a significant (P<0.05) increase in copper, manganese and iron
accumulation in Candida albicans 44373 and 170 (Figure 2A, 2B). To Candida
albicans 172 zinc exposure induced a significant (P<0.05) increase in copper and
iron accumulation (Figure 2C).

Figure 3 shows SOD activity in crude extracts and total manganese
accumulation of Candida albicans exposed to this ion. The manganese
accumulation for the three yeasts was increased with increased ion exposure
(0.00591 - 5.91 pM). Candida albicans ATCC 44373 accumulated more
manganese (2313 + 142 ug g*) and presented greater variation in SOD activity

than the other two yeasts tested. The highest SOD activity in Candida albicans

42



172, 170 and ATCC 44373 was 127 + 16, 184 + 29 and 99 + 1.9 Ul mg protein™,
respectively. These elevations in SOD occurred at 4.4 pM for Candida albicans
ATCC 44373, and 2.96 uM for Candida albicans 172 and 170. Manganese
exposure induced a significant (P<0.05) increase in copper and zinc
accumulation in Candida albicans 44373 (Figure 3A), zinc and iron in Candida
albicans 170 (Figure 3B), and only iron in Candida albicans 172 (Figure 3C).
Figure 4 shows SOD activity in crude extracts and total iron accumulation
of Candida albicans exposed to iron. The initial iron ion concentration in the
medium ranged between 0.028 — 28.2 uM. Candida albicans 44373 showed the
highest SOD activity (455 + 26 Ul mg protein™) and Candida albicans 170
showed the highest iron accumulation (4528 + 138 pg g*). The highest SOD
activity observed in Candida albicans 172 and ATCC 44373 occurred at 7.1 pM
iron. For Candida albicans 170, SOD activity increased at 2.8 uM iron. Iron
exposure induced significantly (P<0.05) increased in copper and zinc
accumulation in Candida albicans 44373 and 172 (Figure 4A, 4C). To Candida
albicans 170 iron exposure induced a significant (P<0.05) increase in copper,

managanese and zinc accumulation (Figure 4B).

Discussion

Metal ions play an important role scavenging excess ROS and preventing
oxidative damage to important cellular components (Pan and Loo 2000). To
reduce superoxide radical damage, cells express detoxifying enzymes such as

SOD (Martchenko et al. 2004). Metal ions such as copper, zinc and manganese
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play an important role in SOD activity in yeasts (Azevedo et al. 2007). In this
study, the assays were performed in triplicate for three yeasts. Concentrations
tested were based on metal ion concentrations in culture media and in previous
studies (Greco et al. 1990; Romandini et al. 1992; Fujs et al. 2005; D6nmez and
Aksu 2001). The comparative Candida albicans SOD activity was investigated as
a function of metal ion exposure and Candida albicans ATCC 44373 was used as
standard. By ours results only zinc concentrations produced a significant
decrease in biomass weight, however the addition of copper, zinc and iron in the
culture medium has been reported to produce a weight stimulatory effect, and
manganese may have the opposite effect (Griffin 1993). At high concentrations,
metals can result in growth inhibition and toxicity and the ability of organisms to
survive in environments with high levels of metals depends on their capacity to
regulate the intracellular concentration of metal ions (Gadd 1993; Azevedo et al.
2007). Metal ions can be replaced by others in cellular uptake (Kayali-Ayar and
Ozer 2002) and this situation can cause alteration in physiological processes,
such as the synthesis of many enzymes that include the metal as a prosthetic
group.

The profile founded to Candida albicans exposed to copper (II) was similar
to that found for Yarrowia lipolytica (Ito et al. 2007) were increased copper
exposure produced an increased metal ion accumulation. By our results yeasts
Candida albicans 44373 and 172 did not show zinc accumulation when exposed
to copper. This result is in accord to that described for Chlorella sp. where Cu?

reduced the binding and cellular uptake of Zn* (Franklin et al. 2002). The



variable effect of copper on Candida albicans SOD activity did not allow clear
conclusions about toxicologically effect of this metal ion, since SOD activity was
either not lost or increased constantly with copper exposure. Another supposition
is that the hormetic effect was involved. The hormetic effect is a dose-response
phenomenon characterized by low-dose stimulation and high-dose inhibition.
This phenomenon occurs independently of species, endpoint and physical or
chemical stressor (Calabrese and Baldwin 2000). This effect may occur through
different mechanisms, such as organic and inorganic chemical compounds,
essential element deficiency or stimulation of defense reactions that activate
general metabolism (Calabrese and Blain 2005). The results found for this ion
are in accordance with others where high levels of CuZnSOD were observed in
yeasts upon copper administration (Manzano et al. 2000; Santovito et al. 2002).
SOD activity has been correlated with copper treatment through the co-
stimulation of SOD genes (Thiele 1988). Copper concentrations above 100 uM
have been associated with a potential to promote the cellular generation of
reduced oxygen species, O, H,O,, and HO' in yeast (Galiazzo et al. 1988). With
the elevation of Oy, it is expected that there will be increased SOD activity, which
will limit the production of HO via the Haber-Weiss reaction of H,O, and O,
which could also be catalyzed by Cu (Halliwell and Gutteridge 1984). In this
study, it is clear that copper intracellular concentrations affected SOD activity at
low concentrations, with variable effects on SOD activity.

Results founded to zinc exposure showed a negative effect on biomass

production and although zinc has been reported to possess antioxidant
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properties (Powell 2000), no SOD activity was found for Candida albicans ATCC
44373 and 170 exposed to zinc concentrations higher than 51.6 and 34.4 uM,
respectively. Azevedo and coworkers (2007) reported that an excess of zinc
caused severe effects on biomass production, and oxidative stress in aquatic
fungi. The ability of the microorganism to survive in environments with high levels
of metals depends on their capacity to regulate intracellular concentrations of
metal ions (Gadd 1993; Azevedo et al. 2007). As metallic ions can be substituted
for others in the cellular uptake (Kayali-Ayar et al. 2002), this situation may cause
alterations in the physiologic processes, such as in synthesis of enzymes which
request specific metallic ions for prosthetic groups. The increased accumulation
of zinc in Candida albicans ATCC 44373 probably occurred due to the ability of
this sample to survive in an environment with high concentrations of zinc rather
than from its capability to regulate intracellular concentrations of this metal. We
believe more strongly in the first hypothesis because Candida albicans ATCC
44373 accumulated fifteen fold more zinc when compared to other two yeasts.
Results founded to copper, iron and manganese accumulation influenced by zinc
exposure is contrary to that found for Fusarium equiseti and Fusarium
acuminatum, where zinc exposure decreased iron and manganese levels
(Kayali-Ayar and Tarhan 2003). Only Candida albicans 170 and 172 did not show
a linear increase in zinc absorption. In addition, variations in SOD activity and a
decrease in biomass were observed. This may be due to the influence of zinc on

copper and iron uptake. Possible explanations for the variation of SOD activity at
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non-toxic doses include the hormetic effect and the influence of zinc on iron and
copper accumulation.
Results founded to manganese exposure showed that manganese accumulation
for the three yeasts was increased with increased ion exposure. It has been
suggested that manganese cytosol uptake involves a manganese chaperone or
an elevated bioavailability of the metal where Smf2p (intracellular vesicles) and
Mtmlp (mitochondrial carrier) deliver the metal to SOD2 (Luk et al. 2005).
Candida albicans is an exception among eukaryotes because of the cytosolic
MnSOD (Lamarre et al. 2001) and the system mentioned above may explain the
increased manganese accumulation. The results also show that there is no direct
relation between ion accumulation and SOD activity. There are several
possibilities for this fact, including major or minor stress generated by
manganese, as well as activation of cellular defense mechanisms by high
manganese concentrations. Some of the defense mechanisms described for high
manganese exposure are vacuolar uptake (Li et al. 2001), reducing the toxic
character in the cytosol of the yeast; hydrolysis of the Smflp by proteases; and
the efflux of manganese to the cell by vacuoles that transport the ions from Golgi
to the cell membrane (Luk et al. 2003). Vacuolar uptake of manganese may be a
good explanation for our results.

Results founded to iron show a clear effect of this metal ion on SOD
activity and copper and zinc metal ion accumulation in Candida albicans. The
effect on SOD activity was not linear with iron accumulation, possibly due to the

hormetic effect. Differences in the accumulation of this ion in Candida albicans
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may be due to the fact that iron is a metal that requires reduction for its biological
acquisition. In Candida albicans, cell surface reductase reduces ferric to ferrous
iron prior to uptake (Morrissey et al. 1996). Differences in cells susceptibility and
surface reductase activity can be contributed to differences metal ion
accumulation in Candida albicans tested. Iron excess is potentially toxic to cells,
as free iron generates the toxic superoxide anion and hydroxyl radicals in the
presence of oxygen (Radisky and Kaplan 1999). Recent research has shown that
iron overload is associated with increased risk of infection by many pathogens
such as Plasmodium falciparum, Mycobacterium tuberculosis and Cryptococcus
neoformans (Schaible and Kaufmann 2004; Barluzzi et al. 2002; Jung and
Kronstad 2008).

The results shown here demonstrate the real effect of one ion on the
uptake of others and the effect on SOD activity in yeast. These results show the
complex mechanism involved in yeast adaptations to different ion concentrations

and how yeasts tested responded to these variations.
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Fig.1. (-) SOD activity in crude extracts and (m) total copper accumulation in C.
albicans (A) ATCC 44373, (B) 170, (C) 172 exposed to copper (0.0017 — 1.73
HM). SOD activity was measured in 1 ml assay solution with 10 pl, 15ul and 20 pl
of lysed fungal and 17 pul of epinephrine. Metal ions were measured in ICP-OES
by nebulization performed through a crossflow nebulizer coupled to Scott double
pass cells. SOD activity was expressed in Ul mg protein? and copper

determination in ug g™.

Fig. 2. (-) SOD activity in crude extracts and (m) total zinc accumulation in C.
albicans (A) ATCC 44373, (B) 170, (C) 172 exposed to zinc (0.069 — 68.8 uM).
SOD activity was measured in 1 ml assay solution with 10 pl, 15ul and 20 pl of
lysed fungal and 17 pl of epinephrine. Metal ions were measured in ICP-OES by
nebulization performed through a crossflow nebulizer coupled to Scott double

pass cells. SOD activity was expressed in Ul mg protein™ and zinc determination

inug g,

Fig. 3. () SOD activity in crude extracts and (m) total manganese accumulation in
C. albicans (A) ATCC 44373, (B) 170, (C) 172 exposed to manganese (0.0059 —
5.9 uM). SOD activity was measured in 1 ml assay solution with 10 pl, 15ul and
20 pl of lysed fungal and 17 pl of epinephrine. Metal ions were measured in ICP-
OES by nebulization performed through a crossflow nebulizer coupled to Scott
double pass cells. SOD activity was expressed in Ul mg protein? and

manganese determination in pg g™.
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Fig. 4. () SOD activity in crude extracts and (m) total iron accumulation in C.
albicans (A) ATCC 44373, (B) 170, (C) 172 exposed to iron (0.028 — 28.2 uM).
SOD activity was measured in 1 ml assay solution with 10 pl, 15ul and 20 pl of
lysed fungal and 17 pl of epinephrine. Metal ions were measured in ICP-OES by
nebulization performed through a crossflow nebulizer coupled to Scott double

pass cells. SOD activity was expressed in Ul mg protein™ and iron determination

inpg g
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Table 1. Operational parameters for Cu, Fe, Mn and Zn determinations by ICP-

OES.

rf power (W)

plasma gas flow rate (L min™)
auxiliary gas flow rate (L min™)
nebulizer gas flow rate (L min™)
spray chamber

Nebulizer

View

wavelength (nm)

1400
14.0
1.0
1.0
double pass, Scott type
crossflow
axial
Cu 327.393 |
Fe 238.204 Il
Mn 257.610 II

Zn 206.200 I
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ABSTRACT

Candida dubliniensis is new species of Candida that has been recovered from
several body sites in healthy people. In AIDS and HIV-infected patients it has
been associated with recurrent episodes of oral candidiasis. Although studies
based on phenotype characteristics and resistance to antifungals have been
performed to characterize the new species and detect differences from C.
albicans, little is known about enzymatic activity involved in the oxidative stress
related to C. dubliniensis. In this study we show that superoxide dismutase and
catalase activity in fluconazole- and amphotericin B-resistant strains of C.
dubliniensis and C. albicans were significantly (P<0.05) higher than in sensitive
cells. Our results also indicate that catalase and SOD were significantly
(P<0.001) higher in sensitive and resistant C. albicans cells than in the respective
C. dubliniensis group. These data suggest that C. albicans is more greatly
protected against oxidative stress than C. dubliniensis, and that fluconazole, like
amphotericin B, can produce an oxidative stress in Candida inducing an adaptive
response that results in a coordinated increase of catalase and SOD activities.

Keywords: Candida dubliniensis, fluconazole-resistance, amphotericin-

resistance, SOD, catalase.
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1. INTRODUCTION

Candida dubliniensis is new species of Candida discovered by Sullivan et
al. (1993) in Dublin, Ireland during observations in germ tube- and
chlamydospore-positive isolates, identified at that time as ‘atypical’ Candida
albicans. Later analysis of these isolates showed that the observations
constituted a new species different from C. albicans and it was named C.
dubliniensis (Sullivan et al., 1995). C. dubliniensis is primarily associated with
recurrent episodes of oral candidiasis in AIDS and HIV-infected patients, the
most common clinical presentation being oral erythematous candidiasis.
However, it has also been implicated in cases of superficial and disseminated
candidiasis in patients with and without HIV infection (Gutiérrez et al., 2002;
Sullivan & Coleman, 1998). Since the discovery of C. dubliniensis many studies
based on phenotype characteristics and resistance to antifungals have been
performed to characterize the new species and detect differences from C.
albicans (Sullivan et al.,, 1993; Sullivan et al., 1995; Coleman et al., 1997,
Kirkpatrick et al., 1998; Pinjon et al., 1998; Jabra-Rizk et al., 1999; Koehler et al.,
1999; Staib & Morschhauser, 1999; Al Mosaid et al., 2001; Staib & Arasteh,
2001; Alves et al.,, 2002; Cardenes-Perera et al., 2004; Khan et al., 2004;
Sahand et al., 2005; Eraso et al., 2006; Loreto et al., 2006; Marot-Leblond et al.,
2006; Sahand et al., 2006).

In terms of resistance, C. dubliniensis generally shows higher
susceptibility to polyenes and azoles than C. albicans, however, a remarkable
feature of C. dubliniensis compared to C. albicans is the speed at which it
produces in vitro stable strains resistant to fluconazole (Moran et al., 1997).
Azoles, such as fluconazole, act on the pathway of ergosterol membrane
biosynthesis by inhibiting the enzyme C14-a-demethylase, a cytochrome P450-
dependent enzyme (Bodey, 1992). Amphotericin B has been reported to bind to
sterols, such as ergosterol, disrupting the osmotic integrity of the fungal
membrane and resulting in the leakage of intracellular ions and metabolites
(Thomas, 1986). Despite a number of studies with C. dubliniensis in the last
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years, the superoxide dismutase (SOD) and catalase enzymatic activity in
fluconazole-resitant and amphotericin B-resistant C. dubliniensis is unknown. In
Candida, SOD plays an important protective role against fungicidal attack of
macrophages and neutrophils that produce the superoxide radical (Vazquez et
al., 1998). SOD is an enzyme that converts damaging superoxide radicals (O,"),
a reactive oxygen species (ROS), to less damaging hydrogen peroxide (H>0,)
that can be converted into water by catalase (Martchenko et al., 2004; Johnson &
Giulivi, 2005). Catalase is an important enzymatic mechanism that has been
suggested to be involved in amphotericin B resistance through inhibition of the
oxidative damage produced by this antifungal drug (Sokol-Anderson et al., 1998).
The fungal plasma membrane ergosterol is the target of amphotericin B, which
produces potassium ion leak channels, resulting in disruption of the proton
gradient (Sokol-Anderson et al., 1986; Nakagawa et al., 2003). SOD and
catalase antioxidant enzymes may act cooperatively and in synergism to protect
cells against oxidative damage (Michiels et al., 1994). Some authors have
suggested that a coordinated inactivation of ROS by a combination of both a
superoxide- and hydrogen peroxide-inactivating enzyme in a sequential manner
is essential for an effective cellular protection of cells against ROS toxicity (Lortz
& Tiedge, 2003).

Based on the lack of knowledge available about antioxidant enzymatic
activity and the coordinated inactivation of ROS by SOD and catalase in C.
dubliniensis and C. albicans, the aim of this study is to show the behavior of SOD
and catalase activity in strains of C. dubliniensis and C. albicans both sensitive

and resistant to fluconazole and amphotericin B.

2. METHODS
Strains: Candida albicans (Ca) and Candida dubliniensis (Cd) strains used in

this study were, Ca 10, Ca 81, Ca 119, Ca 170, Ca ATCC 44373,Cd 1, Cd 2, Cd
3,Cd4,Cd5, Cd7, Cd9, Cd 11, Cd 13. Cultures were isolated from patients
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treated at HUSM (University Hospital of Santa Maria) and from different cities in
Brazil. The identification of the species was based on phenotype and genotype
characteristics of Candida dubliniensis. C. dubliniensis genotype was confirmed
by randomly amplified polymorphic DNA using the primers CDU (5' GCG ATC
CCC A 3) (Sullivan et al., 1995) and B-14 (5' GAT CAA GTC C 3) (Bauer et al.,
1993). Only numbers were used to identify the yeast. Candida albicans from
American Type Culture Collection ATCC 44373 was used as the growth control
strain. The protocol used was approved by the Bioethics Committee from the
Universidade Regional Integrada do Alto Uruguai e das Missbes at Frederico
Westphalen — RS, Brazil, under registration number 061-2/PIH/04.

Fluconazole resistance induction: Fluconazole resistance induction was
performed according to Fekete-Forgacs et al. (2000). Firstly fluconazole MIC
points for C. albicans and C. dubliniensis clinical isolates were determined in
accordance with the CLSI M27-A2 document. Then, MIC determination cells
were cultured overnight in Sabouraud glucose broth (SDB) containing 4%
glucose and 1% mycological peptone. The cells were then added to flasks
containing 20 ml of SDB to achieve a final absorbance of 0.1 (A=640 nm). The
culture was incubated at 30 °C for 10 h, and then fluconazole was added at a
final concentration of 8 ugml™ (higher than the MIC). After 14 h of further
incubation the cells of the fluconazole-containing culture were subcultured three
times consecutively into fresh SDB containing 8 ug mi™ fluconazole and in each
case were incubated at 30 °C with shaking for 24 h. After the third incubation,
cells were added to flasks containing 20 ml of SDB containing 8 ug
fluconazole mi™ to achieve a final absorbance of 0.1. After 10 h incubation,
fluconazole was added at a final concentration of 16 yg ml™, and after 14 h of
further incubation the cells of this culture were subcultured three times into fresh
SDB containing fluconazole 16 pg mi™ and incubated in each case at 30 °C with
shaking for 24 h. The concentration of fluconazole was always duplicated under
the procedure; the final concentration was 64 pg mi™.. Cells obtained from these

concentrations were used for SOD and Catalase assays.
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Amphotericin B resistance induction: Amphotericin B resistance induction
was assayed according to Fekete-Forgéacs et al. (2000) with some modifications.
Time needed for cell growth between exposure to different amphotericin B
concentrations was 48 hours. Cells obtained from these concentrations were

used for SOD and catalase assays.

C. albicans and C. dubliniensis culture: The strains grew for 48 h in
Sabouraud glucose agar containing fluconazole 64 pg mi™ or amphotericin B 2
ug mli™. Cells were added in sterile saline 0.85 % to achieve a final concentration
of 0.1 (A = 625 nm). 1 ml of this suspension was added to 50 ml of Sabouraud
glucose broth (SDB) containing 4 % glucose and 1 % mycological peptone at 30
°C with shaking for 24 h for fluconazole and 48 h for amphotericin B exposure.
Cells were washed three times with sterile water and a crude extract was

prepared.

Preparation of cell-free extracts: A crude extract was prepared by glass bead
lyses. The cells cultured in the supplemented Sabouraud broth were washed
three times with MilliQ water and then resuspended in the lyses buffer (50 mmol
I'* potassium phosphate pH 7.0) containing 0.5 g of 500-nm-diameter glass
beads. The mixture was homogenized in a teflon-glass homogenizer for six
cycles of 20 s alternating and under cooling. Then, the mixture was centrifuged
for 30 min in a refrigerated centrifuge to remove cell debris and glass beads.

The supernatant was used for enzyme assays.

SOD activity: Superoxide dismutase activity was assayed according to McCord
and Fridovich (1969). The assay mixture consisted of a total volume of 1 mL,
containing 50 mmol I glycine buffer (pH 10.5), 60 mmol I epinephrine and
enzyme. Epinephrine was added and adrenochrome formation was recorded at
480 nm with a UV- Vis spectrophotometer by 4 min. One unit of SOD activity is

expressed as the amount of enzyme required to cause 50% inhibition of
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epinephrine oxidation under the experimental conditions. The readings were
performed in triplicate.

Catalase activity: Catalase activity was determined in cell-free extracts by the
method of Aebi (1984). H,O, solution (10mM), enzyme extract, and 50 mM
phosphate buffer pH 7 were pipetted into a cuvette. The reduction of H,O, was
followed at a wavelength of 240 nm for 4 min against a blank containing 50 mM
phosphate buffer and enzyme extract. Catalase activity was expressed in AE
min™ (mg protein)™. The readings were performed in triplicate.

Protein analysis: Protein was measured by the Bradford method using

Coomassie Blue and serum albumin as standard (Bradford, 1976).

Statistics: Statistical analyses were made with a paired T test to compare
sensitive versus resistant cells. Comparisons among C. albicans and C.
dubliniensis groups were made with unpaired T test. The operations were

performed on GraphPad InStatO statistical program.

3. RESULTS

To induce fluconazole and amphotericin B stable resistance, mutant C.
dubliniensis and C. albicans strains were developed using fluconazole and
amphotericin B sensitive cells exposed to increasing fluconazole and
amphotericin B concentrations. Cells were exposed to fluconazole at 64 pg/mL
and to amphotericin B at 2 pg/mL.

Results in table 1 show the SOD and catalase activity in fluconazole-resistant
Candida dubliniensis. C. dubliniensis 13 (83.2 + 5.8 Ul mg protein™) and 5 (130.2
+ 33.7 Ul mg protein™) showed the highest SOD activity among sensitive and
resistant cells, respectively. The lowest SOD activity among sensitive and
resistant cells was found for C. dubliniensis 4 (5.1 + 2.9 Ul mg protein™ / 10.3 +
2.5 Ul mg protein?). Mean SOD activity found for fluconazole-resistant C.
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dubliniensis was 1.97 times greater than that found for sensitive cells. Statistical
analyses showed significant differences (P<0.01) between fluconazole- resistant
and sensitive C. dubliniensis SOD activity. For catalase activity, C. dubliniensis
11 (1.9 + 0.6 AE min™ (mg protein)®) and 2 (3.7 = 0.1 AE min™ (mg protein)™)
showed the highest catalase activity among sensitive and resistant cells,
respectively. C. dubliniensis 1 (0.5 + 0.2 AE min™* (mg protein)™®) and 4 (0.6 + 0.1
AE min™ (mg protein)™) showed the lowest catalase activity between fluconazole-
resistant and sensitive. Mean catalase activity for the fluconazole-resistant group
was 1.58 times greater than that found for sensitive cells. Statistical analyses
showed significant differences (P<0.001) between fluconazole-resistant and
sensitive C. dubliniensis catalase activity.

Table 2 shows SOD and catalase activity in Candida dubliniensis resistant to 2
pg/mL of amphotericin B. The highest SOD activity among sensitive and resistant
cells was found, respectively, for C. dubliniensis 11 (57.9 + 33.2 Ul mg protein™)
and 9 (101.1 + 24.1 Ul mg protein™). C. dubliniensis 3 (13.5. + 0.4 Ul mg protein’
1y and C. dubliniensis 2 (22.6 + 3.0 Ul mg protein™) showed the lowest SOD
activity for sensitive and resistant cells. Mean SOD activity for C. dubliniensis
resistant to 2 pg/mL of amphotericin B was 1.97 times greater than that found for
sensitive cells. Statistical analyses showed significant differences (P<0.001)
between C. dubliniensis SOD activity in cells resistant to 2 pg/mL amphotericin B
and sensitive cells. For catalase activity, C. dubliniensis 11 (1.7 = 0.2 AE min™
(mg protein)* / 3.6 + 0.6 AE min™ (mg protein)™) showed the highest catalase
activity among sensitive and resistant cells. C. dubliniensis 1 (0.6 + 0.1 AE min™*
(mg protein)™®) and C. dubliniensis 2 (0.9 + 0.1 AE min™ (mg protein)™®) showed
the lowest catalase activity among sensitive and resistant cells, respectively.
Mean catalase activity for the group resistant to 2 pg/mL of amphotericin B was 2
times greater than that found for sensitive cells. Statistical analyses showed
significant differences (P<0.001) between C. dubliniensis catalase activity in cells
resistant to 2 pug/mL of amphotericin B and sensitive cells.

SOD and catalase activity in fluconazole-sensitive and resistant Candida
albicans cells are shown in table 3. The highest SOD activity among sensitive
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and resistant cells was found, respectively, for C. albicans 119 (269.6 + 5.9 Ul
mg protein™) and 10 (300.5 + 2 Ul mg protein™). The lowest SOD activity in these
groups was found, respectively, for C. albicans 170 (139.2 + 6.2 Ul mg protein™)
and C. albicans ATCC 44373 (205.3 + 7 Ul mg protein™). Mean SOD activity for
fluconazole-resistant C. albicans was 1.3 times greater than that found for
sensitive cells. Statistical analyses showed significant differences (P<0.001)
between SOD activity in fluconazole-resistant and sensitive C. albicans. For
catalase activity, C. albicans 10 (2.8 + 0.2 AE min™ (mg protein)™) and 170 (4.1 +
0.2 AE min™ (mg protein)™) showed the highest catalase activity among sensitive
and resistant cells, respectively. C. albicans 119 (1.5 + 0.2 AE min™* (mg protein)’
1Y and 81 (2.3 + 0.4 AE min™ (mg protein)™) showed the lowest catalase activity
for the same groups. Mean catalase activity for the fluconazole-resistant group
was 1.57 times greater than that found for sensitive cells. For catalase, statistical
analyses showed significant differences (P<0.001) between C. albicans catalase
activity in the fluconazole-resistant and sensitive groups.

Table 4 shows the SOD and catalase activity in Candida albicans sensitive and
resistant to 2 pg/mL of amphotericin B. The highest SOD activity among sensitive
and resistant cells, was found, respectively, for C. albicans 170 (186.1 + 3.2 Ul
mg protein™) and 119 (298.2 + 21.3 Ul mg protein™). The lowest SOD activity in
these groups was found, respectively, for C. albicans 10 (22.1 + 8.5 Ul mg
protein) and C. albicans 81 (93 + 4.8 Ul mg protein™). Mean SOD activity for C.
albicans resistant to 2 pg/mL of amphotericin B was 1.97 times greater than that
found for sensitive cells. Statistical analyses showed significant differences
(P<0.001) between C. albicans SOD activity in cells resistant to 2 pg/mL of
amphotericin B and the sensitive group. For catalase activity, C. albicans 10 (3.1
+ 0.3 AE min™ (mg protein)™®) and ATCC 44373 (4.8 + 1.1 AE min™ (mg protein)’
1y showed the highest catalase activity among sensitive and resistant cells,
respectively. C. albicans 170 (1.3 + 0.4 AE min™* (mg protein)™) and 119 (2.9 *+
0.8 AE min™* (mg protein)™) showed the lowest catalase activity in the same
groups. Mean catalase activity for cells resistant to 2 pg/mL of amphotericin B
was 1.77 times greater than that found for sensitive cells. Statistical analyses for

73



catalase showed significant differences (P<0.05) between C. albicans catalase
activity in cells resistant to 2 pg/mL of amphotericin B and the sensitive group.

4. DISCUSSION

Since the discovery of Candida dubliniensis in 1995 studies have been
made in order to investigate differences between C. dubliniensis and C. albicans.
Studies aiming to detect the behavior of these two species under the same
conditions have led to the understanding of phenotype and genotype differences.
Enzymes involved in the virulence factor, such as aspartyl proteinases,
phospholipases, condroitin sulphatase and hyaluronidase, have been thoroughly
studied. De Bernardis et al. (2001) and Linares et al. (2007) showed that aspartyl
proteinase was significantly higher in C. albicans than in C. dubliniensis (De
Bernardis et al., 2001; Linares et al.,, 2007). Studies using phospholipase,
condroitin sulphatase and hyaluronidase revealed no differences between these
species (Linares et al., 2007; Kothavade & Panthaki, 1998; De Bernardis et al.,
2001). In this study, we investigate the effect of resistance to fluconazole and
amphotericin B on Candida albicans and Candida dubliniensis SOD and catalase
activity. These enzymes are not related with virulence factors, but play an
important role in the oxidative stress response in both species (Lee et al., 1999).
SOD activity has been involved in the detoxification of the free superoxide
radical, as that produced by phagocyte NADPH oxidase (Gir6 et al., 2006).
Phagocytic cells have two antimicrobial systems responsible for the generation of
reactive oxygen species (ROS) and reactive nitrogen species (RNS). On the
other hand, microorganisms such as Candida have multiple defense responses
that can be adjusted according to the nature and amount of ROS produced by
the host or environment (lkner & Shizaki, 2005). Our results show significantly
increased SOD activity in C. dubliniensis and C. albicans resistant to
amphotericin B and fluconazole when compared to the sensitive group. For
amphotericin B, this result may be due to the fact that amphotericin B can

74



produce oxidative damage in Candida through lipid peroxidation (Sokol-Anderson
et al., 1986). In our study, yeasts were exposed to an increasing concentration of
amphotericin B at 2 ug/mL. Normally, amphotericin B at this concentration Kills
Candida by the mechanism cited above, but in this study we found that Candida
SOD activity was activated in response to amphotericin B exposure. Mean SOD
activity found for C. dubliniensis and C. albicans resistant to 2 pg/mL of
amphotericin B was 1.97 times greater than that found for sensitive cells. This
SOD activation probably occurred because when Candida is exposed to sub
lethal concentrations of peroxide or superoxide an adaptive response is induced
resulting in a several fold increase in expression of specific activities of the
enzymes catalase, SOD and glucose 6-phosphate dehydrogenase (G6PDH)
(Jamieson et al., 1992; Turton et al., 1997). In addition, we can presume that this
elevation of SOD activity in yeasts resistant to amphotericin B may contribute to
an increased resistant to phagocytic cell attack, making yeast cells more
resistant to host defenses. Our results also show that SOD activity among C.
albicans sensitive to fluconazole and amphotericin B was significantly (P<0.0001)
higher than SOD activity in C. dubliniensis sensitive to these drugs. When SOD
activity was compared in the resistant groups, C. albicans also expressed
significantly (P<0.0001) higher levels of SOD than C. dubliniensis.
As found for proteinases, SOD activity is higher in C. albicans than in C.
dubliniensis. As for fluconazole, this study has shown for the first time the effect
of resistance to this antifungal drug on SOD activity from C. albicans and C.
dubliniensis. Our results suggest that fluconazole has an oxidant effect on
Candida, activating its antioxidant system like SOD. Mean SOD activity found for
fluconazole-resistant C. albicans and C. dubliniensis was 1.93 and 1.97 higher,
respectively, than that found for the sensitive group. If fluconazole induced SOD
activity, like amphotericin B, this would contribute to increased resistance to
phagocytic cell attack.

Catalase, like SOD, was increased in fluconazole- and amphotericin-
resistant C. albicans and C. dubliniensis cells when compared to sensitive cells.
Catalase is an enzyme that converts hydrogen peroxide (H20) to oxygen (O-)
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and water (H2O) (Michiels et al., 1994). In Candida, it has been cited as a
resistance mechanism for amphotericin B (Sokol-Anderson et al., 1986) and as
involved in hypha formation (Nakagawa, 2008). No relation has been cited in the
literature between fluconazole resistance and catalase activity. From our results,
catalase activity in amphotericin B-resistant C. dubliniensis and C. albicans was,
respectively, 2 and 1.77 times higher than that found in the sensitive group. In
the fluconazole-resistant groups, it was, 1.58 and 1.57 times higher, respectively,
than that found for the sensitive group. These findings show a similar behavior
between catalase and SOD activity when the yeast cells were exposed to the
same conditions and corroborate with the hypothesis that when Candida is
exposed to an oxidative stress an adaptive response occurs (Turton et al., 1997).
Based on the literature, a similar behavior was expected for these enzymes,
since the SOD product is a substrate for catalase (Johnson & Giulivi, 2005). Here
we confirmed this for C. albicans and C. dubliniensis. As was found for SOD,
catalase activity was significantly (P<0.0001) higher in C. albicans sensitive and
resistant groups than the respective C. dubliniensis groups. This suggests that C.
albicans is better protected against oxidative stress than C. dubliniensis.

The results obtained in this study also demonstrate a synergism between
SOD and catalase in C. dubliniensis and C. albicans resistant to fluconazole and
amphotericin B, where protection by SOD probably generates hydrogen peroxide
and not other ROS, such as lipid hydroperoxides and the reactive nitric
intermediate (RNI) peroxynitrite, which would be more detrimental to cells due to
the absence of defenses against these types of compounds. Since hydrogen
peroxide generated by SOD activity is still toxic to the cell, it must be eliminated
by catalase which converts this toxic compound to water (Nakagawa et al.,
2003).

In conclusion, this study has shown for the first time the effect of
fluconazole and amphotericin B resistance on catalase and SOD activity in C.
albicans and C. dubliniensis. Although a stressor effect of fluconazole on
Candida, has not been described in the literature, here we have shown that
catalase and SOD activity were affected in fluconazole-resistant cells and we
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confirmed that C. albicans expresses greater catalase and SOD activity than C.

dubliniensis.
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Table 1. Superoxide dismutase (SOD) and catalase activity in fluconazole-
sensitive and resistant Candida dubliniensis.

Mean SOD activity [Ul mg Mean catalase activity [AE

protein™] min™ (mg protein)™]

Yeast * Sensitive ¥ Resistant 8§t Sensitive ¥ Resistant §%

01 13.4+6.0 48.8 +2.8 0.5+0.2 16+0.1
02 56.4+17.7 113.6 £ 23.6 19+04 3.7+x0.1
03 27.1+3.6 21.9+5.2 0.8+0.2 1.1+0.1
04 5.1+29 10.3+25 0.5+0.1 06+0.1
05 17.2+11.8 130.2 + 33.7 1.5+0.3 3.4+0.5
07 14.0+2.2 17.7+3 1.1+0.05 1.7+04
09 28.2+29 38.8+12.2 0.6 £0.05 09+0.2
11 7.4+1.2 47.2 +6.1 1.9+0.6 1.6+0.7
13 83.2+5.8 67.9+6.2 1.5+04 1.7+£0.7

Data are the means = SD of triplicate experiments.

* C. dubliniensis isolated from HIV-positive patients.

¥ fluconazole-sensitive C. dubliniensis.

§ fluconazole-resistant C. dubliniensis (64 pg/mL).

T Statistical analysis showed significant differences between C. dubliniensis SOD
activity in fluconazole-resistant and sensitive groups (P<0.01).

1 Statistical analysis showed significant differences between C. dubliniensis
catalase activity in fluconazole-resistant and sensitive groups (P<0.001).
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Table 2. Superoxide dismutase (SOD) and catalase activity in amphotericin B-
sensitive and resistant Candida dubliniensis.

Mean SOD activity [Ul mg

Mean catalase activity [AE

protein™] min™ (mg protein)™]

Yeast * Sensitive ¥ Resistant 87 Sensitive ¥ Resistant 8%
01 155+0.4 69.7 £ 20.7 0.6+0.1 2405
02 15+1.5 22.6 3.0 0.8+£0.1 0.9+0.1
03 13.5.£04 37.8+6.8 0.9+0.01 2.1+0.1
04 27.2+1.8 50.7+£5.0 1.1+£0.1 1.8+£0.01
05 22.1+3.2 37.3+x35 1.0£0.1 1.8+£0.2
07 15.7+1.9 44.1 £ 13.3 1.1+£0.01 3.1+0.01
09 47.2+12.6 101.1+£24.1 1.6+0.2 2.2+0.3
11 57.9+£33.2 69.3 4.7 1.7+0.2 3.6 £0.6
13 35.5+10.2 57.8+8.1 0.8+0.1 1.0£0.1

Data are the means = SD of triplicate experiments.
* C. dubliniensis isolated from HIV-positive patients.

¥ amphotericin B-sensitive C. dubliniensis.
8 C. dubliniensis resistant to 2 pg/mL of amphotericin B.

T Statistical analysis showed significant differences between C. dubliniensis SOD
activity in cells resistant to 2 pg/mL of amphotericin B and the sensitive group

(P<0.001).

1 Statistical analysis showed significant difference between C. dubliniensis
catalase activity in cells resistant to 2 pg/mL of amphotericin B and the sensitive
group (P<0.001).
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Table 3. Superoxide dismutase (SOD) and catalase activity in fluconazole-
sensitive and resistant Candida albicans.

Mean SOD activity [Ul mg Mean catalase activity [AE

protein™] min™ (mg protein)™]

Yeast * Sensitive ¥ Resistant 8§t Sensitive ¥ Resistant §%

Ca 10 177.4+£22.1 30052 2.8+0.2 3.5+0.6
Ca 8l 230.4+5.1 273.1+2.8 22+0.1 2.3x04
Ca 119 269.6 £5.9 289.7+21.3 1.5+0.2 2.6+0.3
Ca 170 139.2 +6.2 238.3+£16.9 16+04 4.1x+0.2
Ca

ATCC 188 +2.5 205.3+7 2.3+0.2 3.8+0.9
44373

Data are the means = SD of triplicate experiments.

* C. albicans isolated from HIV-positive patients assisted in the University
Hospital of Santa Maria.

¥ fluconazole-sensitive C.albicans.

8§ fluconazole-resistant C. albicans (64 pg/mL).

T Statistical analysis showed significant differences between C. albicans SOD
activity in fluconazole-resistant and sensitive groups (P<0.001).

T Statistical analysis showed significant differences between C. albicans catalase
activity in fluconazole-resistant and sensitive groups (P<0.001).



Table 4. Superoxide dismutase (SOD) and catalase activity in amphotericin B-
sensitive and resistant Candida albicans.

Mean SOD activity [Ul mg Mean catalase activity [AE

protein™] min™ (mg protein)™]

Yeast * Sensitive ¥ Resistant 8§t Sensitive ¥ Resistant §%

Ca 10 22.1+85 178.4 £ 15 3.1+£0.3 4.4+0.3
Ca 8l 116.2+6.4 93+4.8 2+0.2 29+0.3
Ca 119 106.6 +11.7 298.2+21.3 1.5+0.2 29+0.8
Ca 170 186.1 + 3.2 195+6.9 1.3+x0.4 3.9+£0.1
Ca

ATCC 824 +4 269.3+£10.1 2.8+0.1 48+1.1
44373

Data are the means = SD of triplicate experiments.

* C. albicans isolated from HIV-positive patients assisted in the University

Hospital of Santa Maria.
¥ amphotericin B-sensitive C.albicans.
8 C. albicans resistant to 2 pg/mL of amphotericin B..

T Statistical analysis showed significant differences between C. albicans SOD
activity in cells resistant to 2 pg/mL of amphotericin B and sensitive group

(P<0.001).

T Statistical analysis showed differences between C. albicans catalase activity in

cells resistant to 2 pg/mL of amphotericin B and sensitive group (P<0.05).

85



IV. DISCUSSAO

4.1. Influéncia de Antineoplasicos na Atividade da Catalase de Candida
albicans

A emergéncia de C. albicans resistente aos antifungicos fluconazol e
anfotericina B em pacientes com cancer aumentou consideravelmente nas
Ultimas décadas e tornou-se um problema grave (Nolte et al., 1997). Nesse
mesmo periodo, observa-se que a resisténcia de Candida sp., isoladas de
pacientes com cancer, foi mais estudada frente ao fluconazol do que a
anfotericina B; contudo, o desenvolvimento de resisténcia a poliénicos, entre
pacientes com cancer e em tratamento com antineoplésicos, € uma realidade.

A hipétese de que os antineoplasicos possam afetar células fungicas em
diversos niveis e graus foi levantada a partir da década de 80 (Land et al., 1980).
Diversos autores relataram achados de cepas de Candida sp. resistentes a
terapia antifingica em pacientes com cancer, e sugeriram que drogas citotoxicas
utilizadas no tratamento desses pacientes poderiam contribuir decisivamente
para o desenvolvimento de fungos resistentes a anfotericina B (Conly et al.,
1992; Dick et al., 1980; Kovacicova et al.,, 2001; Pappagianis et al., 1979;
Wingard, 1995). Neste contexto, Fekete-Forgacs et al. (1999) também
observaram que o agente citotoxico metotrexato poderia causar uma reducao no
efeito inibitério do fluconazol sobre o crescimento e aderéncia de C. albicans.

Como mecanismo adicional de resisténcia a poliénicos, Sokol-Anderson e

colaboradores (1986), sugeriram 0 aumento da atividade da catalase fangica. De
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acordo com esses autores, o0 aumento da atividade dessa enzima pode estar
vinculado ao poder oxidante gerado pelos antineoplasicos que, por sua vez,
aumenta a resisténcia de leveduras a acédo oxidativa da anfotericina B.

O presente estudo objetivou verificar a influéncia de quatro agentes
antineoplasicos - amplamente utilizados no Hospital Universitario da
Universidade Federal de Santa Maria - sobre a atividade da catalase de C.
albicans. Cada antineoplasico foi testado na concentracdo plasmatica descrita
na literatura (Egorin et al., 1989; Liliemark & Peterson, 1991; Morikawa et al.,
1997; Batey et al., 2002).

A anédlise estatistica dos resultados obtidos ndo apontou diferencas entre
os grupos de C. albicans expostos a dacarbazina, ciclofosfamida e citarabina
quando comparados ao grupo controle, sem exposicdo prévia aos
antineoplasicos. Contudo, observou-se que a atividade média da catalase entre
as cepas expostas a dacarbazina e ciclofosfamida foi levemente mais elevada
gue a encontrada para as amostras controles e, a atividade média de catalase
para as cepas expostas a citarabina foi levemente mais baixa que a encontrada
para o grupo controle. Quanto ao metotrexato, a analise estatistica demonstrou
gue a atividade da catalase entre as cepas expostas a esse antineoplasico foi
mais alta quando comparado ao grupo controle.

Quando observadas as classes as quais 0s antineoplasicos testados
pertencem, pode-se verificar que a dacarbazina, citarabina e metotrexato séo
agentes antimetabdlitos, enquanto que a ciclofosfamida € um agente alquilante

(Brunton et al.,, 2007). Em relacdo a ciclofosfamida, demonstrou-se que a
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mesma pode ser utilizada como Unica fonte de carbono por C. albicans
(Ghannoum et al., 1986) e que, em altas concentragdes, essa droga pode inibir o
crescimento da mesma (Hamilton-Miller, 1984). Apesar de n&o ter sido verificada
a influéncia da ciclofosfamida na atividade de catalase em C. albicans, estudos
com carmustina e lomustina, duas drogas com forte poder alquilante,
demonstraram uma acéo indutora dessas duas drogas na atividade da catalase
em C. albicans (Brajtburg et al.,1988). Supfe-se que o efeito ndo encontrado
para a ciclofosfamida deve-se aos diferentes mecanismos de acdo descritos
para essas drogas. A ciclofosfamida é ativada pelo sistema enzimatico citocromo
P-450 (CYP) para formar 4-hidroxiciclofosfamida, que entra em equilibrio com
seu tautdmero aldofosfamida. O composto 4-hidroxiciclofosfamida € muito
instavel e decompde-se em mostarda fosforamida, um agente alquilante. Devido
a sua impermeabilidade, a mostarda fosforamida considerada citotoxica é aquela
formada no meio intracelular a partir de 4-hidroxiciclofosfamida (de Jonge et al.,
2005). O efeito citotdéxico desse agente estd diretamente relacionado a
alquilacdo de componentes do DNA, com o qual mostarda fosforamida se liga
covalentemente (McCune et al. 2009; Pratt & Ruddon, 1979). J4 a carmustina e
lomustina exercem acgdo citotdxica através da desagregacdo espontanea a um
intermediario alquilado, o ion 2-cloro-etil-diazonium. Esse ion, com forte acdo
eletrofilica, pode alquilar uma variedade de substancias como: guanina, citidina
e adenina. Como consequéncia, ocorre a acdo mutagénica sobre o DNA

(Brunton et al., 2007).
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Apesar da dacarbazina, citarabina e metotrexato pertencerem a mesma
classe - agentes quimioterapicos antimetabdlitos — tais drogas agem através de
diferentes mecanismos sobre células eucaridticas, fato que pode ter influenciado
na atividade da catalase de maneira desigual.

Quanto ao mecanismo de acdo da dacarbazina, a mesma requer uma
ativacao prévia pelo sistema citocromo P450 hepético através de uma reacao de
N-desmetilagdo. Os produtos gerados formam um agente capaz de metilar o
DNA com um amplo espectro de atividade. Para a citarabina, o mecanismo
descrito envolve a formacdo de um nucleotideo Citarabina-Trifosfato, que parece
ter a capacidade de inibir a DNA-polimerase. Diferentemente dos dois
anteriores, o metotrexato, um antifolato, apresenta um mecanismo de agao
inibitério sobre a enzima diidrofolato redutase (DHFR), levando a um decréscimo
nos niveis de tetraidrofolato (THF), o qual resulta numa reducdo da metilagdo do
DNA, proteinas e lipidios (Brunton et al., 2007).

Recentemente, foi demonstrado que o0 metotrexato tem baixa
permeabilidade pela membrana de células leveduriformes de C. albicans.
Contudo, 0 mesmo pode causar a inibicdo da biossintese de ergosterol devido a
reducéo celular de S-adenosilmetionina (SAM), um composto requerido como
doador de metil para sintese de fecosterol, precursor do ergosterol fangico. A
reducdo de SAM bloqueia a via de sintese do ergosterol através da inibicao da
esterol C-24 metiltransferase (24-SMT), a enzima que catalisa a transmetilacéo
da SAM com zimosterol (Navarro-Martinez et al., 2006). Assim, além do efeito

do metotrexato sobre a atividade da catalase em C. albicans, pode somar-se 0
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efeito do mesmo sobre a sintese de ergosterol fungico, o que pode contribuir
para a multiplicidade de mecanismos de resisténcia descrito para a anfotericina
B. Estudos mais especificos devem ser conduzidos no sentido de comprovar in
Vivo esses achados.

Apesar dos resultados com a dacarbazina, a citarabina e a ciclofosfamida
nao terem apresentado efeito sobre a atividade da catalase em C. albicans,
estudos mais aprofundados sdo necessarios, uma vez que Varios sao 0s
mecanismos de resisténcia aos poliénicos descritos para essa espécie.

Tendo em vista o efeito do metotrexado sobre a catalase em C. albicans,
um estudo cinético foi realizado com as amostras que apresentaram alteracfes
mais acentuadas quando expostas a esse agente antineoplasico. O efeito do
metotrexato sobre os valores de Ky e Vnax para as trés cepas testadas e
analisadas pelo grafico de Lineweaver Burk, apontaram um padrdo grafico de
inibicdo incompetitiva. Descreve-se como padrédo de inibicdo incompetitiva a
acdo de um inibidor sobre 0 Ky, e Vmax, Onde a crescente concentragdo de
inibidor promove uma diminuicdo do Ky, € Vmax (Lehninger et al., 2007). Contudo,
os resultados demonstraram um aumento crescente de Ky, e Vmax €ntre as cepas
expostas as diferentes concentracbes de metotrexato. Baseando-se em
conhecimentos literérios prévios, o fenbmeno observado para o metotrexato
pode contribuir para o surgimento de resisténcia a antifingicos poliénicos em
pacientes com cancer sob tratamento com essa droga (Conly et al., 1992). Estes
resultados demonstram, pela primeira vez, o efeito de antineoplasicos sobre a

atividade da catalase de C. albicans.
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4.2. Influéncia de ions Metéalicos na Atividade da SOD de Candida albicans

A presenca de ions metélicos como o cobre, o zinco e 0 manganés tem
sido associada a um importante papel na atividade de SOD em leveduras como
C. albicans (Azevedo et al., 2007). Esses ions metalicos desempenham suas
fungBes participando da remocao de espécies reativas do oxigénio e prevenindo
o0 dano oxidativo a componentes celulares importantes como: DNA e proteinas
(Pan & Loo, 2000). Contudo, um efeito contrario pode ser observado quando 0s
ions atingem concentracbes muito altas, desempenhando, assim, um efeito
toxico frente as células (Fujs et al., 2005).

Embora grandes avangos ocorreram com respeito ao entendimento da
homeostasia de ions metalicos na Ultima década, muito pouco € conhecido a
respeito dos fatores que contribuem para a toxicidade dos mesmos (Liang &
Zhou, 2007), bem como, a influéncia de um ion sobre o acimulo de outros.

Por outro lado, sabe-se que em situacfes de estresse nas quais € gerado
radical superéxido por diferentes vias, ha um aumento da atividade da enzima
SOD, que atua como um mecanismo de defesa para minimizar o dano oxidativo
produzido por esses radicais. Essa enzima destoxifica os radicais superéxidos
(O2) através da formacédo de perédxido de hidrogénio (Martchenko et al., 2004).

Para o presente estudo, a determinacdo das concentracdes dos ions
testados foi feita baseada em publicagbes prévias, sendo a concentracdo mais
baixa testada a encontrada no meio de cultivo utilizado (Greco et al., 1990;

Romandini et al., 1992; Fujs et al., 2005; D6nmez & Aksu, 2001).
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4.2.1. lons Cobre

Com referéncia aos resultados encontrados para o efeito da exposicéo a
ions cobre sobre a atividade de SOD e no acumulo do metal em C. albicans,
pode-se observar que a atividade maxima da SOD ocorreu em concentracfes
diferentes de exposi¢do ao cobre para as trés cepas testadas, e o acumulo do
ion ocorreu de acordo com a exposi¢cao crescente ao mesmo. A exposicao a
fons cobre induziu um aumento significativo (P < 0,05) no acumulo de zinco e
manganés na cepa de Candida albicans 170, e somente manganés na cepa
172.

De acordo com Krauter e colaboradores (1996), os ions cobre podem
afetar a permeabilidade da membrana de células leveduriformes causando uma
perda de ions potassio e magnésio. Assim sendo, uma vez que este ion afeta a
membrana bioldgica de fungos, o mesmo pode influenciar o transito de outros
ions através da mesma. Além disso, tem-se descrito que o cobre pode ser
transportado via transportadores especificos e nao especificos de baixa
afinidade em células leveduriformes. A entrada de cobre, via transportadores de
baixa afinidade, ocorre principalmente quando o meio ao qual a célula esta
exposta é suplementado com concentracdes elevadas e ndo toxicas do ion (Luk
et al., 2003). Valendo-se de que transportadores de baixa afinidade n&do sao
especificos ao cobre, podendo também transportar outros ions metélicos
divalentes, é que esse ion pode ter causado o acumulo de manganés em C.

albicans.
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Apesar de ter sido observado no presente estudo que somente uma cepa
sofreu a influéncia de ions cobre sobre o acumulo de zinco, em microalgas como
Chlorella sp., o efeito do cobre demonstra reduzir a ligacdo e a captacao celular
de zinco (Franklin et al., 2002).

Estudos demonstrando o acumulo de cobre em cepas de C. albicans
expostas a ions metalicos sdo escassos. Contudo, pode-se observar que 0s
resultados obtidos no presente estudo estdo de acordo com os encontrados para
Yarrowia lipolytica (Ito et al., 2007) e Candida intermedia (Fujs et al., 2005). O
crescente acumulo do metal pode ter sido observado devido a capacidade das
cepas em regular a concentracdo do mesmo no meio intracelular (Azevedo et
al., 2007). Outra hipétese pertinente é que espécies de Candidas apresentem
resisténcia aumentada a fons cobre (Cu?'), sendo esta mediada pela maior
sintese de metalotioneina e proteinas ligadas ao cobre (D6nmez & Aksu, 2001).

De acordo com os resultados obtidos, foi encontrado um efeito variavel do
cobre na atividade da SOD. Esse efeito pode nédo ter sido toxicologicamente
claro, uma vez que a atividade da enzima nao foi constantemente aumentada ou
totalmente perdida. As variagBes observadas na atividade da SOD exposta as
diferentes concentracbes de ions podem sugerir um envolvimento do efeito
hormético. O efeito hormético pode ser definido como um efeito estimulatorio
gue acontece quando concentracfes altas de uma substancia tém efeitos
negativos, e concentragcdes baixas produzem efeitos positivos (Calabrese &
Baldwin, 2000; Stebbing, 1998). Este efeito pode dever-se a diferentes fatores,

como: compostos quimicos organicos e inorganicos, deficiéncia de um elemento
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essencial ou estimulacéo de reacbes de defesa que levam a ativacao geral do
metabolismo (Calabrese & Blain, 2005).

A influéncia dos ions cobre sobre a atividade da SOD encontrado neste
estudo vai ao encontro aos achados por outros pesquisadores, que também
observaram um aumento na atividade de CuZnSOD em leveduras expostas a
ions cobre (Manzano et al., 2000; Santovito et al., 2002). A atividade da SOD
tem sido correlacionada com o tratamento do cobre através de co-estimulacao
dos genes da SOD (Thiele, 1988). Em leveduras, concentragcdes de cobre
superiores a 100 uM podem promover a geracdo de espeécies reduzidas do
oxigénio, como: Oy, H,0,, e HO (Galiazzo et al., 1988). Com a elevagéao de Oy
€ esperado um aumento da atividade da SOD, pois esta enzima limitara a
producéo de HO' via reacédo de Haber-Weiss, que gera o radical livre HO' a partir
de H,O, e O catalisado por fons Cu®* (Halliwell & Gutteridge, 1984). Neste
estudo ficam claros os efeitos que diferentes concentracbes de ions cobre

podem exercer sobre a atividade da SOD.

4.2.2. lons Zinco

Com base nos resultados dos testes de exposicdo de C. albicans a
diferentes concentracdes de ions zinco, verificou-se que concentragfes de zinco
superiores a 51,6 uM para C. albicans 170, e 34.4 uM para C. albicans ATCC
44373 produziram um efeito significativamente negativo no crescimento dessas
amostras, inviabilizando as analises de SOD. O efeito inibitério do zinco

encontrado neste estudo opbe-se ao descrito na literatura para Penicillium
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glaucum, no qual cobre, zinco e ferro estimulam o crescimento e formacéao de
biomassa fungica, tendo somente o manganés um efeito inibitorio (Griffin, 1993).
Por outro lado, vai ao encontro aos achados de: Azevedo et al. (2007), que
constataram que o excesso de zinco causa efeitos severos na producdo de
biomassa e no estresse oxidativo de fungos aquaticos; e Odds (1988) que
descreveu que o0 zinco estimula o crescimento de C. albicans até 3 uM, contudo,
concentracbes superiores a 10 pM podem exercer um efeito contrario. Os
resultados obtidos frente & exposicdo ao zinco podem ser devido ao fato de que,
em altas concentragdes, esses ions metalicos podem exercer um efeito toxico,
inibindo o desenvolvimento de leveduras. A habilidade do microrganismo em
sobreviver em ambientes com altas concentracdes desses ions depende da
capacidade do mesmo em regular a concentracdo dos ions no meio intracelular
(Gadd, 1993; Azevedo et al.,, 2007). Como os ions metélicos podem ser
substituidos por outros na captacdo celular (Kayali-Ayar et al., 2002), essa
situacdo pode causar alteracfes nos processos fisioldégicos, como na sintese de
enzimas as quais requerem ions metalicos especificos como grupos prostéticos.

Quando observado o acumulo de metal, pode-se verificar que somente a
cepa ATCC 44373 apresentou um acumulo crescente quando exposto a
concentracdes também crescentes do metal. Esse fendmeno deve ter ocorrido
mais provavelmente devido & habilidade dessa cepa em sobreviver em ambiente
com alta concentracdo desse ion, do que, a capacidade da mesma em regular a
concentracdo do ion no meio intracelular (Gadd, 1993; Azevedo et al., 2007).

Esta segunda hip6tese é menos viavel uma vez que essa cepa acumulou mais
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de 15 vezes a concentragdo do ion quando comparado as outras duas cepas
testadas.

A exposi¢cdo ao zinco induziu a um significativo (P < 0,01) aumento nos
niveis de cobre, manganés e ferro nas cepas 44373 e 170, e cobre e ferro na
cepa 172. Este resultado ople-se aos achados para Fusarium equiseti e
Fusarium acuminatum na qual a exposi¢cdo ao zinco influenciou negativamente
os niveis de ferro e manganés (Kayali-Ayar & Tarhan, 2003). Diferencas no
acumulo de ions metélicos podem ser atribuidas, entre outros motivos, a
eletronegatividade, carga elétrica e raio ibnico (D6nmez & Aksu, 2001). Contudo,
estudos mais especificos devem ser realizados no sentido de explicar o real
efeito de um ion no acimulo de outro.

Quanto a influéncia da exposicao a ions zinco na atividade de SOD de C.
albicans, pode-se observar que esse ion promoveu um aumento na atividade da
SOD em concentracOes diferentes para as trés cepas investigadas. As variagoes
e até mesmo a perda da atividade da SOD para as cepas ATCC 44373 e 170
provavelmente ocorreram devido ao efeito tdéxico do ion em concentracfes
superiores a 10 pM (Odds, 1988), uma vez que se observou uma perda
significativa de biomassa fungica e atividade enzimatica quando C. albicans foi
exposta a esse ion. Para as oscila¢cdes de SOD observadas nas concentracées
gue nao influenciaram na biomassa fungica, pode-se citar como possivel fatore o

efeito hormético.
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4.2.3. lons Manganés

Os resultados obtidos para a exposicdo de C. albicans ao manganés
apontaram: um crescente acumulo do ion nas trés cepas expostas a ele; uma
atividade de SOD significativamente variavel de acordo com a exposi¢do ao
manganés, tendo o pico maximo de atividade ocorrido na exposicao a 4,4 uM de
manganés para C. albicans ATCC 44373, e 2,96 uM para C. albicans 172 e 170.
A exposicdo de Candida albicans ao manganés levou a um acumulo significativo
(P < 0.05) de cobre e zinco na cepa 44373, zinco e ferro na cepa 170 e somente
ferro na cepa de Candida albicans 172.

Pode ter favorecido ao crescente acumulo do ion metalico, nas trés cepas
testadas, a presenca de transportadores especificos e ndo especificos a
captacdo do mesmo. Entre as proteinas descritas envolvidas na captacdo do
manganés citam-se: Smflp, localizada na membrana celular, Smf2p, localizada
em vesiculas intracelulares, Mtmlp, carreador mitocondrial, e mais
recentemente, Pho84p, responséavel pela captacdo de manganés ou complexo
manganés/fosfato sob condi¢cdes de toxicidade desse metal (Luk et al., 2003;
Jensen et al., 2003).

Como cofator da MnSOD, esperava-se que 0 manganés pudesse
influenciar na atividade da SOD, uma vez que C. albicans € uma excecao entre
0s eucariontes referente a presenca de MnSOD citosolica (Lamarre et al., 2001).
As variacdes encontradas para atividade de SOD demonstram que ndo ha
relacdo direta entre acumulo do metal e aumento da atividade enzimatica. Isto

pode ter ocorrido devido ao maior ou menor estresse gerado por esse ion, bem

97



como, pela ativacdo de mecanismo de defesa celular a altas concentracdes de
manganés. Entre os mecanismos de defesa ou de destoxificagdo descritos para
0 manganés tem-se: o sequestro do ion metalico em vacuolos, minimizando,
assim, a elevacdo do mesmo no citosol celular (Li et al., 2001), fato que reduz o
carater téxico do ion as células leveduriformes; a hidrélise de transportadores de
membrana Smflp por proteases; e o maior efluxo de manganés das células
através de vacuolos que transportam os ions do complexo de Golgi até a
membrana celular (Luk et al., 2003). Para os resultados obtidos no presente
estudo, aplica-se melhor o mecanismo de seqlestro de ions manganés em
vacuolos celulares, que minimiza a elevacdo e a disponibilidade do mesmo no

citosol celular.

4.2.4. lons Ferro

Os resultados para exposi¢do de C. albicans a ions ferro demonstraram
gue: esse metal foi acumulado pelas cepas, sendo que o acimulo nem sempre
foi significativo entre as concentracées de ferro testadas; as crescentes
concentracfes de ferro testadas promoveram uma influéncia variavel sobre a
atividade da SOD; e, os ions ferro influenciaram significativamente (P< 0,01) no
acumulo de ions cobre e zinco em C. albicans 44373 e 172, e cobre, manganés
e zinco na cepa 170.

Para a captacdo biolégica de ions ferro faz-se necessario a reducédo do
mesmo. Em leveduras como C. albicans, essa reducdo é feita por redutases

ligadas & membrana celular, que reduzem o ferro na forma férrico (Fe*®) a ferro
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na forma ferroso (Fe*?), para posteriormente o fon reduzido ser captado pelas
células por uma proteina oxidase complexa e por permease a ion ferroso
(Morrissey et al., 1996; Knight et al., 2005). Esse sistema de reducao requerido
para captacdo de ferro por C. albicans pode ter contribuido para um perfil de
acumulo de ferro diferenciado dos demais ions testados. Contudo, neste estudo
fica claro o acamulo de ferro em cepas de C. albicans.

Quanto a atividade da SOD frente as diferentes concentragfes de ferro
testadas, pode-se sugerir que, em excesso, o ferro livre é potencialmente téxico
para as células, uma vez que o mesmo tem a capacidade de gerar anion
superoxido e radical hidroxil na presenca de oxigénio (Radisky & Kaplan, 1999).
Como resposta ao estresse oxidativo gerado pelos radicais superoxidos
formados, as células de C. albicans aumentaram a atividade da SOD. Contudo,
0 aumento da atividade da SOD né&o foi linear conforme o acimulo do metal nas
leveduras testadas. Este fenbmeno pode ter ocorrido, mais provavelmente, a um

efeito hormético do que a um feito toxico do metal sobre as cepas.

4.3. Superoxido dismutase em C. dubliniensis e C. albicans resistentes a
anfotericina B e fluconazol

Desde a descoberta da espécie de C. dubliniensis, em 1995, diversos
estudos fenotipicos e genotipicos foram realizados no sentido de se detectar
diferencas entre essa espécie e a de C. albicans. Dentre os estudos fenotipicos,
pode-se ressaltar os que envolvem fatores de viruléncia como as enzimas

aspartil proteinases, fosfolipases, condroitin sulfatase e hialuronidases. Neste
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campo, estudos realizados por De Bernardis et al. (2001) e Linares et al. (2007),
demonstraram que C. albicans apresenta uma maior atividade de proteinases
que a espécie C. dubliniensis. Entretanto, em relacdo as fosfolipases, condroitin
sulfatase e hialunoridases, os estudos anteriormente citados, bem como de
outros autores, ndo apontaram diferencas entre as duas espécies (Linares et al.,
2007; Kothavade & Panthaki, 1998; De Bernardis et al., 2001). Em nosso estudo,
investigou-se o efeito da resisténcia ao fuconazol e anfotericina B na atividade
da SOD e catalase de C. albicans e C. dubliniensis. Apesar dessas enzimas nao
serem consideradas fatores de viruléncia nos fungos, elas desenvolvem um
importante papel na resposta ao estresse oxidativo nas duas espécies
estudadas (Lee et al., 1999). A enzima SOD desempenha um importante papel
na destoxificagdo de radical superdxido produzido por NADPH oxidase de
células fagociticas (Giro et al., 2006). A atividade antimicrobiana dessas células
deve-se a producdo de espécies reativas do oxigénio e espécies reativas do
nitrogénio, sendo que a Candida possui sistemas de defesa que podem ser
ajustados de acordo com a natureza do estresse oxidativo gerado pelo
hospedeiro ou meio (Ikner & Shizaki, 2005). Os resultados encontrados neste
estudo demonstraram um aumento significativo na atividade da SOD em C.
dubliniensis and C. albicans resistente a anfotericina B e fluconazol comparado
as respectivas células sensiveis aos antifungicos. Provavelmente, o resultado
encontrado para anfotericina B deve-se a peroxidacdo lipidica produzida por
esse antifungico sobre Candida (Sokol-Anderson et al., 1986), que foi exposta a

concentracbes crescentes do mesmo até atingir resisténcia a 2 pg/mL.
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Normalmente, a anfotericina B nessas concentragcbes mata as células de
Candida, entretanto, em condi¢cdes de resisténcia induzida, essas células
expressam uma maior atividade de SOD. A atividade de SOD foi 1,97 vezes
maior nas células resistentes a 2 pg/mL de anfotericina B que nas células
sensiveis. Essa ativacdo provavelmente ocorreu devido ao fato de que, quando
Candida é exposta a concentragfes subletais de peroxido ou superoxido, h&a
uma inducdo de resposta adaptativa nas células leveduriformes que leva ao
aumento da atividade especifica de enzimas como catalase, SOD e glicose 6-
fosfato desidrogenase (G6PDH) (Jamieson et al., 1992; Turton et al.,, 1997).
Adicionalmente, podemos pressupor que esse aumento na atividade da SOD,
nas cepas resistentes a anfotericina B, possa contribuir para uma maior
resisténcia fungica ao ataque de células fagociticas do hospedeiro.

Nossos resultados também apontaram que a atividade de SOD em C.
albicans sensivel e resistente a anfotericina B e fluconazol foi significativamente
(P<0,0001) maior que a atividade da SOD encontrada para a espécie de C.
dubliniensis nos respectivos grupos e farmacos. Este resultado vai ao encontro
dos observados para a atividade de proteinases nas mesmas espécies, em que
espécie C. albicans apresenta maior atividade enzimatica que a espécie C.
dubliniensis.

Para o fluconazol, nosso estudo demonstrou, pela primeira vez, o efeito
da resisténcia a esse antifUngico na atividade da SOD de C. albicans e C.
dubliniensis. Nossos resultados indicam que o fluconazol tem um efeito oxidante

sobre Candida capaz de ativar o sistema antioxidante das células através da
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enzima SOD. Esse efeito pode ser verificado uma vez que encontramos uma
atividade média de SOD em C. albicans e C. dubliniensis resistente ao
fluconazol 1,93 e 1,97 vezes maior que 0s respectivos grupos sensiveis. De
acordo com esse resultado pode-se sugerir, assim como para a anfotericina B,
gue esse aumento da atividade da SOD contribui para uma maior resisténcia ao

ataque de células fagociticas.

4.4, Catalase em C. dubliniensis e C. albicans resistentes a anfotericina B e
fluconazol

De acordo com os resultados encontrados em nosso estudo para a
catalase, pode-se verificar que, assim como o0 encontrado para SOD, a atividade
da catalase em C. albicans e C. dubliniensis resistentes ao fluconazol e
anfotericina B foram maiores que 0s encontrados para 0S respectivos grupos
sensiveis. A catalase € uma enzima capaz de converter perdxido de hidrogénio
(H20,) em oxigénio (O;) e agua (H20) (Michiels et al., 1994). Em Candida, essa
enzima tem sido citada como um mecanismo de resisténcia a anfotericina B
(Sokol-Anderson et al., 1986), bem como, envolvida no processo de conversao
da fase leveduriforme para fase filamentosa (Nakagawa, 2008). Apesar de seu
reconhecimento nos processos citados, a mesma nao foi estudada, até o
presente momento, em células de Candida albicans e C. dubliniensis resistentes
ao fluconazol. Nossos resultados demonstraram que a atividade da catalase em
Candida albicans e C. dubliniensis resistentes a anfotericina B foi,

respectivamente, 2 e 1,77 vezes maior que a encontrada para seus grupos
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sensiveis. No grupo de C. dubliniensis e C. albicans resistentes ao fluconazol
foram encontrados, respectivamente, 1,58 e 1,57 vezes mais atividade de
catalase que nos respectivos grupos sensiveis. Esses resultados demonstram
um comportamento similar na atividade da catalase e SOD quando as cepas de
Candida sofrem inducdo de resisténcia ao fluconazol e anfotericina B, bem
como, contribuem para o fato de que, quando essas leveduras sdo expostas ao
um dano oxidativo, as mesmas demonstram uma resposta adaptativa ao
estresse (Turton et al., 1997). Levando-se em consideracdo dados da literatura,
espera-se um aumento da atividade da catalase quando ocorrido um aumento
na atividade da SOD, uma vez que o produto da SOD é substrato para a enzima
catalase (Johnson & Giulivi, 2005). Neste estudo, confirmamos a ocorréncia
desse efeito para C. albicans e C. dubliniensis.

Assim como o encontrado para SOD, a atividade da catalase foi
significativamente (P<0,0001) maior nos grupos de C. albicans sensivel e
resistente ao fluconazol e anfotericina B quando comparados aos respectivos
grupos de C. dubliniensis. Esse fato sugere que as cepas de C. albicans
apresentam uma maior resisténcia ao estresse oxidativo que as de C.
dubliniensis e assemelham-se aos encontrados para atividade de proteinases

nas mesmas espécies (Linares et al., 2007).
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V. CONCLUSOES

Capitulo 1: Quanto a influéncia dos quatro antineoplasicos testados sobre a
atividade da catalase de C. albicans, somente o metotrexato provocou um
aumento da atividade dessa enzima. A analise cinética indicou um aumento do
Km € a Vmax da catalase, demonstrando que esse farmaco merece especial
atencao devido a uma maior possibilidade de resisténcia cruzada a anfotericina

B.

Capitulo 2: A exposicdo de C. albicans a diferentes concentracbes de ions
metalicos como cobre, zinco, manganés e ferro promoveu um efeito variavel na
atividade da SOD dessa espécie. As variages observadas na atividade da SOD
sugerem o envolvimento de um mecanismo hormético. O efeito de um ion sobre
0 acumulo dos demais ficou claro, contudo, estudos mais aprofundados e
especificos sdo necessarios para o entendimento dos mecanismos envolvidos
nesse processo. Apenas para a exposi¢cdo a ions zinco foi observado uma

influéncia na produgao de biomassa em Candida albicans.

Capitulo 3: A inducao de resisténcia aos antifingicos anfotericina B e fluconazol
em C. albicans e C. dubliniensis induziu a um aumento equivalente na atividade
de catalase e SOD nas duas espécies estudadas. Esse resultado sugere a
indicacdo de estresse oxidativo gerado pelas duas drogas, e € importante uma

vez que 0 aumento na atividade dessas enzimas podem refletir em uma maior
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resisténcia dessas células ao ataque de células do hospedeiro. Os resultados
também apontaram que C. albicans apresenta maior atividade dessas enzimas
gue C. dubliniensis, o que sugere que C. albicans é mais resistente ao estresse

oxidativo.
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VI. PERSPECTIVAS
A partir dos conhecimentos gerados neste trabalho tem-se como

perspectivas:

1. Verificar o efeito de antineoplasicos na atividade da catalase em C. albicans
na fase filamentosa.

2. Verificar o efeito de antineoplasicos na atividade da glutationa peroxidase em
C. albicans na fase filamentosa.

3. Verificar o efeito de associagfes de antineoplasicos na atividade de catalase
de C. albicans.

4. Verificar se a atividade da catalase, SOD e glutationa peroxidase sao
semelhantes em C. albicans cultivada na fase leveduriforme, filamentosa e
esferoplastos.

5. Investigar o efeito de antineoplasicos na proteina carbonil e NTPDase de
esferoplastos.

6. Investigar o efeito de ions ferro na atividade de catalase em Candida albicans.
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