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Abreviaturas

ATCC - American Type Culture Collection

DMSO - Dimetilsulféxido

DMEM - Dubelcco’s Modified Eagle’s Medium
DNHC - drogas nitroheterociclicas

DSPC - distearoilfosfatidilcolina

EDTA - acido etilenodiamina tetraacético

ERO’s - espéecies reativas do oxigénio

ERN's - espécies reativas do nitrogénio

ET - efeito tdxico

FBS - soro fetal bovino (fetal bovine serum)

FT - fototerapia

K562 - células de eritroleucemia humana

LCso - concentragéo letal 50%

MTT - sal tetrazolium

NIH3T3 - fibroblastos embrionarios de camundongos
o) - oxigénio singlete

O, - oxigénio molecular

Oy - anion superoéxido

"OH - radical hidroxila

P388 - células de linfoleucemia de camundongos
PBS - Tampéo Fosfato em solugao fisiolégica salina
PEG - Polietilenoglicol

ROL - regido de ondas longas

RPM - rotagdes por minuto

TFQ - terapia fotoquimica

v/v - volume por volume

w/v - peso por volume

70 - tempo requerido para matar 50% das células
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Resumo

A Nitracrina, um agente antitumoral polonés, e o Quinifuryl, um anti-séptico
russo, sao compostos nitroheterociclicos. A citotoxicidade dessas drogas foi
investigada sobre trés linhagens de células em condigdes de normoxia. Foi dada
énfase na comparacgao dos efeitos das drogas em tecidos tumorogénicos (células
leucémicas P388 e K562), e nao tumorogénicos (células fibroblasticas NIH3T3).
Ambas as drogas mostraram significativa citotoxicidade para todas as linhagens
de células. A toxicidade sobre as células leucémicas P388 de camundongos foi
significativamente maior comparada com as células fibroblasticas NIH3T3 de
camundongos. Adicionalmente, a taxa de morte celular foi 2 - 3 vezes maior no
caso das células P388 versus NIH3T3. As células K562 de eritroleucemia humana
demonstraram incorporagcéo das drogas 10 minutos apds sua adi¢cao, enquanto
que os valores de LCsy foram atingidos apdés um atraso de 3 horas devido as
transformacgdes intracelulares requeridas para matar as células.

Também foi investigada a fotocitotoxicidade de ambas as drogas contra
células tumorais e nao transformadas de camundongos e de células de
eritroleucemia humana. A citotoxicidade dessas drogas foi medida no escuro € no
claro, sob iluminagdo com luz visivel. Ambas as drogas mostraram elevada
citotoxicidade quando iluminadas com valores de LCs, 7 - 35 vezes menores, apos
1 hora de iluminagdo, comparado a incubagdo por 1 hora no escuro. A
citotoxicidade da Nitracrina contra todas as células estudadas excede as do
Quinifuryl, tanto no escuro como sob iluminagéo. O efeito toxico geral foi calculado

pela morte celular direta e pela contencéo da proliferacao celular.
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As micelas (PEG-2000-estearato) e os lipossomos unilamelares (DSPC)
foram escolhidos como veiculos de transporte. A citotoxicidade das drogas livres e
imobilizadas também foi estudada. Nossos resultados mostraram que o Quinifuryl
e a Nitracrina podem ser efetivamente imobilizadas por micelas e lipossomos
unilamelares. Ambas as drogas continuaram altamente toxicas contra as linhagens
de células quando imobilizadas em lipossomos DSPC. Um efeito protetor das
micelas contra a toxicidade da Nitracrina sobre células P388 foi observado em
baixa concentragéo da droga (0,2 nmol/ml), mas ndo em concentragdo mais alta (2
nmol/ml). As micelas também protegeram as células P388 contra a toxicidade do

Quinifuryl.
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Abstract

The cytotoxicity of two nitroheterocyclic compounds, Polish antitumor agent,
Nitracrine and Russian antiseptic, Quinifuryl, towards three lines of cells were
determined under normoxia conditions. Special emphasis has been placed on the
comparisons of the drugs effects in highly tumorogenic, leukaemic P388 and K562
and non-tumorogenic, fibroblast cells NIH3T3. Both drugs showed significant
cytotoxicity to all cell lines. Toxicity of both drugs toward murine leukaemia was
substantially higher, compared to non-transformed murine fibroblasts. At the drug
concentrations of 2 nmol/ml, it took 2-3 times less time to reach the LCso with P388
compared to NIH3T3. Uptake of drugs by human erythroleukaemia cells was
observed starting 10 min from the addition of the drug, while the LCsy values were
achieved after 3 hr of incubation. This delay in cell killing may be due to the
intracellular transformation of drugs required for cell killing.

It was also investigated the cellular phototoxicity of both drugs towards
murine leukaemia, fibroblast and human erythroleukaemia cells. The cytotoxicity of
these drugs towards two lines of leukaemic cells and a line of non-transformed
cells, was measured in comparison, on the dark and under illumination. Both drugs
showed highly elevated cytotoxicity when illuminated with LCs values 7-35 times
lower after 1 h illumination compared to 1 h incubation of cells incubation with drug
on the dark. Cytotoxicity of Nitracrine toward all cell lines studied exceeded that of
Quinifuryl, both on the dark and under illumination, so that 10 times lower
concentration of former drug was needed to reach the same toxicity as the latter.

General toxic effect was calculated as a direct cell kill and a cell proliferation arrest.
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Micelles (PEG-2000-stearate) and small unilamellar liposomes (DSPC) were
chosen as vehicles and cytotoxicity of free and immobilized drugs was studied.
We show that both drugs are effectively immobilized and strongly retained by both
micelles and unilamellar liposomes. Both drugs are highly toxic against all line
cells, when is immobilized in liposomes DSPC. A protective effect of micelles
against Nitracrine toxicity toward P388 cells was observed at low drug
concentration (0.2 nmol/ml), but not at higher concentration (2 nmol/ml). Micelles

also protected P388 cells against cytotoxicity of Quinifuryl.

14



INTRODUCAO

Os avancgos na area médica tiveram um grande impacto na perspectiva e na
qualidade de vida de pessoas com cancer. Essa evolugao tem ocorrido como um
resultado do diagndstico precoce e desenvolvimento de abordagens terapéuticas
cada vez mais efetivas.

Quase todos os tipos de cancer comegam como resultado da anormalidade
de uma unica célula (Adams & Stratford, 1994). Existe uma grande variagdo no
tempo em que um tumor leva para dobrar de tamanho; esse “tempo de
duplicacdo” pode variar de alguns dias a muitos anos. O desenvolvimento do
cancer envolve o acumulo de sucessivas anormalidades genéticas ao longo dos
anos. As células contém genes supressores de tumor, cuja fungdo normal é frear a
divisdo. Muitos tipos de cancer sao causados por danos que reduzem a atividade
do gene supressor de tumor (Wood et al.,, 1996). Alguns genes podem levar a
célula a eliminar drogas anticancerigenas; outros genes sdo responsaveis pela
fabricacdo de proteinas importantes que habilitam o céncer a invadir tecidos
adjacentes e se espalhar para diferentes partes do corpo. Em alguns casos, estas
células podem invadir tecidos linfaticos e sanguineos, causando o
desenvolvimento de crescimentos secundarios conhecidos como metastase.

A morte celular apoptética serve para causar o suicidio de células tumorais
e esta sob controle genético. Porém, um dano genético pode resultar em células
que nao morrem, o0 que pode ser um fator importante tanto para o

desenvolvimento do cancer quanto sua resisténcia ao tratamento com drogas.
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TRATAMENTOS ANTICANCERIGENOS

O céancer pode ser tratado com cirurgia, radioterapia (tratamento com
irradiagcao de alta energia) ou quimioterapia (tratamento com drogas). Em geral, a
cirurgia € o tratamento mais efetivo, porém, diferentes tipos de cancer sao tratados
de maneiras muito diversas. A radioterapia e a quimioterapia sdo capazes de
destruir os canceres. Para muitos pacientes, a melhor possibilidade de cura é
obtida com a combinagdo de tratamentos (Gareth, 2001). A quimioterapia e a
radioterapia tém sido freqlentemente utilizadas aliadas a cirurgia, com o objetivo
de erradicar quaisquer tragos microscopicos de cancer nao retirados. A cirurgia
pode falhar na remocdo completa do cancer porque pode haver células
cancerosas que foram deixadas no local da operacgéo, ou por causa de metastase.
Se a quantidade de cancer residual for de proporgdes microscopicas, ainda existe
a possibilidade de que o cancer seja completamente erradicado por um tratamento
adicional com drogas, que tém o potencial de agir em todo o corpo. Alguns
pacientes com cancer, cujo principal tratamento € a radioterapia, também se
beneficiardo de tratamento adicional com drogas (Adams & Stratford, 1994).

Nosso trabalho procurou aprofundar metodologias usadas na quimioterapia,
introduzindo as novas drogas potenciais acoplado com abordagens de fototerapia
e entrega dirigida das drogas para os alvos cancerigenos (Daghastanli et al.,

2004).
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QUIMIOTERAPIA

As drogas anti-cancerigenas sao transportadas pela circulagdo para quase
todas as partes do corpo. Podem matar células cancerosas onde quer que
estejam, sendo uteis no tratamento de canceres que se espalharam do seu tumor
original (metastase). Utiliza-se drogas no combate ao cancer para tentar destrui-lo
completamente, erradicando qualquer vestigio residual deixado apés cirurgia ou
radioterapia, ou ainda, diminuindo o tumor para facilitar esses tratamentos.

Existem duas categorias principais de drogas usadas para tratar o cancer:
quimioterapicas (citotoxicas) e hormonais (endocrinas). Frequentemente, a
quimioterapia tem um efeito significativo em células normais, bem como, em
células cancerosas, resultando em diversos efeitos colaterais. Os tratamentos
hormonais sdo bem mais suaves, porém, a sua aplicagao € limitada a canceres de
mama e prostata. Entretanto, a quimioterapia € ativa contra uma variedade mais
ampla de cénceres e também tende a agir mais rapido. O tratamento com
quimioterapia visa matar células cancerosas e evitar efeitos colaterais intoleraveis.

A maioria das quimioterapias envolve a combinagdo de drogas para reduzir
a possibilidade de fracasso devido a resisténcia do tumor. Podem ser utilizadas
drogas que interferem em diferentes estagios da mitose. Uma vez bem sucedido o
tratamento para inibir a divisdo celular, o tumor n&o crescera, e as suas células
morrerdo por envelhecimento, sem serem repostas. Para minimizar os efeitos
colaterais do tratamento quimioterapico, pode ser administrada doses mais baixas

(Wood et al., 1996).
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DROGAS NITROHETEROCICLICAS (DNHC)

Um grande numero de compostos heterociclicos vém sendo empregado
para fins medicinais, como antibioticos, agentes antifungicos e antiparasitarios. Os
mais utilizados sédo os derivados de 5-nitroimidazol, 5-nitrofurano e 1-nitroacridina.
Essas drogas possuem alta atividade citostatica e radiosensibilizante sobre as
células cancerigenas in vitro (Franko, 1986). DNHC fluorescentes podem também
servir como marcadores moleculares potenciais permitindo a selecdo de células
tumorais em fragbes derivadas de regides aerobicas e anaerdbicas (Hay et al.,,
1995). Alguns problemas limitam a aplicagcdo de DNHC no tratamento do céncer,
incluindo: 1) nao satisfatoria atividade terapéutica in vivo e alta citotoxicidade in
vitro; 2) efeitos colaterais; 3) baixa solubilidade em solu¢des aquosas. Embora a
aplicagdo de DNHC no tratamento do cancer no momento seja limitada, estas
drogas continuam a despertar um grande interesse de pesquisadores que,
recentemente, descreveram a sintese de novas DNHC (Wood et al., 1996; Rauth
et al., 1998; Viode et al., 1999)

A familia dos derivados do 5-nitrofuran-ethenyl-quinolina, que inclui o
Quinifuryl, foi sintetizada no inicio dos anos 70 pelo Dr. N. M. Sukhova no Instituto
de Sintese Organica da Academia de Ciéncias da Leténia, com o intuito de ser
utilizado como agente anti-tumoral. O Quinifuryl foi escolhido para a realizagéo
deste estudo pelas seguintes razodes:

a) é altamente toxico para diversas linhagens de células tumorais
(Degterev, 1991; Buzukov & Degterev, 1995), inclusive sobre as linhagens que

dificilmente sao tratadas com quimioterapia, como melanoma B16 e eritroleucemia
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humana K562 (Verovskiy et al., 1990; Degterev et al., 1991; Rossa et al., 2003;
Daghastanli et al., 2004);

b) é fotolabil e produz intermediarios reativos do oxigénio e nitrogénio
durante a fotodecomposig¢do (Smirnov et al., 1989 e 1989a; Tatarskaya et al.,
1989; Borisevich & Degterev, 1992; Borisevich et al., 2003), o que leva a célula
cancerigena atacada a um estresse oxidativo, causado pela alta citotoxicidade na
luz, que é maior que a citotoxicidade da droga no escuro (Daghastanli et al., 2004
e 2004a).

c) o monitoramento da decomposi¢ado metabdlica e fotolitica da droga foi
desenvolvido em trabalhos anteriores (Degterev et al., 1999; Borissevich et al.,
2003), facilitando os estudos de cinética do decaimento fotolitico e a formagao de
produtos e de intermediarios reativos, possibilitando o estudo dos mecanismos da
toxicidade.

d) a atividade do Quinifuryl ainda n&o foi completamente caracterizada, em
contraste com a Nitracrina, que é um candidato a agente anticancerigeno ainda
sem aplicagao pratica (Gniazdowski et al., 1995; Wilson et al., 1986; Gorleuska et
al., 2001).

A Nitracrina, pertencente ao grupo dos derivados de 1-nitro-9-
aminoacridina, foi sintetizada por um grupo de quimicos Poloneses liderados pelo
Dr. Andjei Ledokhowsky no inicio dos anos 60, sendo um composto que apresenta
satisfatéria atividade citotdxica e propriedades antitumorais (Degterev et al., 1986;
Wilson et al., 1986). A Nitracrina foi escolhida para a realizagédo deste estudo para,
sendo uma droga promissora para uso clinico, servir de referéncia para

compararmos com os dados obtidos com o Quinifuryl.
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Desenvolvendo a idéia de uso pratico das DNHC na terapia dos canceres e
de algumas outras doengas graves, iniciamos estudos pioneiros de fototoxicidade
destas drogas contra os alvos cancerigenos. Visando o uso pratico das DNHC na
terapia no escuro e na fototerapia, comecamos os estudos de aplicagao tépica

e/ou de entrega dirigida das mesmas.
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FOTOTERAPIA

A fototerapia baseia-se na introdugdo de um agente fotossensivel
(geralmente um corante) para os tecidos patogénicos (Foot, 1990) e,
consequentemente, a exposicdo de tais tecidos a luz senssibilizante. O
mecanismo de acdo terapéutico consiste na excitacdo do corante por meio da
irradiacao de luz (Handerson & Douguerty, 1992), com isso, o corante transfere a
energia de excitacdo para a molécula de oxigénio, gerando oxigénio singlet ('0,) e
outros radicais livres, acarretando em danos irreparaveis no tecido-alvo (Sobolev
et al., 2000).

A maioria dos agentes fotosensibilizantes sao distribuidos e acumulam-se
em tecidos normais e neoplasicos (Chan et al, 1998). No entanto, a distribuigcdo da
droga em tecidos tumorais ainda nao foi bem definida, sendo este um dos
aspectos nao esclarecidos da terapia fotodindmica. Sabe-se que a absorcédo da
luz pelo agente fotosensibilizante pode limitar a sua penetragdo no tecido, este
fenbmeno é chamado de “self-shielding” (Foot, 1990). Muitos sensibilizantes sao
propensos a auto-destruicdo durante a exposi¢ao a luz, um processo chamado
“‘photo-bleaching” (Handerson & Douguerty, 1992). A luz visivel com comprimento
de onda maior que 600 nm é preferivel na fototerapia devido a sua penetragao ser
mais profunda nos tecidos.

Gradualmente, os métodos de tratamento vém diversificando-se, e sendo
aplicados no tratamento de doengas auto-imunes (Moan et al., 1992; Kick et al.,
1996; Bethea et al.,, 1998), e em outras causadas por agentes microbianos
(Dall'Amico et al., 1996). Experiéncias sucessivas foram realizadas com diferentes

drogas, incluindo as nitroheterociclicas (Adams & Stratford, 1994; Bremner et al.,
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1994), o que aumentou o arsenal terapéutico de substéncias usadas em
fototerapia. Varios experimentos foram realizados usando luz com A > 400 nm
(Yoshimura et al., 1996; van Iperena et al., 1997; Wainwright et al., 1999). Existem
evidéncias de que o oxigénio singlete, junto ao anion superdxido (O2), sdo as
espécies mais danosas em fototerapia, sugerindo que os efeitos da fototerapia séo
oxigénio-dependentes (Foot, 1990; Handerson & Douguerty, 1992). Em normoxia,
os danos celulares mediados pelo O, ocorrerdao proximos ou ndo aos sitios de
geracao, e podem afetar virtualmente todos os componentes celulares (Sobolev et
al; 2000). Os efeitos da fototerapia nas células envolvem foto-oxidagdo de
membranas, alterando a permeabilidade celular, perda de fluido e inativagado de
sistemas de transporte enzimaticos e de receptores, inibicdo de enzimas
reparadoras de DNA, inativagdo de enzimas mitocondriais (0 que € considerado
um evento-chave na letalidade celular pela fototerapia), destruicdo de lisossomos,
severos danos ao DNA e a membrana nuclear, perda da integridade celular e
finalmente, a liberacdo de fatores de necrose de tumor e danos vasculares
(Handerson & Douguerty, 1992; Jori, 1996).

O primeiro passo para se tratar um tumor pela fototerapia consiste em
introduzir a droga no organismo por meio de um sistema de entrega dirigida do
agente fotossensibilizante ao tecido alvo; ou seja, a administragdo da droga e a
sua distribuicdo pelas células e tecidos. No segundo passo, o0 agente
fotossensibilizante acumulado no tecido alvo € exposto a irradiagao de luz com
comprimento de onda apropriado para penetrar até o tecido e ser absorvido pela

droga. A fluéncia da luz pelos tecidos decresce exponencialmente com a distancia,
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a profundidade de penetragcédo efetiva varia de tecido para tecido (Sobolev et al;

2000).
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TRANSPORTE DIRIGIDO

Os obstaculos que limitam a aplicacdo de drogas DNHC podem ser
superados usando-se veiculos de transporte dirigido. Embora essa abordagem
apresente um grande desenvolvimento durante a ultima década (Kwona &
Okanob, 1996; Kwona, 1998), até o momento nao foi utilizada para DNHC. Estes
carregadores de drogas visam reduzir a toxicidade causada pela droga livre,
preservando as células sadias, uma vez que seus componentes sdo atoxicos e
biodegradaveis. Entre os carregadores, encontram-se micelas que podem ser
usadas para transporte de drogas hidrofobicas em altas concentragbes (Yua et al.,
1998; Kidchob et al., 1998). Uma vantagem das particulas micelares € a tendéncia
de acumularem-se espontaneamente em tumores sélidos (Chelvi et al., 1995).
Outra vantagem € o seu facil preparo em larga escala e a reprodutibilidade do
ensaio. Além disso, a sua peculiaridade estrutural permite que as micelas
permanegcam no sangue (ou tecidos) por um longo periodo de tempo, sem ser
reconhecido por imunoglobulinas e /ou células fagocitarias (Sobolev et al; 2000).

Os lipossomos (lipoproteinas artificiais), conhecidos como particulas LDE
(Low Density Emulsion), séo veiculos que podem funcionar para o transporte
dirigido de DNHC. Os lipossomos vém sendo desenvolvidos desde os anos 70, e a
sua utilizagao inclui o uso como carregador de drogas sintéticas para o tratamento
de combate ao cancer e vacinas lipossomais para uso clinico em humanos
(Gregoreadis, 1995).

Sabe-se que as células tumorais tém até 100 vezes mais receptores de LDL

que as células normais, assim, os lipossomos tendem concentrar-se em células
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mais vascularizadas, tipicas dos tumores, como carcinoma e melanoma de
camundongos e leucemia humana (Sobolev et al., 2000). O uso de lipossomos
ligados com os anticorpos monoclonais aumenta a possibilidade de sucesso do
transporte dirigido para os alvos cancerigenos (Park et al., 1997). Até o momento
esta abordagem nao foi utilizada para DNHC. A utilizagdo de veiculos de
transporte permite a administracdo de doses até dez vezes superior a dose
maxima normalmente usada, com toxicidade minima, o que €& particularmente

interessante na terapia com DNHC.
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OBJETIVOS

Visando aumentar o uso clinico de compostos nitroheterociclicos e ampliar
o arsenal terapéutico para o tratamento do cancer, o presente trabalho tem como

objetivos:

1) Estudar os mecanismos de citotoxicidade de DNHC sobre células

cancerigenas.

2) Desenvolver uma abordagem da Terapia Fotoquimica para DNHC.

3) Imobilizar as DNHC em lipossomos e micelas.
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MATERIAIS E METODOS

Drogas.

0] Quinifuryl (M-106), 2-(5-nitro-2’-furanyl)ethenyl-4-{N-[4’-(N,N-
diethylamino)-1’-methylbutyl] carbamoyl} quinoline, € um derivado do 5-nitrofuril-
etenil-quinolina. Foi sintetizado pelo Dr. N. M. Sukhova (Instituto de Sintese
Organica da Academia de Ciéncias de Riga, Republica da Lituania). A Nitracrina
(Ledakrina, C-283), 1-nitro-9’(3'3’-dimethylaminopropylamino) acridina adquirida
de Polfa (Pol6nia), foi sintetizada por um grupo de quimicos Poloneses liderados
pelo Dr. Andjei Ledokhowsky. Ambas as drogas foram cedidas pelo Prof. Dr. Igor

A. Degterev (Depto. de Fisiologia/CCBS/UFSCar).

As solugdes de estoque 40 mM e 20 mM para o Quinifuryl e para a
Nitracrina, respectivamente, cujos tampdes foram preparadas em agua Milli-Q
(Millipore), pH 7,0. A autenticidade estrutural de ambas as drogas foi verificada por
analises de ressonancia magnética nuclear (RMN). A formula estrutural de ambas

as drogas sao mostradas nos esquemas 1A e 1B.

Tecidos biolégicos.

As células de fibroblastos embrionarios de camundongo NIH3T3, as células
de eritroleucemia humana K562 e as células de linfoleucemia de camundongos
P388 foram usados, para avaliar citotoxicidade de drogas livres e encapsuladas.
As células P388 foram cultivadas em meio Fisher suplementado com 10% de soro

fetal bovino (FBS) em frascos de 175 cm? a 37°C com 5% de CO,. As células
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NIH3T3 e K562 foram cultivadas em Dulbecco's Modified Eagle's Medium (DMEM)
suplementado com 10% de soro fetal bovino (FBS), 1% L-glutamina, 50 unid/ml
penicilina, 50 mg/ml streptomicina e 250 mg/ml anfotericina-B em frascos de 175
cm? em um incubador (CellStar, USA) a 37°C com 5% de CO,. As células P388
foram obtidas do American Type Culture Collection (ATCC N° CCL46) e cedidas
pelo Departamento de Quimica/FFCLRP/USP (Prof. Dr. Antonio C. Tedesco).

O numero de células em suspenséo foi calculado utilizando-se uma camara
de Neubauer (0,0025mm?). As densidades semeadas variaram de 2x10* a 6x10*
células/ml. A viabilidade foi avaliada pelo método de contagem com Trypan Blue
que é o método de exclusao do corante. O método recebe este nome porque este
corante ndo passa pela membrana das células vivas, ligando-se apenas aos
fragmentos de células mortas (Freshney, 1994). Estas medidas foram feitas no

inicio de cada experimento, sendo a exclusao sempre superior a 96%.

Testes de citotoxicidade

Os testes de citotoxicidade das drogas foram feitos baseados na
metodologia (Freshney, 1994) adaptada para nossos fins. Os testes foram
baseados no ensaio com MTT e realizados de dois modos: medindo-se tanto o
efeito letal direto da droga (Teste 1) ou o efeito toxico geral que inclui a contengao
da proliferagao celular (Teste 2) (Rossa et al., 2003). O sal tetrazolium 3-(4,5-
dimethylthiazol-2-yl)-2-5 diphenyl tetrazolium bromide (MTT) € reduzido nas
células viaveis para produzir um produto colorido que pode ser interpretado como

uma medida de viabilidade (Mosmann, 1983).
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Para os ensaios com MTT, as células foram semeadas em meio DMEM
contendo 5% de FBS em placas tipo ELISA com 96 pocgos. As placas foram
semeadas com aproximadamente 10* células por poco em colunas de seis pocos
cada e expostas a uma gama de diferentes concentragbes de droga de 0,02 a 2
nmol/ml (para Nitracrina) ou 0,2 a 20 nmol/ml (para Quinifuryl), por intervalos de
tempo que variaram de zero a 24 horas (nos experimentos no escuro) ou de 10 a
90 minutos (nos experimento sob iluminagéo).

As colunas foram divididas em grupos controle e experimento. Os grupos
de experimento foram divididos em conjuntos de seis pogos cada, de acordo com
o tempo de incubagéo, que geralmente variaram de zero a noventa minutos de
incubacdo nos experimentos sob iluminacdo ou de zero a 24 horas em
experimentos no escuro. Em experimentos feitos no escuro, os grupos de controle
continham células sem droga (geralmente duas colunas de seis pogos, ver figura
pag. 25). Em experimentos feitos sob irradiagéo, os grupos de controle continham
células com droga néo irradiadas e células sem drogas irradiadas, pelo mesmo
periodo de tempo.

As placas foram centrifugadas logo apds a incubagcédo a 3700 rpm
(centrifuga Eppendorf 5804 R com rotor de placas A-2-DWP) e o sobrenadante foi
vertido. Nos pocgos foi adicionado corante tetrazolium amarelo (MTT), que é
reduzido a um produto (cristais de formazan) de cor purpura somente pelas
células vivas (que é um indicativo da integridade mitocondrial e, portanto, da
integridade celular) e incubado durante 3 horas no escuro. Apds este periodo, as
placas foram novamente centrifugadas e o sobrenadante foi novamente

descartado. O corante precipitado foi diluido em dimetilsulféxido (DMSO) e a
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leitura de absorbancia foi feita em Leitor de Placas Dynex MRX (Dynex
Technologies Inc.) a 570 nm.

No final do periodo de exposi¢ao as drogas, as placas foram centrifugadas
a um preciptado de células e o sobrenadante contendo a droga foi descartado e
substituido tanto por MTT dissolvido em DMSO (Teste 1) ou por meio de cultura
fresco (Teste 2). Neste segundo caso, as células foram incubadas por um periodo
adicional (2-3 vezes o tempo de duplicagao da populagédo) que variou de 36 a 72
horas, dependendo da linhagem celular trabalhada, com o meio trocado
diariamente, seguido de ensaio com MTT. Em ambos os testes, as placas com
MTT foram incubadas no escuro por 4 horas. Em seguida, os cristais de MTT-
formazan insoluveis em agua foram dissolvidos em DMSO, e a absorbancia foi lida
a 570 nm em um leitor de placas ELISA Dynex MRX (Dynex Technologies Inc.).

A visualizagado deste experimento estd na figura abaixo, que mostra uma

placa de ELISA no fim do experimento.

Figura 1: Placa de ELISA corada no experimento de toxicidade durante

24 horas. A distribuicao das colunas feita conforme descrito anteriormente.

30



Irradiagcao/Fotdlise.

A irradiacéo das placas-teste (contendo células e incubadas com as drogas)
foi feita com lampada de tungsténio (150 W) e filtro de vidro (5-57 KOPP color
glass filter) onde o intervalo de espectro da irradiagao ficou entre 360 e 440 nm. A
intensidade da radiacdo foi de 22 mW/cm? (medida no Spectra-Physics 407A
Radiometer) e o tempo de exposicdo a luz variou de 0 a 90 minutos. Os

experimentos foram realizados a temperatura de 24°C.

Estudo da incorporagdo de DNHC em células K562 e metabolismo
intracelular destas drogas.

A incorporagao das drogas em células K562 foi medida utilizando-se do
seguinte procedimento: cada droga foi adicionada a 1ml de suspensao celular
(1x106 céls/ml) em 20mM de tampdo Hepes até uma concentracdo final de
2nmol/ml. As misturas foram incubadas a 37°C por intervalos de tempo variando
entre 0 a 3 horas em continua agitagdo em um agitador orbital (Forma Scientific,
USA). Apds incubagao, as células foram centrifugadas a 3700 rpm (centrifuga
eppendorff, 5804 R) e repetidamente lavadas até que nenhum espectro da droga
pudesse ser detectado no sobrenadante. As células do pellet foram lisadas com
solugéo Triton X-100 (0,5%) em agua Milli-Q. O espectro de absor¢ao do lisado
preparado das células incubadas com droga foi medido contra o controle de
células nao-tratadas (que nao receberam a droga), mas incubadas sobre idénticas
condigdes, e comparados com os espectros das drogas intactas medidas contra

os lisados preparados das células controle.
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Carregadores de drogas.

A encapsulacéo das DNHC foi feita em micelas (estearato de PEG-2000) e
lipossomos (distearoilfosfatidilcolina - DSPC).

Micelizando as drogas, misturamos o estearato de PEG-2000 com solugao
da droga e submetemos a didlise até que a concentragdo externa a membrana de
didlise se estabilizasse. A concentragdo da droga incorporada em micelas foi
medida espectrofotometricamente (400 nm) usando em cubeta de referéncia uma
suspensdo de micelas sem droga.

Os lipossomos foram preparados pelo Prof. Dr. Antonio C. Tedesco (Depto.
de Quimica/FFCLRP/USP). Para a preparagao, o colesterol e os fosfolipidios (2:1)
foram dissolvidos em uma mistura de isobutanol e cloroférmio (10:4) e o solvente
organico foi removido sob pressdo reduzida usando-se um evaporador rotatorio
(Speed Vac Plus SC210A, Thermo Savant). A fina camada de filme formada foi
armazenada a vacuo durante a noite para remover qualquer traco de solvente
organico e extrudado através de membranas de 0,2 ym usando um extruder “Lipex
Biomembrane”. A concentragdo da droga imobilizada em lipossomos foi medida
espectrofotometricamente (400 nm) apds solubilizagdo dos mesmos em DMSO,

usando em cubeta de referéncia uma suspensao de lipossomos sem droga.
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Calculos e Analise Estatistica.

A dependéncia da concentragdo da droga e do tempo na morte celular
foram calculados como: Efeito Téxico (ET); sendo ET = [DCJ/[Cel]®®"™*°, onde
[Cel]®°"™* ¢ a concentracdo nas placas controle (células incubadas pelo mesmo
periodo sem drogas) e [DC] € a concentragao de células mortas. [DC] é calculado
como [Cel]®®"™*® - [Cel]™ onde [Cel["™ é a concentracdo de células vivas nas
placas expostas as drogas (Monks et al, 1991). A concentragdo de células foi
medida usando-se uma curva de calibragao feita para a linhagem P388 de células
pelo método de coloracdo com MTT.

O efeito citotdxico (LCso) dos compostos testados foi estimado como:

100 x (D°- D) / D° = 50; onde D° e D séo as densidades 6pticas das placas teste
no tempo zero (quando os compostos foram adicionados) e apds a exposicao as
drogas, respectivamente (Monks et al, 1991).

Os dados sado apresentados como a média (+DP) de dois a cinco
experimentos com seis séries de medicdes independentes em cada experimento.
As andlises estatisticas foram realizadas com o Student's T-test, utilizando o
programa InStat Software Program for Windows (GraphPads software, San Diego,
USA). Os gréficos foram elaborados com o programa Origin Microcal 6.1

(OriginLab software, USA).

33



ESQUEMA 1A. Estruturas do Quinifuryl e Nitracrina.
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Quinifuryl:

2-(5’—nitro-2'—furanyl) ethenyl-4-{N-[4—(N,N-diethylamino)-1‘-methylbutyl]
carbamoyl}quinolina.

Nitracrina:

1-nitro-9(3’3’- dimethylaminopropylamino)acridina.
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ESQUEMA 1B. Estruturas do Quinifuryl e Nitracrina.

Quinifuryl:

2-(5'—nitro-2°—furanyl) ethenyl-4-{N-[4—(N,N-diethylamino)-1‘-methylbutyl]
carbamoyl}quinolina.

Nitracrina:

1-nitro-9(3’3’- dimethylaminopropylamino)acridina.
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RESULTADOS

Citotoxicidade das DNHC no escuro sobre as células tumorais e nao-
transformadas.

Primeiro determinamos os efeitos tdéxicos dose-dependentes de ambas as
drogas. Os resultados mostram que a toxicidade da Nitracrina é maior que a do
Quinifuryl em todas as concentra¢des usadas (figura 2). A Nitracrina atingiu o LCs
com 0,08 nmol/ml, enquanto o Quinifuryl precisou de 2 nmol/ml para atingir o
mesmo valor de morte celular. Os valores dos efeitos téxicos foram calculados
como a propor¢cao entre o numero de células que morreram durante incubagao
com droga e a concentragdo inicial de células. Células incubadas sem droga
serviram como controle em cada série de experimentos.

A tabela 1 mostra que a Nitracrina demonstra uma citotoxicidade
significativamente maior que o Quinifuryl para todas as linhagens de células. Os
valores de LCsy foram calculados baseando-se nos resultados de cinco séries
independentes de experimentos com seis repeticoes das medidas em cada série.

A tabela 2 mostra que ambas as drogas sdo toxicas para todas as
linhagens de células (LCsp < 2 uM) e requerem menos de 24 horas para atingirem
os valores de LCsp. Além do mais, a linhagem de células P388 de linfoleucemia de
camundongos € mais sensivel as duas drogas, quando comparadas a linhagem de

células NIH3T3 nao-transformadas de camundongos.
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FIGURA 2. Dependéncia da morte celular de K562 na concentragcao de Nitracrina
(A) e Quinifuryl (m). Tempo de incubagéo das drogas nas células: 24 horas.
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TABELA 1. Valores de LCsg para Quinifuryl e Nitracrina medidos em

diferentes periodos de tempo. Cada valor de LCsy representa a média (+ DP)

de cinco séries independentes de experimentos com seis repeticdes.

Linhagem celular Droga Tempo, hs LCsp, uM
Quinifuryl 24 20,9
K562 12 1222
céls. leucémicas Nitracrina 24 0,12 £0,07
6 2,2 0,06
Quinifuryl 24 1,1 +£0,2
P388 Nitracrina 24 0,16 £0,06
céls. leucémicas 6 0.5 20.13
Quinifuryl 24 1,2+0,17
NIH3T3 12 11+2,1
céls. normais Nitracrina 24 0.13 £0,04
12 1,4+0,2
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TABELA 2. Periodo de tempo requerido para atingir o LCsp (t°°) em

diversas concentragcdes de ambas as drogas. Dados referentes as drogas livres
representam as médias (+ DP) de dois a cinco series independentes de
experimentos com cinco ou seis repetigdes. * Diferencgas significantes foram

encontradas entre os valores de T° como se segue: p <0.01 (b vs h, cvs i, e vs h,

fvsi),p<0.05(avsd,gvsj bvse). Nenhuma diferenca significante foi

observada entre c e f.

Linhagem de  Drogas Concentragio 7°°, horas
Células (uM)
Quinifuryl 20 6,5 £0,6"
K562 2 21 £2,7°
Nitracrina 2 8,4 £0,6°
Quinifuryl 20 3,7 +0,2¢
NIH3T3 5 6202°
Nitracrina 2 8,5 ﬂ:0,4f
0,2 17 £28
Quinifuryl 2 53 +0,7"
P388 Nitracrina 2 3,5+0,1
0,2 12 £2
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Os tempos de incubacgao requeridos para alcancar os valores de LCs, com
concentragao de 2 uM de ambas as drogas foram 2-3 vezes maiores tanto para
NIH3T3 (16 hr e 8,5 hr para Quinifuryl e Nitracrina, respectivamente) como para
K562 (21 hr e 8,4 hr para Quinifuryl e Nitracrina, respectivamente), oposto a P388
(5,3 hr e 3,5 hr para Quinifuryl e Nitracrina, respectivamente) como € mostrado na
tabela 2. Além disso, os dados presentes na tabela 3 mostram que o efeito toxico
observado apds 12 horas de incubagdo das drogas em células P388 foram
significativamente maiores (0,79 e 0,64 para Quinifuryl e Nitracrina,
respectivamente) que em células NIH3T3 (0,43 e 0,38 para Quinifuryl e Nitracrina,

respectivamente).

Absorcao das drogas pelas células tumorais e transformagdo metabdlica
intracelular.

Como o Quinifuryl, apesar de sua citotoxicidade in vitro, mostrou muito
pouco efeito in vivo (Degterev et al.,1990), uma possivel explicacéo € seu rapido
metabolismo intracelular. Para testarmos esta possibilidade a incorporagao de
Quinifuryl e Nitracrina em células K562 foi medida. A incorporacgao intracelular das
drogas pode ser visualmente detectada, uma vez que o pellet de células K562
torna-se amarelo brilhante ap6s 10 minutos de incubagéo com Quinifuryl (a droga
€ amarelada), enquanto que o pellet das células controle permanece sem
coloracédo. A incubacao com Nitracrina resulta em uma mudancga de cor do pellet
de amarelo para marrom. Apds incubagado com drogas, o pellet contendo células

foi lavado duas vezes e as células foram lisadas. Os diferentes espectros foram



TABELA 3. Efeito téxico (TE) do Quinifuryl e da Nitracrina observado apds 12
horas de incubagdao das drogas com células apropriadas. O TE foi medido
imediatamente apds a aplicagdo da droga (ETq2) e apds trés vezes o tempo
requerido para o tempo de duplicagao de linhagem celular (ET3g/72). Cada valor
de representa a média (+ DP) de uma série de experimentos com seis
repeticobes. Os experimentos seguiram dois procedimentos (Teste 1 e 2)
realizados em paralelo.

Droga Linhagem Celular
K562 P388 NIH3T3
ETi» ET7n P ETi, ET;s P ETi, ET7n p

Quinifuryl, 0,47 0,58 NS 0,79 0,89 < 0,43 0,96 <

2 uM +0,08 +0,05 +0,01 +£0,04 0,05 +£0,16 =+0,01 0,05

Nitracrina, 0,63 0,81 < 0,64 0,88 < 0,38 0,94 <

0,2 uM +£0,09 +0,06 0,01 =<+0,11 +0,03 0,05 +0,1 +0,005 0,05




lidos contra o conteudo do meio intracelular das células controle que foram
incubadas por 6 horas nas mesmas condi¢des. Os espectros das drogas intactas
também foram tirados contra o lisado de células controle para estimarmos o grau
de biotransformagéao da droga.

Cinéticas das mudangas na concentragdo relativa de Quinifuryl no
sobrenadante versus o pellet celular sdo mostradas na figura 3. O balango foi
calculado como soma da concentragao de droga da mistura incubada e do lisado
celular. Nossas tentativas de medir o balango da Nitracrina falharam por causa do
coeficiente de extingdo muito baixo deste composto quando comparado ao do
Quinifuryl (3,9 mM".cm™ e 26,2 mM™.cm™, respectivamente).

A figura 4 mostra a dindmica das mudangas do espectro no lisado de
células K562 apos a incubagédo com Quinifuryl (Painel A) ou Nitracrina (Painel B)
em diferentes periodos de tempo. A absorgédo especifica do Quinifuryl (396 nm)
aumentou pelos 30 minutos iniciais apds a adicdo da droga e depois comega a
decrescer com o tempo. Esta perda de droga corresponde com o aparecimento de
um minimo proximo a 248 nm e de um pico a 276 nm, que corresponde a posi¢cao
do minimo no mesmo comprimento de onda observado no espectro da droga
intacta.

Apos os primeiros 10 minutos de incubagdo com Nitracrina, diferengas no
espectro do conteudo celular mostrou o aparecimento de um pico a 410 nm e um

correspondente minimo a 430 nm com valores flutuando entre AA%0943°

,que varia
por 6 nm em comparagdo com a droga intacta. Apés 1 hora de incubacgéao,

entretanto, dois novos picos aparecem no espectro a 573 nm e 627 nm com
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FIGURA 3. Cinética das mudancgas da absorbancia especifica do Quinifuryl a 396
nm durante a incubagdo da droga com células K562 no sobrenadante (linha
pontilhada), no conteudo celular (linha tracejada), e balango (linha sdlida). A, =
AYA°, onde A’ e A' — intensidades destes picos antes e durante a incubagdo da droga.
Balango - A + AJA% onde A e A, sdo absorbancias descobertas no
sobrenadante e no conteudo celular, respectivamente. Dados representam a
média (+ DP) de trés medigbes.



absorcdo relativa e absoluta varidveis. Sobretudo, mudancas espectrais
mostradas na figura 4 refletem uma substancial biotransformacdo de ambas as

drogas no interior de células K562.

Fotocitotoxicidade das DNHC sobre as células tumorais e néao-
transformadas.

Um exemplo da citotoxicidade da droga medida € apresentado na figura 5
que mostra o desenvolvimento do efeito tdéxico sobre células de eritroleucemia
humana K562 como uma fungédo do tempo de incubacéao celular com droga tanto
sob iluminagdo com luz visivel (Painel A) quanto no escuro (Painel B). Os valores
do efeito téxico foram calculados como descrito em Materiais e Métodos. Células
incubadas sem droga serviram como controle em cada série de experimentos.
Normalmente, nenhuma diferenca significante nas taxas de células mortas foi
observada nas placas controle até incubacdo de 24 horas no escuro e até
1,5 horas de iluminagao.

Ambas as drogas foram muito mais citotoxicas sob iluminagdo que no
escuro. A morte de 50% das células foi atingida sob iluminagcdo em 45 minutos e
48 minutos para 2 nmol/ml de Quinifuryl e para 0,2 nmol/ml de Nitracrina,
respectivamente (figura 5A), enquanto no escuro levou 8.4 horas para Nitracrina e
18,5 horas para o Quinifuryl (figura 5B). Nitracrina apresenta maior citotoxicidade
que o Quinifuryl tanto no escuro quanto sob iluminagédo. Tanto que concentragdes
10 vezes menor de Nitracrina produzem o mesmo efeito téxico (sob iluminagao,

figura 5A) ou maior (no escuro, figura 5B) contra células K562 que o Quinifuryl.



A tabela 4 mostra que os valores de LCsy observados apds 1 hora de
iluminacao foram mais baixos, comparados aos experimentos no escuro. Todas as
linhagens de células mostraram-se mais sensiveis a Nitracrina, comparada ao
Quinifuryl, tanto no escuro quanto sob iluminagao.

Parte dos dados experimentais foram obtidos seguindo-se o Teste 1 € o
método de coloracdo com MTT foi realizado imediatamente apés o tratamento
com droga. Esta abordagem limita os resultados observados apenas ao efeito de
morte direta da droga. O efeito de morte direta (Teste 1) e o efeito toxico geral
(Teste 2) de ambas as drogas contra trés linhagens de células medidos em
paralelo estdo presentes na tabela 5. Os experimentos de morte celular (Teste 1)
e de toxicidade geral (Teste 2) foram realizados em paralelo, onde uma placa foi
submetida a medicdo do efeito toxico imediatamente apds a adicdo da droga
(Teste 1) e na segunda placa, as drogas foram substituias por meio de cultura
completo e as células foram levadas para se proliferarem por 2-3 vezes o tempo
de duplicagdo da populagdo que foi de 72 horas (K562 e NIH3T3) ou 36 horas
(P388). A tabela 5 confirma novamente que todas as células sdo mais sensiveis a
Nitracrina, comparada com o Quinifuryl. Os valores de LCsy observados apds uma
hora de iluminagdo n&o foram significativos, comparados aos experimentos no
escuro (teste 2).

Sendo aplicadas em mesma concentragdo, ambas as drogas matam células
mais rapidamente quando iluminadas com luz visivel. A tabela 6 mostra os tempos
de incubacéao requeridos para se atingir a morte de 50% das células em diferentes

concentragdes tanto no escuro quanto sob iluminacdo com luz visivel.
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FIGURA 4. Espectro de absor¢ado do conteudo de células K562 apds incubagao
com Quinifuryl (A) e Nitracrina (B). Diferengas no espectro de absor¢do do
conteudo de células K562 apds incubagao com Quinifuryl (A) e Nitracrina (B) para
varios periodos, seguidos de lavagem e lise celular. Linhas sélidas representam o
espectro das respectivas drogas antes da incubagdo com células. Todos os
espectros foram lidas contra o conteudo de células intactas que foram incubadas
em paralelo sem nenhum aditivo. Cada medicao representa a média (+DP) de trés
repeticdes das séries.
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FIGURA 5. Fototoxicidade (A) e toxicidade no escuro (B) do Quinifuryl (e) e da
Nitracrina (m) contra células de eritroleucemia humana K562 medidas pelo método
de colorogdo com MTT. Linhas pontilhadas verticais mostram o tempo requerido
para alcangar a morte de 50% das células. As concentragdes de droga foram
como se segue: Quinifuryl — 2,0 uM; Nitracrina — 0,2 uM. O efeito toxico foi medido
como [DCJ/[Cel]®®™™® onde [Cel]®®"™* & a concentracdo de células, nas placas
controle (células incubadas pelo mesmo periodo de tempo sem drogas) e [DC] é a
concentragao de células mortas. Cada ponto representa a média (xDP) de seis
experimentos.



TABELA 4. O LCsp para o Quinifuryl e para a Nitracrina foram medidos apés 12
horas de incubacao das células no escuro ou sob iluminagdo com luz visivel por 1
hora. Cada valor de LCsy representa a média (£ DP) de cinco séries
independentes de experimentos com seis repetigdes.

Droga LCsp, pM
Escuro [luminagao
Células P388
Quinifuryl 79,7 £18,1 11,8 £3,8
Nitracrina 7,7%1,3 0,23 +0,15
Células NIH3T3
Quinifuryl 18,6 £6,0 1,6 £0,7
Nitracrina 16,2 +2.8 0,6 0,6
Células K562
Quinifuryl *15,4 +2.4 1,48 £0,33

Nitracrina *8,9 0,8 0,16 £0,04




TABELA 5. Efeito da morte direta (Teste 1) e da toxicidade geral (Teste 2) do
Quinifuryl e da Nitracrina contra células P388 tanto no escuro quanto sob
iluminagéo com luz visivel. Em cada coluna, o simbolo (*) marca a diferenca
estatisticamente significante (p < 0,01) entre os resultados do Teste 1. Nenhuma
diferenca significante foi observada entre o Teste 2 no escuro e sob iluminagdo em
cada série de experimentos. Cada valor amostrado representa a média (£ DP) de
cinco séries independentes de experimentos com seis repeticoes.

Droga [Drogal, EFEITO TOXICO
uM Escuro, 12 h [luminacgdo, 1h
Teste 1 Teste 2 Teste 1 Teste 2
Células P388
Quinifuryl 2,0 *0,48 £0,1 0,97 £0,16  *0,76 £0,27 0,93 £0,20
0,2 *0,014+0,002 n.m. *0,13 £0,04 0,84 +0,24
Nitracrina 0,2 0,59 +0,2 0,97 +0,15  *0,64 +£0,17 0,99 +0,26
0,02 70,14 40,05 n. m. *0,49 +0,13 0,97 £0,26
Células NIH3T3
Quinifuryl 2,0 *0,59 £0,13 0,96 £0,01  *0,43 £0,16 0,93 £0,04
0,2 "0,0 £0,06 0,0 40,12 "0,35 0,12 0,87 £0,12
Nitracrina 2,0 0,56 +0,1 0,96 £0,15 n. m. 0,89 +£0,20
0,2 *0,38 £0,1 0,94 £0,01  *0,65 +0,14 0,89 +0,12
0,02 *0,25 £0,03 0,89 +0,2 *0,41 10,11 n. m.
Células K562
Quinifuryl 2,0 *0,33 +0,1 n. m. *0,68 0,15 n. m.
Nitracrina 0,2 0,63 +0,03 n. m. 0,68 £0,17 n. m.




TABELA 6. Tempo para atingir a morte de 50% das células (t°°). Cada valor de
representa a média (x DP) de cinco séries independentes de experimentos com
cinco ou seis repetigdes.

Droga [Drogal, Ts0, Min
uM Escuro [luminacdo
Células P388
Quinifuryl 20,0 231 £51 2547
2,0 350 £118 76 19
0,2 1540 £90 96 £11
Nitracrina 0,2 390 £179 76 £9
0,02 431 +43 97 +13
Células NIH3T3
Quinifuryl 2,0 408 67 34 +18
0,2 > 500 56 £17
Nitracrina 0,2 191 £13 31 £15
0,02 622 £115 58 £28
Células K562
Quinifuryl 2,0 n. m. 45 45

Nitracrina 0,2 n. m. 48 +7







Entrega dirigida das DNHC.

Abordagens sobre a entrega dirigida das DNHC s&o extremamente uteis
para uso clinico destas drogas no tratamento quimio-terapéutico do cancer, bem
como na terapia fotoquimica do mesmo devido ao consumo intenso das mesmas
em tecidos sadios e aos danos causados para o organismo-hospedeiro dos
tumores.

Procuramos as condigbes propicias para entrega dirigida das DNHC aos
alvos cancerigenos. Nesta etapa testamos micelas de PEG-2000-estearato e de
lipossomos unilamelares distearoilfosfatidilcolina (DSPC) como os possiveis
carregadores destas drogas.

Os resultados mostram que as drogas nitroheterociclicas (Quinifuryl e
Nitracrina) podem ser imobilizadas em micelas e lipossomos e entregues com
sucesso as células cancerigenas causando a morte das mesmas. Os resultados
sao apresentados como a dependéncia de efeito toxico no tempo de incubagao
das células com as drogas e estamos comparando os intervalos de tempo
necesséario para causar morte de 50% das células (*°).

Os resultados apresentados na figura 6 mostram que as micelas protegem
as células de leucemia de camundongos (P388) contra a toxicidade do Quinifuryl
em concentracdes baixas. Ao contrario, a Nitracrina pura e imobilizada em micelas
em concentragdo de 2 nmol/ml mostrou mesma toxicidade sob estas células,
enquanto em baixa concentracdo (0,2 nmol/ml), droga imobilizada foi
significativamente mais toéxica, tanto que foi preciso 5,6 horas para matar 50% das

células contra 12,7 horas para a droga livre (figura 7).
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FIGURA 6. Citotoxicidade no escuro de Quinifuril puro (preto) e imobilizado em
micelas de PEG-2000-estearato (vermelho) contra células P388. Cada ponto
representa a média (+ DP) de trés experimentos.
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FIGURA 7. Citotoxicidade no escuro da Nitracrina pura (preto) e imobilizada em
micelas em PEG-2000-estearato (vermelho) contra células P388. Cada ponto
representa a média (+ DP) de trés experimentos.



Os experimentos feitos com Nitracrina imobilizada em micelas contra as
células de eritroleucemia humana (K562) e fibroblastos nao-transformadas de
camundongo (NIH3T3) estdo apresentados nas figuras 8 e 9, respectivamente.
Parece que as micelas aumentam a toxicidade da Nitracrina contra as células

K562, diminuido os valores de t° (figura 8), mas ndo alteram este parametro

sobre os fibroblastos NIH3T3 (figura 9).

Os resultados dos primeiros experimentos com uso dos lipossomos DSPC
estdo apresentados nas figuras 10-12. Os resultados mostram que ambas drogas
continuam a ser téxicas quando imobilizadas em lipossomos contra todas as
linhagens de células estudadas (figuras 10 e 11) e que o efeito téxico depende de
concentragao da droga (figura 12). A figura 10 mostra que o tempo necessario
para a Nitracrina lipossomizada atingir o LCs de células K562 e NIH3T3 foi de 8,8
horas, enquanto que para células P388 foi de 7,9 horas. A figura 11 mostra que o
Quinifuryl imobilizado em lipossomos continua a ser toxico contra todas as
linhagens de células estudadas, e o tempo necessario para atingir o LCs, foi de 21
horas para K562, 17 horas para NIH3T3 e 20 horas para P388. A figura 12 mostra
a citotoxicidade da Nitracrina lipossomizada contra células P388 em

concentragdes que variaram de 1,6 nmol/ml a 0,02 nmol/ml.
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FIGURA 8. Citotoxicidade no escuro de Nitracrina pura (preto) e imobilizada em
micelas em PEG-2000-estearato (vermelho) contra células K562. Cada ponto

representa a média (+ DP) de trés experimentos.
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FIGURA 9. Citotoxicidade no escuro de Nitracrina pura (preto) e imobilizada em
micelas em PEG-2000-estearato (vermelho) contra as células de fibroblasto
(NIH3T3). Cada ponto representa a média (+ DP) de trés experimentos.
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FIGURA 10. Toxicidade no escuro de Nitracrina imobilizada em lipossomos DSPC.
[N] = 1,6 nmol/ml. Cada ponto representa a média (= DP) de trés experimentos.
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FIGURA 11. Toxicidade no escuro de Quinifuryl imobilizado em lipossomos DSPC.
[Q] = 1,6 nmol/ml. Cada ponto representa a média (+ DP) de trés experimentos.
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FIGURA 12. Toxicidade no escuro de Nitracrina imobilizada em lipossomos DSPC
sobre as células P388. Dependéncia de concentragdao da droga. Cada ponto
representa a média (+ DP) de trés experimentos.



DISCUSSAO

Citotoxicidade das DNHC.

Os resultados do presente estudo demonstram que o Quinifuryl e a
Nitracrina possuem alta citotoxicidade sobre células leucémicas humanas (K562) e
de camundongos (P388). Para todas as linhagens de células, a citotoxicidade da
Nitracrina foi maior do que para o Quinifuryl. A Nitracrina € um reconhecido agente
citotoxico seletivo para as células hipoxicas (Who, 1996) e um potente agente
citotoxico hipoxia-seletivo in vitro (Gniazdowski et al., 1995; Gorlewska, et al.,
2001). Sua toxicidade contra a linhagem de células de ovario de hamsters
chineses (CHOW AA8) em condigbes de hipoxia foi demonstrada ser 10° vezes
maior que o misonidazole (Degterev, et al., 1999). Os resultados do presente
estudo demonstram que sob condigbes de normoxia, ambas as drogas séao
altamente toxicas contra trés linhagens de células, e os valores de LCsy obtidos
apos 24 horas de incubagao foram < 2 uM (tabela 1, figura 2).

Foi observado que ambas as drogas induziram rapidamente a morte celular,
com o tempo de exposicao requerido pelo Quinifuryl para alcangar o LCs ficando
entre 5 e 21 horas e para Nitracrina entre 3,5 e 8,5 horas (tabela 2). A Nitracrina é
10 vezes mais toxica que o Quinifuryl para todas as linhagens de células. No
entanto, o Quinifuryl mostrou citotoxicidade satisfatoria (tabelas 1 e 2). Assim,
esses resultados indicam que esse agente € um promissor candidato para o

tratamento de tumores, pois seu efeito € 30 vezes menos danoso que o da



Nitracrina ao organismo-hospedeiro (Verovskiy et al., 1990). No entanto, essas
observagoes in vivo deveriam ser melhor exploradas. O Quinifuryl e a Nitracrina
aceleram muito a produgdo de ERO’s em melanoma B16, em linfoleucemia P388
(Smirnov et al.,, 1989). Portanto, o estresse oxidativo possivelmente seja o
mecanismo de toxicidade destas drogas contra células tumorais sob condigdes de
normoxia.

No presente trabalho ndés examinamos a citotoxicidade de duas drogas
nitroheterociclicas contra trés linhagens de células (leucemia de camundongo
P388, fibroblasto de camundongo NIH3T3 e eritroleucemia humana K562) a fim de
iniciarmos um estudo do modo de ag¢ao destas drogas in vivo. Mesmo que ambas
as drogas sejam de alguma forma toxicas aos fibroblastos ndo tumorais de
camundongo (NIH3T3), células de linfoleucemia de camundongo (P388) foram
muito mais sensiveis a ambos os compostos. Um aspecto altamente desejavel nas
drogas anticancerigenas € que tenham elevada toxicidade contra células
transformadas, mas baixa toxicidade as células nao-transformadas. Além disso, a
morte das células P388 causada por ambas as drogas, foi atingida 2,5 - 3 vezes
mais rapida comparadas as células NIH3T3 (tabela 2).

Para avaliar os efeitos citotoxicos das drogas, experimentos
paralelos, utilizando os Testes 1 e 2, foram comparados: no teste 1, o efeito tdxico
foi medido imediatamente apds o periodo de incubagdo; no teste 2, as drogas
foram retiradas e meio de cultura DMEM foi adicionado para que as células
proliferassem por um periodo adicional de 72 horas (K562 e NIH3T3) ou 36 horas
(P388) (trés vezes o “tempo de duplicagdo” para cada linhagem celular). Os

resultados obtidos, usando-se este método (tabela 3), mostram que as drogas néo



apenas causam morte celular, mas também atenuam a proliferagdo das células
sobreviventes. Entdo, além do efeito citotdxico, ambas as drogas poderiam conter
o crescimento do tumor.

Nossos resultados sugerem que o Quinifuryl, um anti-séptico usado em
cirurgias para o tratamento de feridas e queimaduras, cuja atividade antitumoral
ainda nao foi bem estabelecida, merece atencdo especial como um possivel
candidato para a terapia do cancer. Considerando sua alta citotoxicidade in vitro e
relativamente baixa toxicidade aos hospedeiros, sugerimos que o Quinifuryl deva
ser mais estudado a fim de ampliar o numero das drogas em uso na medicina

anticancerigena, em geral, e na terapia fotoquimica, em particular.

Absorcao e metabolismo intracelular das DNHC.

Ambas as drogas foram incorporadas pelas células apés 10 minutos de
incubacao (figura 4). Entretanto, os LCsy foram atingidos apdés 3 horas de
incubacgao (tabela 2). Este atraso na indugao da morte celular pode ser devido ao
tempo requerido para a formacdo dos intermediarios téxicos resultantes do
metabolismo intracelular (figura 3) ou para acumular uma concentragao
intracelular da droga capaz de exercer o efeito citotéxico. Considerando que os
nossos resultados, apresentados na figura 4, sugerem que o metabolismo
intracelular da droga € rapido, a primeira suposigéo parece mais correta.

Como mostrado na figura 3, o Quinifuryl presente no conteudo intracelular
aumentou pelos primeiros 90 minutos apds a incubagao da droga, refletindo a

acumulacdo do composto que, posteriormente, comegou a diminuir.



Concomitantemente com a perda da droga, um pico proximo a 280 nm apareceu
no lugar de um minimo no espectro do composto intacto (figura 4A). Estas
mudancgas no espectro sdo provavelmente referentes a transformagao da droga no
interior das células.

Em contraste com o Quinifuryl, a Nitracrina ndo perde a cor durante o
metabolismo (Degterev et al., 1990). Entretanto, a Nitracrina mostrou
deslocamento do seu espectro maximo para a regiao de ondas longas. De fato, a
figura 4B mostra que o maximo do conteudo intracelular das células K562 tratadas
com Nitracrina tem deslocamento de 6 nm comparando com Nitracrina intacta.
Este espectro também possui o minimo perto de 420 nm e a relacdo A**/A*? se
muda com o tempo de incubagao da droga. Dois novos picos adicionais também
apareceram na regidao do vermelho ap6s 1 hora de incubagdo da droga. Estas
mudangas claramente indicam uma transformacao intracelular da droga.

As anadlises do metabolismo intracelular destas drogas feitas para
determinar sua susceptibilidade a biotransformagdo e para determinar o papel
deste processo na toxicidade das DNHC, mostraram que a citotoxicidade dessas

drogas deve-se ao metabolismo intracelular das mesmas.

Fototoxicidade de DNHC.

Os dados mostrados sao os primeiros a indicar a possibilidade do uso de
compostos nitroheterociclicos como fotossensibilizantes para a terapia fotoquimica
do cancer. Uma dramatica aceleragcdo na morte celular foi observada quando as

linhagens de células foram expostas a iluminagado com luz visivel na presencga das



drogas. Os resultados apresentados nas tabelas 4 e 6 mostram que a iluminagao
com luz visivel diminui a concentragédo letal de ambos os agentes e diminui o
tempo do efeito letal.

A tabela 5 mostra que os efeitos letais (Teste 1) de ambas as drogas,
quando iluminadas com luz visivel por 1 hora, foram similares aos observados
apos 12 horas de incubagdo com a droga no escuro para todas as linhagens de
células. O efeito da Nitracrina foi maior, comparada ao Quinifuryl, tanto no escuro
quanto sob iluminagcdo. Uma significante toxicidade sobre as células P388 e
NIH3T3 foi observada para baixas concentragdes (0,2 nmol/ml) de Quinifuryl sob
iluminagado, enquanto que, baixa (P388) ou nenhuma (NIH3T3) toxicidade foi
observada em 12 horas de incubagdo com droga no escuro nestas células. Estes
resultados também mostram que as drogas ndo causam apenas a morte, mas
também atenuam a proliferacdo das células que sobreviveram a agédo da droga.
Em contraste ao efeito letal direto, a toxicidade geral (Teste 2) de ambas as
drogas sobre células P388 e NIH3T3 apdés 1 hora de iluminagdo e 12 horas de
incubacao no escuro foi similar.

Mecanismos da citotoxicidade no escuro do Quinifuryl e da Nitracrina séo,
provavelmente, devidos aos seus metabdlitos. Ambas as drogas séao
metabolizadas em tecidos normais (Degterev et al., 1986; Degterev et al., 1990;
Degterev et al., 1999) e em células cancerigenas (Veroviskiy et al., 1990; Degterev
et al., 1986). Acredita-se que a Nitracrina produza intermediarios reativos durante
0 metabolismo que causam modificagdes no DNA (Gorlewska et al., 2001). Ambas
as drogas aceleram a producao de espécies reativas do oxigénio (Degterev et al.,

1990) e do nitrogénio (lliasova et al., 1994; Buzukov et al., 1995; Buzukov et al.,



1996) durante o metabolismo. Entdo, sua toxicidade possivelmente se deva ao
estresse oxidativo.

O fato da fotoativagéo acelerar significativamente a morte das células pode
ser interpretado como a formagcdo de mais intermediarios toxicos durante a
fotdlise, comparando com o metabolismo no escuro, ou com a aceleracdo da
formacao das mesmas toxinas sob iluminagao, ou ambos. Evidéncias da formacgao
de espécies reativas durante a fotdlise do Quinifuryl pela luz visivel tem sido
reportada (Smirnov et al., 1989; Borissevich, et al., 2003; Kuzmin et al., 1988). A
formacao do estado triplete excitado (Borissevich, et al., 2003), que é capaz de
produzir oxigénio singlete (Henderson & Dougerthy, 1992; Ochsner, 1997; Sobolev
et al., 2000), a reagcédo do estado triplete com a droga no estado fundamental e
com doadores de elétrons (Smirnov et al., 1989; Borissevich, et al., 2003; Kuzmin
et al., 1988), formando o radical anion superéxido no decurso da fotdlise da droga
(Smirnov et al., 1989) pode resultar na fototoxicidade do Quinifuryl.

Em contraste ao Quinifuryl, ndo ha dados disponiveis sobre a fotdlise da
Nitracrina. Este fato ndo deixa espaco para especulacbes no mecanismo de
fototoxicidade desta droga que, sem duvida, merece um estudo detalhado. Nossos
dados mostram que os compostos nitroheterociclicos merecem ser estudado
como possiveis candidatos para a terapia fotoquimica. Mostramos que a elevada
citotoxicidade sob iluminagdo com luz visivel ndo € uma propriedade especifica do
Quinifuryl, mas também, ocorre em compostos nitroheterociclicos com estruturas
bem diferentes. O efeito fotossensibilizante foi observado contra células de cancer
diferentes como linfoleucemia de camundongo e eritroleucemia humana. Pela

primeira vez foi descrito que essas drogas nitroheterociclicas tem sua toxicidade



aumentada com a irradiagao de luz. O sucesso da fototerapia com DNHC, requer
o desenvolvimento paralelo de sistemas de entrega dirigida a fim de reduzir os

efeitos colaterais.

Carregadores de droga.

As DNHC estudadas apresentam baixa solubilidade em agua, o que nos
forcou a usar solugbes aquosas alcodlicas que permitiram o estudo do seu
metabolismo (Degterev et al.,, 1990) e a atividade biomédica (Verovskiy et al.,
1990). Este parece ser um problema geral associado ao uso de DNHC. A solugao
deste problema, no entanto, parece residir no transporte de DNHC hidrofébico
dissolvido em membranas lipossomais e micelas (Yua et al., 1998; Kidchob et al.,
1998). As micelas PEG-2000-estearato e o lipossomos unilamelares DSPC foram
escolhidos como veiculos de transporte e a citotoxicidade dos compostos livres e
imobilizados foram estudados em paralelo. Quanto ao uso de carregadores de
drogas, ambas as drogas foram efetivamente imobilizadas em micelas PEG-2000-
estearato e lipossomos DSPC.

Mesmo imobilizadas em carregadores, as drogas continuam a serem
toxicas contra as células tumorais. A figura 6 mostra que a morte de 50% das
células foi atingida em pouco mais de 5 horas de incubagao para Quinifuryl livre na
concentragdao de 2 nmol/ml e droga imobilizada em micelas com 20 nmol/ml,
enquanto que, o efeito letal do Quinifuryl micelizado na concentragao 2 nmol/ml foi
muito baixo. As micelas protegeram as células P388 contra a toxicidade do

Quinifuryl. Um efeito protetor das micelas contra a toxicidade da Nitracrina sobre



células P388 foi observado em baixa concentragdo da droga (0,2 nmol/ml), mas
ndo em concentragdo mais alta (2 nmol/ml) (figura 7), sugerindo uma relagéo
dose-dependente. Em contrapartida, a incorporagao da droga em micelas causou
um pequeno aumento de toxicidade da droga contra as células K562 (figura 8).
Nenhum efeito das micelas foi observado estudando toxicidade da nitracrina
contra as células de fibroblasto NIH3T3 (figura 9).

O mecanismo do efeito dos carregadores de droga deve ser mais estudado.
As possiveis hipdteses sdo que o efeito de protecdo das células tumorais
observado nas figuras 6 e 8, pode estar ligado com a absorgao lenta dos veiculos
por essas células comparando com as drogas livres. O aumento da citotoxicidade
observado em baixas concentracbes da Nitracrina imobilizada em micelas,
comparado com a droga pura (figura 7), pode estar ligado com a grande
quantidade da droga trazida pelas micelas para dentro das células.

O Quinifuryl lipossomizado continua a ser toxico para todas as linhagens de
células estudadas. Esse dado sugere que os lipossomos facilitam a entrada da
droga na célula. Ambas as drogas continuam a ser altamente toxicas contra todas
as linhagens de células quando imobilizadas em lipossomos DSPC, com Nitracrina
2,5 vezes mais toxica (figuras 10 e 11). A figura 10 mostra que a Nitracrina
imobilizada em lipossomos em concentragdo de 1,6 nmol/ml causou a morte de
50% das células durante 8-9 horas. A tabela 6 mostra que este valor foi atingido
pela Nitracrina em concentracao de 2 nmol/ml por aproximadamente 6 e 7 horas
para células P388 e NIH3T3, respectivamente. Analisando a Figura 10,
observamos que o LCsp foi atingido em 8,8 horas para K562 e NIH3T3, valores

proximos aos obtidos com a droga livre (7,5 e 8,5 horas, respectivamente). No



entanto, foi observada diferenca nas células P388. Neste caso, a Nitracrina
lipossomizada precisou de 7,9 horas para atingir o LCsp, enquanto que, com a
droga pura, este valor foi alcangado em 3,6 horas. Comparando os resultados da
figura 11 (Quinifuryl imobilizado) com a figura 6 (Quinifuryl livre) observamos que
os valores de LCsy foram atingidos 4 vezes mais rapido no segundo caso (20
horas e 5 horas, respectivamente). O efeito téxico depende da concentragcao da
droga imobilizada em lipossomos (figura 12).

Podemos sugerir que ambos os compostos designados para servir como
agentes anti-cancerigenos mostraram alta citotoxicidade in vitro contra varias
linhagens de células tumorais. No entanto, estudos complementares sao
necessarios a fim de verificar a reprodutibilidade dos resultados principais e
estudar os efeitos de imobilizagado nos experimentos de fototoxicidade das drogas.
Consideramos nossos resultados como o primeiro passo no desenvolvimento da

entrega dirigida para estas drogas.



CONCLUSOES

As drogas nitroheterociclicas derivadas do 1-nitroacridina (Nitracrina) e do
5-nitrofurano (Quinifuryl) mostraram alta citotoxicidade (> 2 nmol/ml) sobre
as linhagens de células de leucemia humana (K562) e de camundongos

(P388), comparado com as células ndo-transformadas (NIH3T3).

Pela primeira vez foi descoberta fototoxicidade de ambas as drogas sobre
células tumorais, que foi muito mais alta comparada com a toxicidade das

mesmas no eScuro.

A citotoxicidade da Nitracrina € maior do que a do Quinifuryl, tanto no

escuro como sob iluminacao.

As drogas nao causam apenas a morte, mas também atenuam a

proliferacao das células que sobreviveram a agéo da droga.

As drogas se incorporam em células e se transformam metabolicamente em
seu interior, o que, provavelmente, € o mecanismo responsavel pela morte

celular.



Ambas as drogas podem ser efetivamente imobilizadas em micelas PEG-

2000-estearato e lipossomos DSPC.

As duas drogas imobilizadas em micelas, continuam apresentado

citotoxicidade contra as células tumorais.
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ABSTRACT

The cytotoxicity of two nitroheterocyclic compounds, Nitracrine (Ledakrine, C-
283), 1-nitro-9(3'3'-dimethylaminopropylamino) acridine and Quinifuryl (M-106), 2-(5'-
nitro-2"-furanyl) ethenyl-4-{N-[4-(N,N-diethylamino)-1"-methylbutyl] carbamoyl}
quinoline, towards two lines of leukaemic cells and a line of non-transformed cells, was
determined under normoxia conditions. Although both drugs showed significant
cytotoxicity to all cell lines (LCsy for 24 hr < 2 uM) with that of Nitracrine exceeding
Quinifuryl, their toxicity towards murine leukaemia P388 was substantially higher,
compared to murine fibroblasts NIH3T3. In addition, the rate of cell death was also 2-3-
fold higher in case of P388 cells versus NIH3T3. Interestingly, human erythroleukaemia

K562 cells were shown to uptake the drugs 10 min after their addition to the tissue culture



medium, while the LCs, values were reached after a substantial delay of > 3 hr. This delay

might be due to the intracellular transformation of drugs required for cell killing.
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235, Sao Carlos, SP 13565-905, Brazil. Tel/fax: (55) (016) 260-8327; e-mail:
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Abbreviations:
NHCD - nitroheterocyclic drugs, LCs, — lethal concentration 50%, TE — toxic effect,

DMEM - Dulbecco's modified Eagle's medium, FBS - fetal bovine serum.

Key words:
cytotoxicity, nitroheterocyclic drug, lympholeukaemia P388, erythroleukaemia K562,

fibroblasts NIH-3T3.



INTRODUCTION.

Nitroheterocyclic compounds (NHCD), which are typically used as antibiotics, have
been, over the years, also shown to possess prominent anticancer activity. The anticancer
therapeutic potential of the NHCDs is based on their cytotoxic, radiosensitising, and
chemosensitising properties towards tumour cells. The most widely used among them are
derivatives of 5-nitroimidazole, 5-nitrofuran, and 1-nitroacridine.

We have previously analyzed the cytotoxicity of a large group of nitroheterocyclic
compounds, which were derivative from 5-nitrofuran and 1-nitroacridine, towards
melanoma B16 and murine lympholeukaemia P388 cells [1]. Nitracrine, which is a 1-
nitroacridine derivative, and Quinifuryl, a S5-nitrofuryl-vynyl-quinoline derivative,
displayed the highest cytotoxicity among studied compounds.

In contrast to Nitracrine, which is a well established antitumor agent [2-4], this
activity of Quinifuryl has not been thoroughly characterized. It was previously shown to
display the highest toxicity towards two tumour cell lines in vitro, compared to a number of
other S-nitrofuran derivatives, and low toxicity towards tumour (P388)-bearing mice [1],
whereas another report demonstrated its radiosensitising activity [5]. Additionally,
Quinifuryl has been reported to be highly photolabile, producing the ROS during
illumination with visible light [6,7], and we have recently discovered light-dependent
elevation in its toxicity towards different tumour cell lines (manuscript in preparation). This
observation makes Quinifuryl a possible candidate for cancer phototherapy. Since our
initial studies [1] showed significantly higher tolerance (~ 30 times) of tumour (P388) —

bearing animals to Quinifuryl than to Nitracrine, a more detailed comparison of



Quinifuryl’s cytotoxicity to Nitracrine in vitro was performed to establish its in vitro
potency in order to gain insight into the cause of low in vivo cytotoxicity.

It has been hypothesized that NHCD might posses specific toxicity toward hypoxic
tumour cells, which is particularly relevant for Nitracrine, since its cytotoxic effect is
attributed to DNA cross-linking [2-4]. However, based on other data, the role of oxygen
metabolism in NHCD action cannot be discounted. NHCD are well known to activate
oxygen in biological tissues, transferring one electron from cytochrome ¢ (P450) reductase
to oxygen molecule [8]. In particular, Quinifuryl and Nitracrine were both shown to highly
accelerate the ROS production in melanoma B16, limpholeukemia P388 cells [1] and
Erlich’s carcinoma cells [9]. Thus, oxidative stress may be a possible mechanism for drug
toxicity towards tumour cells under normoxic conditions. In the present study we examined
cellular toxicity of both drugs towards murine leukaemia P388, fibroblast NIH3T3 and
human erythroleukaemia K562 cells under these conditions, because they may be more
relevant for the drug’s mode of action in vivo. In addition, analyses of drugs metabolism in
cells were also performed to determine their susceptibility to biotransformation and to
determine the role of this process in NHCD toxicity.

Since elevated toxicity to the transformed, as opposed to the non-transformed, cells
is a highly desirable feature in anticancer drugs, special emphasis has been placed on the
comparisons of the drugs effects in highly tumorogenic, leukaemic (P388) and non-

tumorogenic (NIH3T3) murine cells.



MATERIALS AND METHODS.
Drugs.

Quinifuryl (M-106), 2-(5"-nitro-2"-furanyl) ethenyl-4-{N-[4-(N,N-diethylamino)-1"-
methylbutyl] carbamoyl} quinoline was synthesized and purified by Dr. N. M. Sukhova
(Institute of Organic Synthesis, Riga, Latvian Republic). Nitracrine (Ledakrine, C-283), 1-
nitro-9(3'3'-dimethylaminopropylamino) acridine was purchased from Polfa (Poland).
Structural authenticity of both drugs was verified by NMR analysis. Structural formulas of
both drugs are present in Fig. 1.

Cells.

P388D; cells, a mouse lymphocyte cell line, and immortalized mouse fibroblast
NIH-3T3 cells were obtained from the American Type Culture Collection (ATCC). The
human K562 leukaemia cell line (proerythrocytes), which was derived originally from the
patient with erythroleukaemia [10], was kindly provided by Dr. S. Niewiarowski (Temple
University, PA, USA). P388 cells were cultured in Fisher’s media supplemented with 10 %
heat inactivated horse serum in 175 cm® culture flasks at 37°C with 5 % CO,. K562 and
NIH-3T3 cells were cultured as a suspension or a monolayer, respectively, in Dulbecco's
modified Eagle's medium (DMEM) supplemented with heat-inactivated 10% fetal bovine
serum (FBS), 1% L-glutamine, 50 units/ml penicillin, 50 mg/ml streptomycin, 250 mg/ml
Anfotericin-B at 37°C in a water-jacketed CO, incubator (Cellstar, USA).

The cellular density was measured with hemocytometer and viability was assessed
by counting of trypan blue dye-excluded cells.

Cytotoxicity assays.
The activity of each compound on each cell line was determined by the MTT assay.

The tetrazolium salt 3-(4,5-dimethylthiazol-2-y1)-2-5 diphenyl tetrazolium bromide (MTT)



is taken up into cells and reduced in a mitochondria-dependent reaction to yield a formazan
product. The ability of cells to reduce MTT provides an indication of mitochondrial
integrity and activity that, in turn, may be interpreted as a measure of viability [11].

For MTT assays, cells were seeded in DMEM containing 5% FBS into wells of 96-
well ELISA-type plates and exposed to a range of drug concentrations for time intervals
from 1 h to 24 hr. The initial seeding densities ranged from 2x10*-6x10* cells/well. Cell
viability was assessed by trypan blue dye exclusion at the beginning of each experiment
and was always higher than 96%. Drug concentrations ranged from 0.08-20 nmol/ml, for
Quinifuryl, and from 0.02-2 nmol/ml, for Nitracrine.

At the end of the drug exposure period, plates were centrifuged to pellet cells and a
drug-contained supernatants were displaced with either MTT dissolved in PBS (Procedure
1) or with fresh medium (Procedure 2). In the latter case, the cells were incubated for the
additional 2-3 cell population-doubling times (36-72 hr) with daily media change, followed
by MTT assay (Procedure I).

Plates with MTT were incubated in the dark for 4 hr, after which the water-insoluble
MTT-formazan crystals were dissolved in DMSO, and absorbance was recorded in an
ELISA plate reader Dynex MRX (Dynex Technologies Inc.) at 570 nm.

Drug concentration dependence and time-dependence of cell death were calculated
as a toxic effect (TE): TE = [DC)/[Cell]*®"™™, were [Cell]*°™™ is cell concentration, in
control wells (cells incubated for the same time length with no compound) and [DC] — dead
cell concentration. [DC] is calculated as [Cell]*™™ - [Cell]™, were [Cell]™, is the live
cell concentration in wells exposed to drug. The above expression was developed based on

the formulas for the growth inhibition power described in [12]. Cell concentration was



measured using a calibration curve made for all cell lines tested using MTT-staining
method.

The cytotoxic effect (LCsp) of the tested compounds was estimated as 100 x (T-
To)/To=-50, where Ty and T are optical densities of the test well at time zero (when the
compound is added) and after exposure to test compound [12].

Uptake of drugs into K562 cells.

Drug uptake into K562 cells was measured using the following procedure. Each
drug was added to 1 ml of cell suspension (1x10° cells/ml) in 20 mM HEPES buffer to a
final drug concentration of 2 nmol/ml. Mixtures were incubated at 37°C for time intervals
ranging from 0 min to 3 hr with continuous shaking on an orbital shaker (Forma Scientific,
USA). Following incubation, cells were pelleted and repeatedly washed until no spectra of
a drug could be detected in supernatant. Cell pellets were subsequently lysed in 0.5% Triton
X-100 solution in Milli-Q water. Absorption spectra of the lysates prepared from the cells
incubated with a drug were measured against that of control untreated cells, incubated
under identical conditions, and compared with spectra of intact drug recorded against the
lysates prepared from control cells.

Statistic analysis.

The data are presented as the mean = SD of two to five independent series of
experiments with five to six repetitions in each. Statistic analysis was performed the
Student’s t -test. The Tukey test with 95% confidence was applied to compare the means.
Statistic analyses were done using the InStat software program for Windows (GraphPads

software, San Diego, USA).



RESULTS

Dose-dependence of the toxic effects (TE) of both drugs was determined first and is
shown in Fig. 2. The TE values were calculated as the ratio of numbers of the cells dying
during incubation with the drug to the initial cell concentrations (for details see Materials
and Methods). Cells incubated without drug served as a control in each series of
experiments. Normally, no significant amounts of dead cells were observed in control wells
up to 24 hr incubation.

The majority of the experimental data was obtained following Procedure 1
(Materials and Methods), according to which MTT-dye incubation was performed
immediately following drug treatment. This approach limits the observed results only to the
direct cytotoxic effect of the drug. Table 1 shows the LCsy values calculated based on the
results of two to five independent series of experiments with six repetitive measurements in
each series.

The results of the experiments (Table 1) clearly show that both drugs are somewhat
toxic toward all cell lines (LCsp <2 uM) and require less than 24 hr to reach LCs values
(Table 2). On the other hand, Nitracrine displays significantly higher cytotoxicity as than
Quinifuryl (Tables 1 and 2). In addition, murine limpholeukaemia P388 cells were more
sensitive to both drugs, as compared to non-transformed murine NIH-3T3 cells (Table 2).
Respective data, presented in Table 3, show that toxic effects observed after 12 hours
incubation of P388 cells with these drugs were significantly higher (0.79 and 0.64 for
Quinifuryl and Nitracrine, respectively) than those in NIH-3T3 cells (0.43 and 0.38 for

Quinifuryl and Nitracrine, respectively). Furthermore, the incubation times required to



reach LCsy values with 2 pM concentrations of both drugs were 2-3 times more for both
NIH-3T3 cells (16 hr and 8.5 hr for Quinifuryl and Nitracrine, respectively) and K562 cells
(21 hr and 8.4 hr for Quinifuryl and Nitracrine, respectively) as opposed to P388 cells (5.3
hr and 3.5 hr for Quinifuryl and Nitracrine, respectively) as it shown in Table 2.

In order to estimate cytostatic effects of the drugs, results, obtained in parallel
experiments utilizing Procedures 1 and 2 (see Materials and Methods), were compared.
Briefly, cells were incubated with drugs for 12 hr in two ELISA-type plates. In one plate
the toxic effect was measured immediately after that, whereas, in the second plate, drugs
were replaced with complete medium and cells were allowed to proliferate for the
additional 72 hr (K562 and NIH-3T3) or 36 hr (P388) (three cell population doublings of
each cell type). Subsequently, the medium was replaced with MTT-dye and toxicity was
measured. The results, obtained using this method (Table 3), show that drugs not only
caused death, but also attenuated proliferation of the surviving cells.

Since Quinifuryl, despite its cytotoxicity in vitro, showed very little effect in vivo
[1], one possible explanation is its rapid intracellular metabolism. In order to address this
possibility, first, the uptake of Quinifuryl and Nitracrine into K562 cells was measured. The
cellular uptake of drugs could be visually detected, since the pellets of K562 cells turned
bright yellow after 10 min of incubation with Quinifuryl (drug is yellow coloured), while
pellets of control cells remained uncoloured. Incubation with Nitracrine resulted in time
dependent cell pellet colour change from yellow to greyish-brown. Following incubations
with the drugs, cells were pelleted, washed twice, and lysed. Difference spectra were
recorded against the intracellular content of control cells that were incubated for 6 hr under

the same conditions (for more details see Material and Methods). Spectra of intact drugs



were also recorded versus the control cell lysate to estimate the degree of drug
biotransformation.

Kinetics of the changes in a relative Quinifuryl concentration in the supernatant
versus the cell pellet are shown in Fig 3. The balance was calculated as a sum of the drug
concentration in the incubation mixture and the cell lysate. Our attempts to measure the
Nitracrine balance failed because of the much lower extinction coefficient of this
compound as compared to Quinifuryl (3.9 mM™". cm™ and 26.2 mM™.cm™, respectively, as
determined in this study).

Figure 4 shows dynamics of spectral changes in K562 cell lysates after cell
incubation with either Quinifuryl (Panel A) or Nitracrine (Panel B) for different lengths of
time. Specific absorption of Quinifuryl (396 nm) was increased for the initial 30 min
following drug addition and then decreased with time. This loss of Quinifuryl correlated
with the appearance of a through near 248 nm and of a peak at 276 nm, which corresponds
to a through at the same wavelength observed in a spectrum of an intact drug.

Following first 10 min of Nitracrine incubation, difference spectra of cellular
content showed appearance of a peak at 409 nm and a corresponding through at 430 nm

with fluctuated value of AA***0

, which shifted by 6 nm in comparison to the intact drug.
After 1 hr incubation, however, two new peaks appeared in the spectra at 573 nm and 627

nm with variable absolute and relative absorption. Overall, spectral changes shown in Fig. 4

most likely reflect substantial biotransformation of both drugs in K562 cells.
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DISCUSSION

Nitracrine, which is an antitumour drug used clinically for the last several years
[13], is a potent hypoxia-selective cytotoxic agent in vitro (for reviews see [3,4,14]). For
instance, its toxicity against the Chinese hamster ovary cell line AA8 under hypoxic
conditions was found to be ~ 10° times higher than that of misonidazole [15]. On the other
hand, Quinifuryl, is an antiseptic used in surgery for the treatment of wounds and burns
[16] and its antitumour activity is not well established.

The results of our study demonstrate that under normoxic conditions both drugs are
highly toxic towards three cell lines tested and the LCsy values obtained after 24 hr
incubation are < 2 uM (Table 1, Fig. 2). Both drugs induced death rapidly with the
exposure time needed for Quinifuryl to achieve LCsp being between 5 to 21 hr and from 3.5
to 8.5 hr for Nitracrine (Table 2). In addition to the cytotoxic effects, both drugs attenuated
proliferation by the surviving cells (Table 3).

Even though both drugs appeared somewhat toxic to non-tumour cells (NIH3T3),
murine lympholeukaemia P388 cells were much more sensitive to both compounds. Also,
P388 cells were killed significantly faster by both drugs (~ 2.5-3 times) compared to
NIH3T3 cells (Table 2).

Despite our findings that Nitracrine was more toxic than Quinifuryl towards all
studied cells (Tables 1 and 2), the latter still shows significant promose since its lower
antitumour activity may be offset by the decreased non-specific toxicity towards host,

tumour (P388)-bearing mice, which was nearly 30 times lower compared to Nitracrine [1].
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Interestingly, despite the fact that both drugs entered the cells following 10 min
incubation (Fig. 4), the LCsy were achieved by both drugs only after > 3 hr incubation
(Table 2) and no significant cell death was observed after 1 hour incubation (data not
shown). This “delay induction” may be needed for the build-up of either intracellular
concentration of the drug itself or its toxic intermediates resulting from intracellular
metabolism (Fig. 3). Since our data, presented in figure 4, suggest rapid drug metabolism,
the latter assumption might be more likely.

Metabolic decomposition of the chromophore of Quinifuryl in normal tissues
(Amax=396 nm, =26 M"'.cm™, as measured in this work), i.e. “drug bleaching”, is a perfect
instrument for kinetic and mechanistic studies of drug metabolism (for instance, see [17]).
As shown in Fig. 3, the intracellular content of Quinifuryl increased for the first 90 min
following drug incubation, reflecting compound accumulation, and then started to decrease.
Concomitantly with the drug loss, a peak near 280 nm appeared in a place of a through in
the spectrum of intact compound (Fig. 4A). These changes are probably due to the
intracellular drug transformation.

In the early work we had been found that, in contrast to Quinifuryl, Nitracrine was
not bleached during metabolism, but showed a longwave shift of its spectrum maximum in
the visible region [17]. Time dependent spectral monitoring of the intracellular content of
the Nitracrine-treated K562 cells indeed showed 6 nm shift in compound spectral maximum
compared with the intact Nitracrine (Fig. 4B). These spectra also possessed a through at ~
420 nm with the A**/A**° ratio changing with time of drug incubation. Two additional
new peaks also appeared in the red region following 1 hr of drug incubation. Overall, these

changes clearly indicate intracellular drug transformation.
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CONCLUSION.

The results, reported and discussed above, show that two representatives of different
families of nitroheterocyclic drugs, Quinifuryl and Nitracrine, possess high cytotoxicity
towards leukaemic cells in vitro, which may be a result of an intracellular metabolism of
the drugs.

It should also be noted that Quinifuryl, deserves special attention as a possible
candidate for cancer therapy, considering its high cytotoxicity in vitro and relatively low

non-specific toxicity to host-animals.
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FIGURE 3.
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TABLE 1. Values of LCs for Quinifuryl and Nitracrine

measured at different time lengths.

Cell line | Compound | Time, hr | LCsy, uM
Quinifuryl | 24 24+0.9
12 12422
K562 Nitracrine | 24 0.12+0.07
6 2.240.06
Quinifuryl | 24 1.1+0.2
P388 Nitracrine | 24 0.16+0.06
6 0.5+0.13
Quinifuryl | 24 1.2+0.17
NIH3T3 12 11£2.1
Nitracrine | 24 0.13+0.04
12 1.4+0.2

Each LCs value represents (M + SD) of two to five completely

independent series of experiments with five to six repetitive.
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TABLE 2. Time lengths for which the LCs achieved (T LC5O) for free

compounds

Cell | Compound |Conc., | T LCSO, hour
uM
Quinifuryl | 20 6.5+0.6"
K562 2 2142.7°
Nitracrine | 2 8.4+0.6°
Quinifuryl | 20 3.740.2¢
NIH- 2 16+0.2°
3T3 | Nitracrine |2 8.5+0.4"
0.2 17+2¢
Quinifuryl |2 5.3+0.7"
P388 | Nitracrine |2 3.5+0.1"
0.2 1242

Data concerning free drugs represent (M £ SD) of two to five completely
independent series of experiments with five to six repetitive. * Significant

differences were found between T 2>

values as follows: p <0.01 (b vs h, ¢ vs
;,evsh, fvsi),p<0.05(avsd, gvsj,bvse). No significant differences (NS)

were observed between ¢ and f.
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TABLE 3. Toxic effects (TE) of Quinifuryl and Nitracrine observed for 12 hr drug
incubation with appropriate cells (TE;;) and measured either immediately after drugs
withdrawn (Procedure 1) or after followed three 3 cell population doubling time

(Procedure 2) (for procedure details see Materials and Methods).

Compound Cell line
K562 P388 NIH3T3
TE > TE;,, | P TE» TEss |p TE» TE7 |p

Quinifuryl, | 047+ |0.58+ | NS [0.79+ |0.89= |< 043+ 1096 |<

2 uM 0.08 0.05 0.01 0.04 [0.05 |0.16 0.01 0.05
Nitracrine, | 0.63+ | 0.81+ |< 0.64+ | 0.88+ | < 038+ | 094 | <
0.2 uM 0.09 0.06 0.01 |0.11 0.03 0.05 |0.1 0.005 |0.05

Each LCs value represents (M £ SD) of one series of experiments with six repetitive.
The experiments with each drug followed both procedures were performed in

parallel.
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FIGURE LEGENDS

FIGURE 1. Structures of Quinifuryl and Nitracrine.

FIGURE 2. Dependence of K562 cell death on concentration of Nitracrine (A) and

Quinifuryl (m). Time of drug incubation with cells: 24 hr.

FIGURE 3. Kinetic of changes of Quinifuryl specific absorbance at 396 nm during drug
incubation with K562 cells in supernatant (dotted line), in cell content (dashed line), and
balance (solid line). A; = AYA’, where A” and A' — intensities of these peak before and
during drug incubation. Balance - Al + AiC/AO, where A, and Al are absorbance
discovered in supernatant and cell content, respectively. Data represent (M + SD) of three

measurements.

FIGURE 4. Difference absorption spectra of K562 cell content after incubation with
Quinifuryl (A) and Nitracrine (B) for various time lengths followed by cell wash and lyses.
Solid lines represent spectra of respective drugs before incubation with cells. All spectra
were recorded against content of intact cells that was incubated in parallel with no

additives. Each measurement made in three repetitive.
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ABSTRACT

The cytotoxicity of two nitroheterocyclic compounds (NHCD), Nitracrine, 1-nitro-9(3 3 -
dimethylaminopropylamino) acridine and Quinifuryl, 2-(5 -nitro-2"-furanyl) ethenyl-4-{N-
[4-(N,N-diethylamino)-1"-methylbutyl] carbamoyl/quinoline, towards two lines of
leukaemic cells and a line of non-transformed cells, was measured in comparison, on the
dark and under illumination with visible light (350-450 nm). Both drugs showed highly
elevated cytotoxicity when illuminated with LCsy values 7+35 times lower after 1 h
illumination compared to 1 h incubation of cells incubation with drug on the dark.
Cytotoxicity of Nitracrine toward all cell lines studied exceeded that of Quinifuryl, both on
the dark and under illumination, so that ~ 10 times lower concentration of former drug was
needed to reach the same toxicity as the latter. General toxic effect was calculated as a
direct cell kill and a cell proliferation arrest. The effect > 80% for both drugs was achieved
after 1 h cell illumination with as low drug concentrations as 0.2 uM for Quinifuryl and

0.02 uM for Nitracrine.
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INTRODUCTION
Photochemotherapy (PCT) is a mode of cancer treatment based on a supply a

target (cancer) tissue with a photoactive agent (photosensitizer) followed by
illumination of tumor with light to produce species that are highly toxic to a target [1-
3]. The extensive search of new agents for PCT is continued [3-7] and studies on the
mechanism of their phototoxicity are developing [8,9].

Quinifuryl is an antiseptic in surgery for the treatment of wounds and burns
[10]. Our previous analysis of cytotoxicity has demonstrated that Quinifuryl displayed
the high cytotoxicity (LCsp < 2uM) towards melanoma B16 [11], murine
lympholeukaemia P388 cells [11,12], and human erythroleukaemia K562 cells [12]. At
the same time, this compound was shown to be photolabile absorbing intensively
visible light (A" = 396 nm, £305 = 2.47 X 10* M'em™ [12] and producing reactive
species during photoexcitation [13-15]. This fact led us to an assumption that the
illumination of tumor cells with the visible light may result in the drug cytotoxicity
potentiation.

The aim of the present work was to extend number of cellular targets for
Quinifuryl in order to confirm intensified photocytotoxicity of this compound and to
compare the photocytotoxic potency of Quinifuryl with that of Nitracrine, a 1-
nitroacridine derivative, known as a potent hypoxia-selective agent in vitro [16,17] and
used clinically as antitumor drug [18]. Our previous analysis of cytotoxicity has

demonstrated that Nitracrine and Quinifuryl displayed the high cytotoxicity (LCsy <
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2uM) towards melanoma B16 [11], murine lympholeukaemia P388 cells [11,12], and
human erythroleukaemia K562 cells.

Quinifuryl possesses the optical absorption more intense that this of Nitracrine
(Nitracrine — €490= 4 x 10° M'lcm'l, Quinifuryl — g396 = 2.47 x 10* M'lcm'l, respectively,
[12]). No study of Nitracrine photocitotoxicity was ever made.

In this work cellular toxicity of drugs towards murine leukemia P388, fibroblast
NIH3T3, and human erythroleukaemia K562 cells was measured on the dark and under
illumination with visible light.

MATERIALS AND METHODS.

Drugs. Quinifuryl (M-106), 2-(5-nitro-2'-furanyl) ethenyl-4- {N- [4-(N, N-
diethylamino)-1"-methylbutyl] carbamoyl} quinoline, a representative of a family of 5-
nitrofuran-ethenyl-quinoline drugs, was synthesized and purified by Dr. N. M. Sukhova.
Nitracrine (Ledakrine, C-283), 1-nitro-9 (3", 3 -dimethylaminopropylamino) acridine was
purchased from Polfa. Structural authenticity of both drugs was verified by NMR analysis.
Structural formulas of both drugs are present in Fig. 1.

Cells. The human K562 leukemia cell line (proerythrocytes), which was originally
derived from the patient with erythroleukaemia [19], was kindly provided by Dr. S.
Niewiarowski (Temple University, PA, USA). P388D; cells, a mouse macrophage
monocyte line that grows in semi-suspension, and immortalized mouse fibroblast NIH3T3

cells were obtained from the American Type Culture Collection. P388 cells were cultured

monolayer, respectively, in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
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with heat-inactivated 10% fetal bovine serum (FBS), 1% I-glutamine, 50 units/ml
penicillin, 50 mg/ml streptomycin, 250 mg/ml Anfotericin-B at 37 .C in a water-jacketed
CO, incubator (Cellstar, USA). The day before an experiment, cells were seeded at 5 x 10

(0.0025mm?). A slow magnetic stirring was used to maintain the suspension in

homogeneous state. All preparations were made under subdued red light (A > 550 nm) at

room temperature (22°C).

The toxicity test was based on the MTT assay and performed in two ways measuring
either direct killer effect of a drug (Test 1) or general toxic effect that included a cell
proliferation arrest (Test 2) [12]. The tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2-5
diphenyl tetrazolium bromide (MTT) is reduced into leaving cells to yield a colored
product that may be interpreted as a measure of viability [20]. For MTT assays, cells were
seeded in DMEM containing 5% FBS into wells of 96-well ELISA-type plates and exposed
to a range of either drug concentrations from 0,02 to 2 uM for time intervals either from 1
to 24 h (experiments on the dark) or from 10 to 90 min (experiments under illumination).
At the end of the drug exposure period, plates were centrifuged to pellet cells and drug-
contained supernatants were displaced with either MTT dissolved in PBS (Test ) or with
fresh medium (Test 2). In the latter case, the cells were incubated for the 2-3 cell
population-doubling times (36—72 h) with daily media change, followed by MTT assay. In
both tests, plates with MTT were incubated in the dark for 4 h, after which the water-
insoluble MTT-formazan crystals were dissolved in DMSO, and absorbance was recorded

in an ELISA plate reader Dynex MRX (Dynex Technologies Inc.) at 570 nm. The initial
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seeding densities ranged from 2x10* to 6x10* cells/well. Cell viability was assessed by TB

dye exclusion at the beginning of each experiment and was always higher than 96%.

(5-57 KOPP color glass filter). The intensity of irradiation was 22mW/cm?, as measured by
a Spectra-Physics 407A radiometer.

Calculation of the results. Drug concentration dependence and time dependence of

cell death were calculated as a toxic effect (TE): TE = [DC)/[Cell]*™™, where [Cell]*"™' is
cell concentration, in control wells (cells incubated for the same time length with no
compound) and [DC] is the dead cell concentration. [DC] was calculated as [Cell]*"™! -
[Cell]™ were [Cell]™ is the live cell concentration in wells exposed to drug [12]. Cell
concentration was measured using a calibration curve made for all cell lines tested using
MTT-staining method. The LCs of the tested compounds was estimated as 100 x (7-7¢)/T,
=50, where Ty and T are optical densities of the test well at time zero (when the compound
is added) and after exposure to test compound [21]. The LCsy was measured after 1 h cell
incubation with either drug on the dark or under illumination.
Statistic analysis. The data are presented as the mean £ S.D. of two to five independent
series of experiments with five to six repetitions in each. Statistic analysis was performed
on the Student’s #-test. The Turkey’s test with 95% confidence was applied to compare the
means. Statistic analyses were done using the InStat software program for Windows
(GraphPads software, San Diego, USA).

RESULTS
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One example of a drug cytotoxicity measurements are present in Fig. 2 that shows a
development of toxic effect (TE) toward human K562 erythroleukaemia cells as a function
of cell incubation time with drug either under illumination with visible light (Panel A) or on
the dark (Panel B). The TE values were calculated as was described in the Materials and
Methods. Cells incubated without drug served as a control in each series of experiments.
Normally, no significant amounts of dead cells were observed in control wells up to 24 h
incubation on the dark and up to 1.5 h illumination.

Both drugs were much more cytotoxic under illumination than on the dark. Death of
50% of cells were achieved under illumination for 45 min and 48 min for 2 uM of
Quinifuryl and for 0.2 uM of Nitracrine, respectively (Fig. 2A), while on the dark it took
8.5 hr for Nitracrine and 18.4 hr for Quinifuryl (Fig. 2B). Nitracrine possesses higher
cytotoxicity than Quinifuryl on the dark and under illumination. So that 10-times lower
concentration of Nitracrine produced the same (illumination, Fig. 2A) or higher (on the
dark, 2B) toxic effects towards K562 cells than Quinifuryl.

The majority of the experimental data was obtained following Test 1 (Materials and
Methods), according to which MTT-dye incubation was performed immediately following
drug treatment. This approach limits the observed results only to the direct killer effect of
the drug. Table 1 shows that the LCs values observed after 1 hour illumination were lower,
compared to the dark experiments, by at least order of magnitude. All cells were more
sensitive to Nitracrine, compared to Quinifuryl, both on the dark and under illumination.

The cell kill (Test 1) and general toxicity (Test 2) experiments were performed in
parallel. Briefly, cells were incubated with drugs in a pare of ELISA-type plates for either
12 h on the dark or 1 h under illumination with filtered visible light (350-450 nm). In each
pare, one plate was subjected to the measurement of toxic effect immediately after a drug
withdrawal (Test 1). In the second plate, drugs were replaced with complete medium and

cells were allowed to proliferate for the 2-3 population-doubling time that were either 72 h

(K562 and NIH3T3) or 36 h (P388). Subsequently, the medium was replaced with MTT-

31



dye and the TE was measured as a ratio of dead cells to initial cell amount (see Materials
and Methods. The direct killer effect (Test 1) and general toxic effect (Test 2) of both drugs
towards three cell lines measured in parallel are present in Table 2.

Being applied at the same concentration, both drugs kill cells much rapidly when
illuminated with visible light. Table 3 shows the incubation times required to reach death of 50% of
cells at different drug concentrations either on the dark or under illumination with visible light.
DISCUSSION

The results of our previous works have shown that Quinifuryl and Nitracrine,
representatives of two different groups of nitroheterocyclics, are highly toxic ((LCsp < 2
uM) toward various lines of tumor cells on the dark: melanoma B16 [11], mouse
limpholeukaemia P388 [11,12], human K562 erythroleukaemia cell [12], with Nitracrine
always displayed higher cytotoxicity than Quinifuryl.

The results presented in this work show that the illumination with visible light
sharply decreased lethal concentrations of both agents (Table 1) and shortened time of the
lethal effect run up (Table 3).

Table 2 shows that the killer effects (Test 1) of both drugs, when illuminated with
visible light for 1 h, were similar to those observed after 12 h drug incubation with either
cells on the dark. The effect of Nitracrine was higher, compared to Quinifuryl, both on the
dark and under illumination. Significant toxicity toward P388 and NIH3T3 cells was
observed for low concentration (0.2 pM) of Quinifuryl under illumination, while negligible
(P388) or no (NIH3T3) toxicity was observed for 12 h of drug incubation with these cells
on the dark. These results also show that drugs not only caused death, but also attenuated
proliferation of the surviving cells. In contrast to direct killer effect, general toxicity (Test
2) of both drugs toward P388 and NIH3T3 cells after 1 h illumination and 12 h of the dark

incubation was similar.
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Mechanisms of dark-cytotoxicity of Quinifuryl and Nitracrine are, probably, due to
their metabolism. Both drugs were metabolized in normal tissues [22-24] and cancer cells
[11,22]. Nitracrine is believed to produce reactive intermediate(s) during metabolism that
causes DNA modification [17]. Both drugs accelerate the production of reactive oxygen
[23] and nitrogen [25-27] species during metabolism. Thus, their toxicity may also be due
to oxidative stress.

The fact that the photoactivation significantly accelerates cell killing should be
interpreted as either formation more toxic intermediates during photolysis, compared to the
dark metabolism, or acceleration of the same toxins formation under illumination, or both.
Evidence of reactive species formation during photolysis of Quinifuryl by visible light was
reported in our previous works [13-15]. The formation of the triplet excited state [14],
which is capable to produce singlet oxygen [1-3], the reaction of the triplet state with the
drug in the ground state and with electron donors [13-15], forming of superoxide anion
radical in the course of drug photolysis [13] could result in the Quinifuryl phototoxicity.

In contrast to Quinifuryl, there is no data available on the Nitracrine photolysis. This
fact creates no room for speculations on the mechanism of photocytotoxicity of this drug
that, undoubtedly, deserves special study.

The above data show that nitroheterocyclic compounds deserve study as possible
candidates for photochemistry therapy. Differently from cited work, we had shown here
that elevated cytotoxicity under illumination with visible light is not specific property of
Quinifuryl, but also resides to nitroheterocyclic compound of quite different structure.
Photosensitizing effect was observed with cancer cells as different as mouse

limpholeukaemia and human erythroleukemia.
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LEGENDS TO FIGURES

FIGURE 1. Structures of Quinifuryl and Nitracrine.

FIGURE 2. Photocytotoxicity (A) and cytotoxicity on the dark (B) of Quinifuryl (e) and
Nitracrine (m) towards human erythroleukemia K562 cells as measured by method dye
inclusion (MTT). Vertical dashed lines show time needed to rich kill of 50% of cells. Drug
concentrations were as follows: Quinifuryl — 2.0 uM; Nitracrine - 0.2 uM. Conditions: cell
concentration was ~ 1x10° in Na-phosphate buffer, pH7.4; mixtures were illuminated at
room temperature with filtered (350-450 nm) light of tungsten lamp (200W) at 22°C with
the irradiation intensity of 22 mW/cm?”. Toxic effect was measured as [DC]/[Cell]*"™" ,
where [Cell]""™ is cell concentration, in control wells (cells incubated for the same time
length with no compound) and [DC] is the dead cell concentration. Each point represents

M=SD of six measurements.
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Table 1. The LCsq for Quinifuryl and Nitracrine measured after 1 h of cells incubation with

drug either on the dark or under illumination with visible light.

Drug LCso, uM

Dark [llumination
P388 cells
Quinifuryl 79.7£18.1 11.843.8
Nitracrine 7.7+1.3 0.23£0.15

NIH3T3 cells

Quinifuryl 18.6+6.0 1.6£0.7
Nitracrine 16.242.8 0.6+0.6
K562 cells

Quinifuryl *15.4+2.4 1.48+0.33
Nitracrine *8.940.8 0.16x0.04

* - no significant cytotoxicity was observed after 1 h of K562 cells incubation with either

drug, thus cytotoxicity on the dark was measured after 12 h of cell incubation with drugs.
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Table 2. Direct kill effect (Test 1) and general toxicity (Test 2) of Quinifuryl and Nitracrine

toward P388 cells either on the dark or under illumination with visible light.

Drug [Drug], TOXIC EFFECT
uM Dark, 12 h Illumination, 1h
Test 1 Test 2 Test 1 Test 2
P388 cells
Quinifuryl 2.0 *0.48+£0.1 | 0.97£0.16 *0.7610.27 0.93+0.20
0.2 ]*0.014+0.002| n.m. *0.13£0.04 0.8440.24
Nitracrine 0.2 0.59+0.2 | 0.97+0.15 *0.64+0.17 0.99+0.26
0.02 | "0.14%0.05 n. m. '0.4940.13 0.97+0.26
NIH3T3 cells
Quinifuryl 2.0 *0.59+0.13 | 0.96+0.01 *0.43£0.16 0.93£0.04
0.2 '0.0£0.06 | 0.0£0.12 | "0.35%0.12 0.87+0.12
Nitracrine 2.0 0.56£0.1 0.96£0.15 n. m. 0.89+0.20
0.2 *0.38+0.1 | 0.94%0.01 *0.6510.14 0.89+0.12
0.02 *0.25+£0.03 | 0.8940.2 *0.41£0.11 n. m.
K562 cells
Quinifuryl 2.0 *0.3320.1 n. m. *0.68+0.15 n. m.
Nitracrine 0.2 0.6340.03 n. m. 0.68+0.17 n. m.

In each row, symbol (*) marks statistically significant difference (P < 0.01) between the

results of Test 1. No significant differences were observed between Tests 2 on the dark and

under illumination in each series of experiments.
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Table 3. Time for which death of 50% of cells achieved (ts0)

Drug [Drug], |ts0, min
uM Dark Ilumination

P388 cells

Quinifuryl  [20.0  [231%51 25+7
2.0 350+118 7619
0.2 154090 96+11

Nitracrine 0.2 390£179 7619
0.02 431443 97+13

NIH3T3 cells

Quinifuryl 2.0 408+67 34£18
0.2 > 500 5617

Nitracrine 0.2 191413 31£15
0.02 6224115 58428

K562 cells

Quinifuryl 2.0 n. m. 4545

Nitracrine 0.2 n. m. 48+7
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Abstract

The cytotoxicity of two nitroheterocyclic compounds (NHCD), Nitracrine, 1-nitro-3¢@imethylaminopropylamino) acridine (Polfa,
Poland) and Quinifuryl, 2-(5nitro-2-furanyl) ethenyl-4{N-[4-(N,N-diethylamino)-1-methylbutyl] carbamoyiquinoline (Dr. N. M.

Sukhova, Institute of Organic Synthesis, Riga, Latvian Republic), towards two lines of leukaemic cells and a line of non-transformed

cells, was determined under normoxia conditions. Although both drugs showed significant cytotoxicity to all cell lipgfo(LZ2 h,
<2 wM) with that of Nitracrine exceeding Quinifuryl, their toxicity towards murine leukaemia P388 was substantially higher, compared

to murine fibroblasts NIH3T3. In addition, the rate of cell death was also two- to three-fold higher in case of P388 cells versus NIH3T3.
Interestingly, human erythroleukaemia K562 cells were shown to uptake the drugs 10 min after their addition to the tissue culture medium,
while the LGsp values were reached after a substantial delay of 3 h. This delay might be due to the intracellular transformation of drugs

required for cell killing.
© 2003 Published by Elsevier Science Ltd.

Keywords: Cytotoxicity; Nitroheterocyclic drug; Lympholeukaemia P388; Erythroleukaemia K562; Fibroblasts NIH3T3

1. Introduction and 1-nitroacridine, towards melanoma B16 and murirse
lympholeukaemia P388 cellgl]. Nitracrine, which is a 37
Nitroheterocyclic compounds (NHCD), which are typi- 1-nitroacridine derivative, and Quinifuryl, a 5-nitrofuryl-ss
cally used as antibiotics, have been, over the years, alsovynyl-quinoline derivative, displayed the highest cytotoxicss
shown to possess prominent anticancer activity. The an-ity among studied compounds. 40
ticancer therapeutic potential of the NHCDs is based on In contrast to Nitracrine, which is a well established an:
their cytotoxic, radiosensitising, and chemosensitising prop- titumor agen{2—4], this activity of Quinifuryl has not been 42
erties towards tumour cells. The most widely used among thoroughly characterized. It was previously shown to digs
them are derivatives of 5-nitroimidazole, 5-nitrofuran, and play the highest toxicity towards two tumour cell lines i
1-nitroacridine. vitro, compared to a number of other 5-nitrofuran derivas
We have previously analyzed the cytotoxicity of a large tives, and low toxicity towards tumour (P388)-bearing mices
group of NHCD, which were derivative from 5-nitrofuran [1], whereas another report demonstrated its radiosensitising
activity [5]. Additionally, Quinifuryl has been reported toass
be highly photolabile, producing the ROS during illuminass
Abbreviations: NHCD, nitroheterocyclic drugs; L&, lethal concentra-  tion with visible light[6,7], and we have recently discoveredo
tion 50%; TE, toxic effect; DMEM, Dulbecco’s modified Eagle’s medium;  light-dependent elevation in its toxicity towards different tus:

FBS, fetal bovine serum _ mour cell lines (manuscript in preparation). This observaticmn
* Corresponding author. Present address: DSF/ICB/UFSCar, Rodovia

Washington Luis km 235, S&o Carlos, SP 13565-905, Brazil. makes, Qumlfur,yl,?' poss@le candidate f,or c;gncer ph.omth%
Tel.: +55-16-260-8327; fax:-55-16-260-8327. apy. Since our initial studigd] showed significantly higher s4
E-mail address: vigordgt@power.ufscar.br (I.A. Degterev). tolerance {30 times) of tumour (P388)-bearing animals tas

1043-6618/03/$ — see front matter © 2003 Published by Elsevier Science Ltd.
doi:10.1016/S1043-6618(03)00183-X
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Quinifuryl than to Nitracrine, a more detailed comparison 2. Materials and methods
of Quinifuryl’s cytotoxicity to Nitracrine in vitro was per-

formed to establish its in vitro potency in order to gain in- 2.1. Drugs

sight into the cause of low in vivo cytotoxicity.

It has been hypothesized that NHCD might posses specific  Quinifuryl (M-106), 2-(5'-nitro-2-furanyl) ethenyl-4-
toxicity toward hypoxic tumour cells, which is particularly ~ {N-[4-(N,N-diethylamino)-1"-methylbutyl] carbamoyl} qui-
relevant for Nitracrine, since its cytotoxic effect is attributed noline was synthesized and purified by Dr. N. M. Sukhova.
to DNA cross-linking[2—4]. However, based on other data, Nitracrine (Ledakrine, C-283), 1-nitro-9(3'3'-dimethyl-
the role of oxygen metabolism in NHCD action cannot be aminopropylamino) acridine was purchased from Polfa
discounted. NHCD are well known to activate oxygen in bi- Structural authenticity of both drugs was verified by NMR
ological tissues, transferring one electron from cytochrome analysis. Structural formulas of both drugs are present in
¢ (P450) reductase to oxygen molecl#. In particular, Fig. 1.

Quinifuryl and Nitracrine were both shown to highly acceler-

ate the ROS production in melanoma B16, limpholeukemia 2.2. Cells

P388 cells[1] and Erlich’s carcinoma cell9]. Thus, ox-

idative stress may be a possible mechanism for drug toxic- P388D1 cells, a mouse lymphocyte cell line, and immor-
ity towards tumour cells under normoxic conditions. In the talized mouse fibroblast NIH3T3 cells were obtained from
present study we examined cellular toxicity of both drugs the American Type Culture Collection (ATCC). The hu-
towards murine leukaemia P388, fibroblast NIH3T3, and hu- man K562 leukaemia cell line (proerythrocytes), which was
man erythroleukaemia K562 cells under these conditions, derived originaly from the patient with erythroleukaemia
because they may be more relevant for the drug’s mode of[10], was kindly provided by Dr. S. Niewiarowski (Temple
action in vivo. In addition, analyses of drugs metabolism in University, PA, USA). P388 cells were cultured in Fisher's
cells were also performed to determine their susceptibility to media supplemented with 10% heat inactivated horse serum
biotransformation and to determine the role of this process in 175cm? culture flasks at 37 °C with 5% CO,. K562 and
in NHCD toxicity. NIH3T3 cells were cultured as a suspension or a mono-

Since elevated toxicity to the transformed, as opposed layer, respectively, in Dulbecco’s modified Eagle’s medium
to the non-transformed, cells is a highly desirable feature (DMEM) supplemented with heat-inactivated 10% fetal
in anticancer drugs, special emphasis has been placed omovine serum (FBS), 1% L-glutamine, 50units/ml peni-
the comparisons of the drugs effects in highly tumorogenic, cillin, 50mg/ml streptomycin, 250mg/ml Anfotericin-B
leukaemic (P388), and non-tumorogenic (NIH3T3) murine a 37°C in a water-jacketed CO, incubator (Cellstar,

cells. USA).
(@) N
Y\/\N(CHZCHs)z
| X
N
N / \ NO,
(0]
Quinifuryl:

2-(5'—nitro-2'—furanyl) ethenyl-4-{N-[4—(N,N-diethylamino)-1'-methylbutyl] carbamoyl}quinoline.

Nitracrine:

1-nitro-9 3'3'- dimethylaminopropylamino)acridine.

Fig. 1. Structures of Quinifuryl and Nitracrine.
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The célular density was measured with hemocytome-
ter and viability was assessed by counting of trypan blue
dye-excluded cells.

2.3. Cytotoxicity assays

The activity of each compound on each cell line
was determined by the MTT assay. The tetrazolium salt
3-(4,5-dimethylthiazol-2-yl)-2-5 diphenyl tetrazolium bro-
mide (MTT) is taken up into cells and reduced in a
mitochondria-dependent reaction to yield a formazan prod-
uct. The ability of cells to reduce MTT provides an indi-
cation of mitochondrial integrity and activity that, in turn,
may be interpreted as a measure of viability [11].

For MTT assays, cells were seeded in DMEM containing
5% FBS into wells of 96-well ELISA-type plates and ex-
posed to a range of drug concentrations for time intervals
from 1 to 24h. The initial seeding densities ranged from
2 x 10% to 6 x 10% cells/well. Cell viability was assessed by
trypan blue dye exclusion at the beginning of each experi-
ment and was always higher than 96%. Drug concentrations
ranged from 0.08 to 20 nmol/ml, for Quinifuryl, and from
0.02 to 2nmol/ml, for Nitracrine.

At the end of the drug exposure period, plates were cen-
trifuged to pellet cells and a drug-contained supernatants
were displaced with either MTT dissolved in PBS (Proce-
dure 1) or with fresh medium (Procedure 2). In the lat-
ter case, the cells were incubated for the additional 2—-3
cell population-doubling times (36-72h) with daily media
change, followed by MTT assay (Procedure ).

Plates with MTT were incubated in the dark for 4h, af-
ter which the water-insoluble MTT-formazan crystals were
dissolved in DMSO, and absorbance was recorded in an
ELISA plate reader Dynex MRX (Dynex Technologies Inc.)
at 570 nm.

Drug concentration dependence and time-dependence of
cell death were calculated as a toxic effect (TE): TE =
[DC]/[Cell]nrol where [Cell]®M js cell concentration,
in control wells (cells incubated for the same time length
with no compound) and [DC] isthe dead cell concentration.
[DC] iscalculated as[Cell]control _[Cell]find \were[Cell]fird
is the live cell concentration in wells exposed to drug. The
above expression was developed based on the formulas for
the growth inhibition power described in [12]. Cell concen-
tration was measured using a calibration curve made for all
cell lines tested using MTT-staining method.

The cytotoxic effect (LCsp) of the tested compounds was
estimated as 100 x (T — Tp)/To = —50, where Top and T
are optical densities of the test well at time zero (when the
compound is added) and after exposure to test compound
[12].

2.4. Uptake of drugs into K562 cells

Drug uptake into K562 cells was measured using the fol-
lowing procedure. Each drug was added to 1 ml of cell sus-

pension (1 x 10° cells/ml) in 20mM HEPES buffer to afinal
drug concentration of 2nmol/ml. Mixtures were incubated
at 37°C for time intervals ranging from Omin to 3h with
continuous shaking on an orbital shaker (Forma Scientific,
USA). Following incubation, cells were pelleted and repeat-
edly washed until no spectra of a drug could be detected in
supernatant. Cell pellets were subsequently lysed in 0.5%
Triton X-100 solution in Milli-Q water. Absorption spectra
of the lysates prepared from the cells incubated with a drug
were measured against that of control untreated cells, incu-
bated under identical conditions, and compared with spec-
tra of intact drug recorded against the lysates prepared from
control cells.

2.5. Satistic analysis

The data are presented as the mean + S.D. of two to five
independent series of experiments with five to six repetitions
in each. Statistic analysis was performed on the Student’s
t-test. The Tukey test with 95% confidence was applied to
compare the means. Statistic analyses were done using the
InStat software program for Windows (GraphPads software,
San Diego, USA).

3. Results

Dose-dependence of the TEs of both drugs was deter-
mined first and is shown in Fig. 2. The TE values were cal-
culated as the ratio of numbers of the cells dying during in-
cubation with the drug to the initial cell concentrations (for
details see Section 2). Cells incubated without drug served
as a control in each series of experiments. Normally, no
significant amounts of dead cells were observed in control
wells up to 24 h incubation.

The majority of the experimental data was obtained
following Procedure 1 (Section 2), according to which
MTT-dye incubation was performed immediately following
drug treatment. This approach limits the observed results
only to the direct cytotoxic effect of the drug. Table 1 shows
the LCsg values calculated based on the results of two to
five independent series of experiments with six repetitive
measurements in each series.

The results of the experiments (Table 1) clearly show
that both drugs are somewhat toxic toward all cell lines
(LCsp < 2 M) and require lessthan 24 h to reach L Csg val-
ues (Table 2). On the other hand, Nitracrine displays signif-
icantly higher cytotoxicity than Quinifuryl (Tables 1 and 2).
In addition, murine limpholeukaemia P388 cells were more
sensitive to both drugs, as compared to non-transformed
murine NIH3T3 cells (Table 2). Respective data, presented
in Table 3, show that toxic effects observed after 12 h incuba-
tion of P388 cells with these drugs were significantly higher
(0.79 and 0.64 for Quinifuryl and Nitracrine, respectively)
thanthosein NIH3T3 cells (0.43 and 0.38 for Quinifuryl and
Nitracrine, respectively). Furthermore, the incubation times
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Fig. 2. Dependence of K562 cell death on concentration of Nitracrine (A) and Quinifuryl (H). Time of drug incubation with cells is 24h.

required to reach LCsg values with 2 wM concentrations of
both drugs were 2—3 times more for both NIH3T3 cells (16
and 8.5h for Quinifuryl and Nitracrine, respectively), and
K562 cells (21 and 8.4 h for Quinifuryl and Nitracrine, re-
spectively) as opposed to P388 cells (5.3 and 3.5 h for Quini-
furyl and Nitracrine, respectively) as shown in Table 2.

In order to estimate cytostatic effects of the drugs, results,
obtained in parallel experiments utilizing Procedures 1 and 2
(see Section 2), were compared. Briefly, cellswereincubated
with drugs for 12h in two ELISA-type plates. In one plate
the TE was measured immediately after that, whereas, in the
second plate, drugs were replaced with complete medium
and cells were alowed to proliferate for the additional 72h
(K562 and NIH3T3) or 36h (P388; three cell population
doublings of each cell type). Subsequently, the medium was

Table 1
Values of LCsp for Quinifuryl and Nitracrine measured at different time
lengths

Cell line Compound Time (h) LCso (M)
K562 Quinifuryl 24 2+09
12 12 + 22
Nitracrine 24 0.12 £ 0.07
6 2.2 + 0.06
P388 Quinifuryl 24 11+ 02
Nitracrine 24 0.16 + 0.06
6 0.5+ 0.13
NIH3T3 Quinifuryl 24 12 + 017
12 11+ 21
Nitracrine 24 0.13 + 0.04
12 14+ 0.2

Each LCsp value represents (M + S.D.) of two to five completely inde-
pendent series of experiments with five to six repetitive.

replaced with MTT-dye and toxicity was measured. The
results, obtained using this method (Table 3), show that drugs
not only caused death, but also attenuated proliferation of
the surviving cells.

Since Quinifuryl, despite its cytotoxicity in vitro, showed
very little effect in vivo [1], one possible explanation is
its rapid intracellular metabolism. In order to address this
possibility, first, the uptake of Quinifuryl and Nitracrine
into K562 cells was measured. The cellular uptake of drugs
could be visually detected, since the pellets of K562 cells
turned bright yellow after 10min of incubation with Quini-
furyl (drug is yellow colored), while pellets of control cells
remained uncolored. Incubation with Nitracrine resulted in
time-dependent cell pellet colour change from yellow to

Table 2
Time lengths for which the LCsp achieved (O 1) for free compounds
Cell Compound Concentration (M) OLCe0 (h)
K562 Quinifuryl 20 65+ 06a
2 21 +£27b
Nitracrine 2 84+ 06¢C
NIH3T3 Quinifuryl 20 37+ 02d
2 16 £ 02e
Nitracrine 2 85+ 04f
0.2 17+ 2g
P388 Quinifuryl 2 53+ 0.7h
Nitracrine 2 35+ 01i
0.2 12+ 2]

Data concerning free drugs represent (M +£S.D.) of two to five completely
independent series of experiments with five to six repetitive. * Significant
differences were found between OLCs0 values as follows: P < 0.01 (b
vs.h,cvs. i,evs h fvs i), P<0.05(avs d gvs j, bvs €. No
significant differences (NS) were observed between ¢ and f.
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Table 3

Toxic effects (TE) of Quinifuryl and Nitracrine observed for 12h drug incubation with appropriate cells (TE12) and measured either immediately after
drugs withdrawn (Procedure 1) or after followed three 3 cell population-doubling time (Procedure 2; for procedure details see Section 2)

Compound Cél line

K562 P388 NIH3T3

TE12 TE7 P TE12 TEzs P TE12 TE7 P
Quinifuryl, 2 M 047 £ 008 058+ 005 NS 079 £ 0.01 0.89 &+ 0.04 <0.05 043 +016 096+ 0.01 <0.05
Nitracrine, 0.2 uM 0.63 + 0.09 0.81 + 0.06 <0.01 0.64 + 0.11 0.88 + 0.03 <0.05 0.38 + 0.1 0.94 + 0.005 <0.05

Each LCsp value represents (M + S.D.) of one series of experiments with six repetitive. The experiments with each drug followed both procedures were

performed in paralel.

greyish-brown. Following incubations with the drugs, cells
were pelleted, washed twice, and lysed. Difference spectra
were recorded against the intracellular content of control
cells that were incubated for 6 h under the same conditions
(for more details see Section 2). Spectraof intact drugs were
also recorded versus the control cell lysate to estimate the
degree of drug biotransformation.

Kinetics of the changes in a relative Quinifuryl concen-
tration in the supernatant versus the cell pellet are shown in
Fig. 3. The balance was cal culated as a sum of the drug con-
centration in the incubation mixture and the cell lysate. Our
attempts to measure the Nitracrine balance failed because of
the much lower extinction coefficient of this compound as
compared to Quinifuryl (3.9 and 26.2 mM/cm, respectively,
as determined in this study).

Fig. 4 shows dynamics of spectral changes in K562 cell
lysates after cell incubation with either Quinifuryl (panel A)
or Nitracrine (panel B) for different lengths of time. Specific
absorption of Quinifuryl (396 nm) was increased for the ini-
tial 30 min following drug addition and then decreased with

0,4

[Q/[QI™

0,3
0,2 ¢

0,14

0,0

time. Thisloss of Quinifuryl correlated with the appearance
of athrough near 248nm and of a peak at 276 nm, which
corresponds to a through at the same wavelength observed
in a spectrum of an intact drug.

Following first 10 min of Nitracrineincubation, difference
spectra of cellular content showed appearance of a peak at
409 nm and a corresponding through at 430 nm with fluctu-
ated value of AA%%30 which shifted by 6 nm in compar-
ison to the intact drug. After 1h incubation, however, two
new peaks appeared in the spectra at 573 and 627 nm with
absolute variable and relative absorption. Overall, spectral
changes shown in Fig. 4 most likely reflect substantial bio-
transformation of both drugs in K562 cells.

4. Discussion
Nitracrine, which is an antitumour drug used clinically

for the last several years [13], is a potent hypoxia-selective
cytotoxic agent in vitro (for reviews see [3,4,14]). For in-
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Fig. 3. Kinetic of changes of Quinifuryl specific absorbance at 396 nm during drug incubation with K562 cells in supernatant (dotted line), in cell content

(dashed line), and balance (solid line). A; =

ATIA?, where A° and Al are intensities of these peak before and during drug incubation. Balance = AL+ A%/ A°,

where AiS and AiC are absorbance discovered in supernatant and cell content, respectively. Data represent (M + S.D.) of three measurements.
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Fig. 4. Difference absorption spectra of K562 cell content after incubation
with Quinifuryl (A) and Nitracrine (B) for various time lengths followed
by cell wash and lyses. Solid lines represent spectra of respective drugs
before incubation with cells. All spectra were recorded against content
of intact cells that was incubated in parallel with no additives. Each
measurement made in three repetitive.

stance, its toxicity against the Chinese hamster ovary cell
line AA8 under hypoxic conditions was found to be ~10°
times higher than that of misonidazole [15]. On the other
hand, Quinifuryl, is an antiseptic used in surgery for the
treatment of wounds and burns [16] and its antitumour ac-
tivity is not well established.

The results of our study demonstrate that under normoxic
conditions both drugs are highly toxic towards three cell
lines tested and the LCsgp values obtained after 24 h incu-
bation are <2uM (Table 1, Fig. 2). Both drugs induced
death rapidly with the exposure time needed for Quinifuryl
to achieve LCsp, being between 5 and 21 h and from 3.5 to
8.5h for Nitracrine (Table 2). In addition to the cytotoxic
effects, both drugs attenuated proliferation by the surviving
cells (Table 3).

Even though both drugs appeared somewhat toxic to
non-tumour cells (NIH3T3), murine lympholeukaemia
P388 cells were much more sensitive to both com-
pounds. Also, P388 cells were killed significantly faster
by both drugs (~2.5-3 times) compared to NIH3T3 cells
(Table 2).

Despite our findings that Nitracrine was more toxic
than Quinifuryl towards al studied cells (Tables 1 and
2), the latter still shows significant promose since its
lower antitumour activity may be offset by the decreased

non-specific toxicity towards host, tumour (P388)-bearing
mice, which was nearly 30 times lower compared to
Nitracrine [1].

Interestingly, despite the fact that both drugs entered the
cells following 10 min incubation (Fig. 4), the LCsp were
achieved by both drugs only after >3 h incubation (Table 2)
and no significant cell death was observed after 1 h incuba-
tion (datanot shown). This* delay induction” may be needed
for the build-up of either intracellular concentration of the
drug itself or its toxic intermediates resulting from intracel-
[ular metabolism (Fig. 3). Since our data, presented in Fig. 4,
suggest rapid drug metabolism, the latter assumption might
be more likely.

Metabolic decomposition of the chromophore of Quini-
furyl in normal tissues (Amax = 396nm, ¢ = 26 M/cm,
as measured in this work), i.e. “drug bleaching,” is a per-
fect instrument for kinetic and mechanistic studies of drug
metabolism (for instance, see [17]). As shown in Fig. 3,
the intracellular content of Quinifuryl increased for the first
90 min following drug incubation, reflecting compound ac-
cumulation, and then started to decrease. Concomitantly
with the drug loss, a peak near 280 nm appeared in a place
of athrough in the spectrum of intact compound (Fig. 4A).
These changes are probably due to the intracellular drug
transformation.

In the early work we had found that, in contrast to Quini-
furyl, Nitracrine was not bleached during metabolism, but
showed a longwave shift of its spectrum maximum in the
visible region [17]. Time dependent spectral monitoring of
theintracellular content of the Nitracrine-treated K562 cells
indeed showed 6 nm shift in compound spectral maximum
compared with the intact Nitracrine (Fig. 4B). These spec-
tra also possessed a through at ~420 nm with the A%0%/A%20
ratio changing with time of drug incubation. Two additional
new peaks also appeared in the red region following 1 h of
drug incubation. Overall, these changes clearly indicate in-
tracellular drug transformation.

5. Conclusion

The results, reported and discussed above, show that two
representatives of different families of nitroheterocyclic
drugs, Quinifuryl and Nitracrine, possess high cytotoxicity
towards leukaemic cells in vitro, which may be a result of
an intracellular metabolism of the drugs.

It should also be noted that Quinifuryl, deserves special
attention as a possible candidate for cancer therapy, con-
sidering its high cytotoxicity in vitro and relatively low
non-specific toxicity to host animals.
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Abstract

The cytotoxicity of two nitroheterocyclic compounds (NHCD), Nitracrine, 1-nitro-9(3-3-dimethylaminopropylamino) acridine
and Quinifuryl, 2-(5'-nitro-2'-furanyl) ethenyl-4-{ N-[4-(N, N-diethylamino)-1’-methylbutyl] carbamoyl} quinoline, towards two lines
of leukaemic cells and a line of non-transformed cells, was measured in comparison, on the dark and under illumination with visible
light (350-450 nm). Both drugs showed highly elevated cytotoxicity when illuminated with LCsy values 7-35 times lower after 1 h
illumination compared to 1 h incubation of cells incubation with drug on the dark. Cytotoxicity of Nitracrine toward all cell lines
studied exceeded that of Quinifuryl, both on the dark and under illumination, so that ~10 times lower concentration of former drug
was needed to reach the same toxicity as the latter. General toxic effect was calculated as a direct cell kill and a cell proliferation
arrest. The effect >80% for both drugs was achieved after 1 h cell illumination with as low drug concentrations as 0.2 uM for
Quinifuryl and 0.02 uM for Nitracrine.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Photochemotherapy; Photocytotoxicity; Nitroheterocyclic compounds; Quinifuryl; Nitracrine; Lympholeukaemia P388; Human
erythroleukaemia K562; Fibroblast NIH3T3

1. Introduction Quinifuryl is an antiseptic in surgery for the treat-
ment of wounds and burns [10]. Our previous analysis of

Photochemotherapy (PCT) is a mode of cancer cytotoxicity has demonstrated that Quinifuryl displayed

treatment based on a supply a target (cancer) tissue with
a photoactive agent (photosensitizer) followed by illu-
mination of tumor with light to produce species that are
highly toxic to a target [1-3]. The extensive search of
new agents for PCT is continued [3-7] and studies on the
mechanism of their phototoxicity are developing [8,9].

* Corresponding author. Tel.: +55-016-602-3862; fax: +55-016-633-
9949.
E-mail address: igor@dfm.ffclrp.usp.br (I.A. Degterev).

1011-1344/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jphotobiol.2004.04.005

the high cytotoxicity (LCsy < 2 uM) towards melanoma
B16 [11], murine lympholeukaemia P388 cells [11,12],
and human erythroleukaemia K562 cells [12]. At the
same time, this compound was shown to be photolabile
absorbing intensively visible light (4™ =396 nm,
£396 = 2.47 x 10* M~ ecm~! [12] and producing reactive
species during photoexcitation [13-15]. This fact led us
to an assumption that the illumination of tumor cells
with the visible light may result in the drug cytotoxicity
potentiation.
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The aim of the present work was to extend number of
cellular targets for Quinifuryl in order to confirm in-
tensified photocytotoxicity of this compound and to
compare the photocytotoxic potency of Quinifuryl with
that of Nitracrine, a 1-nitroacridine derivative, known
as a potent hypoxia-selective agent in vitro [16,17] and
used clinically as antitumor drug [18]. Our previous
analysis of cytotoxicity has demonstrated that, as well as
Quinifuryl, Nitracrine also displayed the high cytotox-
icity (LCsp < 2 uM) towards melanoma B16 [11], mur-
ine lympholeukaemia P388 cells [11,12], and human
erythroleukaemia K562 cells and always displayed
higher cytotoxicity than Quinifuryl.

Quinifuryl possesses the optical absorption more in-
tense than this of Nitracrine (Nitracrine — e490 = 4 x 103
M~tem™!, Quinifuryl — e306 = 2.47 x 10* M~lcm™!,
respectively, [12]). No study of Nitracrine photocyto-
toxicity was ever made.

In this work cellular toxicity of drugs towards murine
leukemia P388, fibroblast NIH3T3, and human ery-
throleukaemia K562 cells was measured on the dark and
under illumination with visible light.

2. Materials and methods
2.1. Drugs

Quinifuryl (M-106), 2-(5'-nitro-2'-furanyl) ethenyl-4-
{N-[4-(N, N-diethylamino)-1’-methylbutyl] carbamoyl}
quinoline, a representative of a family of 5-nitrofuran-
ethenyl-quinoline drugs, was synthesized and purified by
Dr. N.M. Sukhova. Nitracrine (Ledakrine, C-283), 1-
nitro-9 (3’,3'-dimethylaminopropylamino) acridine was
purchased from Polfa. Structural authenticity of both
drugs was verified by NMR analysis. Structural for-
mulas of both drugs are present in Fig. 1.

2.2. Cells

The human K562 leukemia cell line (proerythro-
cytes), which was originally derived from the patient
with erythroleukaemia [19], was kindly provided by Dr.
S. Niewiarowski (Temple University, PA, USA).
P388D; cells, a mouse macrophage monocyte line that
grows in semi-suspension, and immortalized mouse fi-
broblast NIH3T3 cells were obtained from the Ameri-
can Type Culture Collection. P388 cells were cultured
in Fisher’s media supplemented with 10% heat inacti-
vated horse serum in 175 cm? culture flasks at 37 °C
with 5% CO,. K562 and NIH3T3 cells were cultured as
a suspension or a monolayer, respectively, in Dul-
becco’s modified Eagle’s medium (DMEM) supple-
mented with heat-inactivated 10% fetal bovine serum
(FBS), 1% L-glutamine, 50 units/ml penicillin, 50 mg/ml
streptomycin, 250 mg/ml Anfotericin-B at 37 °C in a

QUINIFURYL

NITRACRINE CH 5

Fig. 1. Structures of Quinifuryl and Nitracrine.

water-jacketed CO; incubator (Cellstar, USA). The day
before an experiment, cells were seeded at 5 x 10° cells/
ml. The number of cells in suspension was calculated
using a Neubauer chamber (0.0025 mm?). A slow
magnetic stirring was used to maintain the suspension
in homogeneous state. All preparations were made
under subdued red light (4 > 550 nm) at room tem-
perature (22 °C).

The toxicity test was based on the MTT assay and
performed in two ways measuring either direct killer
effect of a drug (Test 1) or general toxic effect that in-
cluded a cell proliferation arrest (Test 2) [12]. The tet-
razolium salt 3-(4,5-dimethylthiazol-2-yl)-2-5 diphenyl
tetrazolium bromide (MTT) is reduced into leaving cells
to yield a colored product that may be interpreted as a
measure of viability [20]. For MTT assays, cells were
seeded in DMEM containing 5% FBS into wells of 96-
well ELISA-type plates and exposed to a range of either
drug concentrations from 0.02 to 2 uM for time intervals
either from 1 to 24 h (experiments on the dark) or from
10 to 90 min (experiments under illumination). At the
end of the drug exposure period, plates were centrifuged
to pellet cells and drug-contained supernatants were
displaced with either MTT dissolved in PBS (Test 1) or
with fresh medium (Test 2). In the latter case, the cells
were incubated for the 2-3 cell population-doubling
times (36-72 h) with daily media change, followed by
MTT assay. In both tests, plates with MTT were incu-
bated in the dark for 4 h, after which the water-insoluble
MTT-formazan crystals were dissolved in DMSO, and
absorbance was recorded in an ELISA plate reader
Dynex MRX (Dynex Technologies Inc.) at 570 nm. The
initial seeding densities ranged from 2 x 10* to 6 x 10*
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cells/well. Cell viability was assessed by TB dye exclu-
sion at the beginning of each experiment and was always
higher than 96%.

2.3. Irradiation

Samples, containing cells and drug, and controls,
containing cells in the absence of drug, were irradiated
directly in ELISA-type plates, in the spectral range from
350 to 450 nm using standard light source with tungsten
lamp (150 W) and the glass filter (5-57 KOPP color glass
filter). The intensity of irradiation was 22 mW/cm?, as
measured by a Spectra-Physics 407A radiometer.

2.4. Calculation of the results

Drug concentration dependence and time depen-
dence of cell death were calculated as a toxic effect
(TE): TE = [DCJ/[Cell]®°"! where [Cell]*°nt! is cell
concentration, in control wells (cells incubated for the
same time length with no compound) and [DC] is the
dead cell concentration. [DC] was calculated as
[Celljcontrol—[Cell]ral were [Cell]™ is the live cell
concentration in wells exposed to drug [12]. Cell con-
centration was measured using a calibration curve
made for all cell lines tested using MTT-staining
method. The LCsy of the tested compounds was esti-
mated as 100 x (T — Ty) Tp = 50, where Ty and T are
optical densities of the test well at time zero (when the
compound is added) and after exposure to test com-
pound, respectively [21]. The LCsy was measured after
1 h cell incubation with either drug on the dark or
under illumination.

2.5. Statistic analysis

The data are presented as the mean &+ SD of two to
five independent series of experiments with five to six
repetitions in each. Statistic analysis was performed on
the Student’s ¢-test. The Turkey’s test with 95% confi-
dence was applied to compare the means. Statistic
analyses were done using the InStat software program
for Windows (GraphPads software, San Diego, USA).

3. Results

One example of a drug cytotoxicity measurements are
present in Fig. 2 that shows a development of toxic effect
(TE) toward human K562 erythroleukaemia cells as a
function of cell incubation time with drug either under
illumination with visible light (Panel A) or on the dark
(Panel B). The TE values were calculated as was de-
scribed in Section 2. Cells incubated without drug served
as a control in each series of experiments. Normally, no
significant amounts of dead cells were observed in
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Fig. 2. Photocytotoxicity (a) and cytotoxicity on the dark (b) of Qui-
nifuryl (@) and Nitracrine (l) towards human erythroleukemia K562
cells as measured by method dye inclusion (MTT). Vertical dashed
lines show time needed to reach kill of 50% of cells. Drug concentra-
tions were as follows: Quinifuryl — 2.0 uM; Nitracrine — 0.2 uM.
Conditions: cell concentration was ~1 x 10° in Na-phosphate buffer,
pH 7.4; mixtures were illuminated at room temperature with filtered
(350-450 nm) light of tungsten lamp (200 W) at 22 °C with the irra-
diation intensity of 22 mW/cm?. Toxic effect was measured as [DC]/
[Celljontol - where [Cell]®"°! is cell concentration, in control wells
(cells incubated for the same time length with no compound) and [DC]
is the dead cell concentration. Each point represents M £+ SD of six
measurements.

control wells up to 24 h incubation on the dark and up
to 1.5 h illumination.

Both drugs were much more cytotoxic under illumi-
nation than on the dark. Death of 50% of cells were
achieved under illumination for 45 and 48 min for 2 uM
of Quinifuryl and for 0.2 uM of Nitracrine, respectively
(Fig. 2(a)), while on the dark it took 8.5 h for Nitracrine
and 18.4 h for Quinifuryl (Fig. 2(b)). Nitracrine pos-
sesses higher cytotoxicity than Quinifuryl on the dark
and under illumination. So that 10-times lower con-
centration of Nitracrine produced the same (illumina-
tion, Fig. 2(a)) or higher (on the dark, Fig. 2(b)) toxic
effects towards K562 cells than Quinifuryl.
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Table 1

The LCsy for Quinifuryl and Nitracrine measured after 1 h of cells
incubation with drug either on the dark or under illumination with
visible light

Drug LCsy (uM)

Dark Illumination
P388 cells
Quinifuryl 79.7+18.1 11.8+3.8
Nitracrine 7.7+1.3 0.23+£0.15
NIH3T3 cells
Quinifuryl 18.6 £ 6.0 1.6 0.7
Nitracrine 16.2+£2.8 0.6+0.6
K562 cells
Quinifuryl 2154+24 1.48+0.33
Nitracrine 28.9+0.8 0.16 £0.04

#No significant cytotoxicity was observed after 1 h of K562 cells
incubation with either drug, thus cytotoxicity on the dark was mea-
sured after 12 h of cell incubation with drugs.

The majority of the experimental data was obtained
following Test 1 (Section 2), according to which MTT-
dye incubation was performed immediately following
drug treatment. This approach limits the observed re-
sults only to the direct killer effect of the drug. Table 1
shows that the LCs, values observed after 1 h illumi-
nation were lower, compared to the dark experiments,
by at least order of magnitude. All cells were more
sensitive to Nitracrine, compared to Quinifuryl, both on
the dark and under illumination.

The cell kill (Test 1) and general toxicity (Test 2) ex-
periments were performed in parallel. Briefly, cells were
incubated with drugs in a pare of ELISA-type plates for

Table 2

Table 3
Time for which death of 50% of cells achieved (ts9)
Drug [Drug] (uM) 75 (min)
Dark Illumination
P388 cells
Quinifuryl 20.0 231451 25+7
2.0 350+ 118 76 +9
0.2 1540 4+ 90 9%+ 11
Nitracrine 0.2 390+179 76 +9
0.02 431443 97+13
NIH3T3 cells
Quinifuryl 2.0 408 + 67 34+18
0.2 >500 56417
Nitracrine 0.2 191+13 31+15
0.02 622+ 115 58 +28
K562 cells
Quinifuryl 2.0 n.m. 45+5
Nitracrine 0.2 n.m. 48 +7

either 12 h on the dark or 1 h under illumination with
filtered visible light (350-450 nm). In each pair, one plate
was subjected to the measurement of toxic effect imme-
diately after a drug withdrawal (Test 1). In the second
plate, drugs were replaced with complete medium and
cells were allowed to proliferate for the 2-3 population-
doubling time that were either 72 h (K562 and NIH3T3)
or 36 h (P388). Subsequently, the medium was replaced
with MTT-dye and the TE was measured as a ratio of
dead cells to initial cell amount (see Section 2). The direct
killer effect (Test 1) and general toxic effect (Test 2) of
both drugs towards three cell lines measured in parallel
are present in Table 2.

Direct killer effect (Test 1) and general toxicity (Test 2) of Quinifuryl and Nitracrine toward P388 cells either on the dark or under illumination with

visible light

Drug [Drug] (uM) Toxic effect
Dark (12 h) Illumination (1 h)
Test 1 Test 2 Test 1 Test 2
P388 cells
Quinifuryl 2.0 *0.480.1 0.974+0.16 *0.76 £0.27 0.93+0.20
0.2 *0.014 £0.002 n.m. *0.13+£0.04 0.84+0.24
Nitracrine 0.2 0.5940.2 0.974+0.15 *0.64 +0.17 0.99 +0.26
0.02 *0.14 £0.05 n.m. *0.49 £0.13 0.97+0.26
NIH3T3 cells
Quinifuryl 2.0 *0.59+£0.13 0.96+0.01 *0.43+0.16 0.93+0.04
0.2 *0.0+£0.06 0.0+0.12 *0.35+0.12 0.87+0.12
Nitracrine 2.0 0.56 +0.1 0.96+0.15 n.m. 0.89+0.20
0.2 *0.38 £0.1 0.9440.01 *0.65+0.14 0.89+0.12
0.02 *0.25+0.03 0.89+0.2 *0.414+0.11 n.m.
K562 cells
Quinifuryl 2.0 *0.33+0.1 n.m. *0.68 +£0.15 n.m.
Nitracrine 0.2 0.63+£0.03 n.m. 0.68 +0.17 n.m.

In each row, symbol (*) marks statistically significant difference (P < 0.01) between the results of Test 1. No significant differences were observed

between Tests 2 on the dark and under illumination in each series of experiments.
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Being applied at the same concentration, both drugs
kill cells much rapidly when illuminated with visible
light. Table 3 shows the incubation times required to
reach death of 50% of cells at different drug concentra-
tions either on the dark or under illumination with vis-
ible light.

4. Discussion

The results presented in this work show that the illu-
mination with visible light sharply decreased lethal con-
centrations of both Quinifuryl and Nitracrine (Table 1)
and shortened time of the lethal effect run up (Table 3).

Table 2 shows that the killer effects (Test 1) of both
drugs, when illuminated with visible light for 1 h, were
similar to those observed after 12 h drug incubation with
either cells on the dark. These results show that drugs
not only caused death, but also attenuated proliferation
of the surviving cells. In contrast to direct killer effect,
general toxicity (Test 2) of both drugs toward P388 and
NIH3T3 cells after 1 h illumination and 12 h of the dark
incubation was similar. The effect of Nitracrine was
higher, compared to Quinifuryl, both on the dark and
under illumination. Significant toxicity toward P388 and
NIH3T3 cells was observed for low concentration (0.2
uM) of Quinifuryl under illumination, while negligible
(P388) or no (NIH3T3) toxicity was observed for Qui-
nifuryl in the same concentration for 12 h of drug in-
cubation with these cells on the dark.

Mechanisms of dark-cytotoxicity of Quinifuryl and
Nitracrine are, probably, due to their metabolism. Both
drugs were metabolized in normal tissues [22-24] and
cancer cells [11,12]. Nitracrine is believed to produce
reactive intermediate(s) during metabolism that causes
DNA modification [17]. Both drugs accelerate the pro-
duction of reactive oxygen [23] and nitrogen [25-27]
species during metabolism. Thus, their toxicity may also
be due to oxidative stress.

The fact that the photoactivation significantly ac-
celerates cell killing should be interpreted as either
formation more toxic intermediates during photolysis,
compared to the dark metabolism, or acceleration of
the same toxins formation under illumination, or both.
Evidence of reactive species formation during photol-
ysis of Quinifuryl by visible light was reported in our
previous works [13-15]. The formation of the triplet
excited state [14], which is capable to produce singlet
oxygen [1-3], the reaction of the triplet state with the
drug in the ground state and with electron donors
[13-15], forming of superoxide anion radical in the
course of drug photolysis [13] could result in the Qui-
nifuryl phototoxicity.

In contrast to Quinifuryl, there is no data available
on the Nitracrine photolysis. This fact creates no room

for speculations on the mechanism of photocytotoxicity
of this drug that, undoubtedly, deserves special study.

The above data show that nitroheterocyclic com-
pounds deserve study as possible candidates for photo-
chemistry therapy. Differently from cited work, we had
shown here that elevated cytotoxicity under illumination
with visible light is not specific property of Quinifuryl,
but also resides to nitroheterocyclic compound of quite
different structure. Photosensitizing effect was observed
with cancer cells as different as mouse limpholeukaemia
and human erythroleukemia.
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Abstract

We performed a comparative analysis of cytochrome P450, cytochbgmdFO associated enzymes and cytosolic
antioxidant enzymes in hepatic microsomes and cytosolic fractions prepared from five animal species representing three
vertebrate classes living in tropical conditiofBrazil). The data obtained show that rats have higher hepato-somatic
index, specific cytochromés concentration, and NADPH-dependent cytochromeP450 activity compared to
ectothermic species, SOD activity similar to those in amphibians, and specific concentration of cytochrome P450 and
catalase activity lower than in a toad, but higher than in fishes and a frog. Our data indicate that tropical fishes may
have reduced xenobiotic-metabolizing ability compared to the rat and amphibians. In contrast to fish and rat, amphibians
have a low ratio( <0.5) of cytochromebs concentration to that of P450. Most species showed cytochigreensitivity
to oxygen. Thus, the use of sodium dithionate as a reducer, rather than NADPH, may be preferentdaténminations.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Amphibians; Fish; Rat; Antioxidant enzymes; Cytochromes; Mixed-function oxidase; Hepato-somatic index; Microsomal
protein index

1. Introduction tion of xenobiotics and maintenance of
homeostasis in animals of different phyla is well
established. In particular, the MFO system plays a
crucial role in an animal’s pharmacology, metab-
Abbreviations: MFO, mixed-function oxidase; HSI, hepa- olizing foreign compounds, such as therapeutic
to-somatic index; MPI. microsomal protein index; EROD, 7- agents, and in its toxicology, metabolizing natural

ethoxyresorufin  deethylase; NCCR, NADPH-dependent . . .
cytochromee (P450 reductase; SOD, superoxide dismutase; and pollutant xenobiotics. Understanding the diver-

The importance of the cytochrome P450 mixed-
function oxygenas€d MFO) system in detoxifica-

CAT, catalase; BM, body mass. sity of the MFO system of different animals is
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disposition and toxicity, mechanisms of cellular
adaptation and evolutionary divergence.

This is also true concerning cytosolic antioxi-
dant enzymes. Some authors showed that antioxi-
dant defense components, like SOD and catalase,
might also effectively serve as biomarkers for the
evaluation of contaminated ecosystef#ouche-
court and Riviere, 1995; Livingstone et al., 1995;
Choi et al., 1999; Niyogi et al., 2001a,bThe
overall use of biomarkers needs knowledge of
whether and how the above parameters depend on
biological andfor biochemical peculiarities of dif-
ferent animal classes.

Works devoted to comparative studies of the
MFO and antioxidant liver enzymes of animals of
different classes are very limited. In earlier work
by Miura et al. (1980 it was shown that cyto-
chrome P450 content in liver microsomes of Jap-
anese bullfrog Rana catesbeiana) was lower than
in various mammals, but higher than in trout
(Onchorynchus mykiss) and the same as in human.
Later, Schwen and Mannerin@ 982 have com-
paratively measured HSI, MPI, cytochromes P450
and bs, and NCCR in hepatic microsomes from
Wistar rat, trout (Salmo trutta), frog (Rana
pipiens) and garter snak€Thamnophis sp). They
found cytochrome content and NCCR activity in
rat much higher compared to other animals. Ertl
and Winston(1998 had reviewed basal hepatic
microsomal proteins and associated activities of a
number of reptiles and amphibians and found them
significantly lower than in rat. However, data used
for this comparison were taken from different
sources of the literature, thus uncertainty may exist
due to different animal habitat and maintenance,
test conditions, etc. To the best of our knowledge,
there has only been a single extensive comparative
study of a large number of animals from different
vertebrate classes, reported by Nandi et al. in
1997. However, only SOD activity and cytochrome
P450 content in liver were measured. These
authors showed, in contrast to the above cited data,
that P450 concentration in amphibians was twice
as high as rats and similar to some other mammals.

In view of these considerations we performed a
comparative study of liver mixed-function oxygen-
ase and antioxidant enzymes of vertebrates of
different classes in order to obtain additional bas-
eline data. In this work, a comparative analysis of
cytochrome P450, cytochrondg, MFO associated
enzymes [NADPH-dependent cytochromec
(P450 reductase(NCCR) and 7-ethoxyresorufin
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deethylase (EROD)], cytosolic antioxidant
enzymes[superoxide dismutas€SOD) and cata-
lase(CAT)] was performed in hepatic microsomes
and cytosolic fractions prepared from five animal
species representing three vertebrate classes living
in tropical conditiong(Brazil): tropical Nile tilapia
(Oreochromis niloticus, Cichlidag and neotropical
matrinxa (Brycon cephalus, Characidag bullfrog
(R. catesbeiana), native to Eastern North America,
cane toadBufo marinus) and rat(Rattus norveg-
icus). The results obtained in this work were
analyzed in comparison to data found in the
literature.

2. Materials and methods
2.1. Animals

Fishes. The characidB. cephalus (matrinxa,
and the cichlidO. niloticus (tilapia) were obtained
from the National Center for the Study of Tropical
Fish (CEPTA, Pirassununga, SP, Brazilwhere
they were grown in artificial, open-air reservoirs
in pollutant-free water and received feed contain-
ing 25% protein ad libitum 7 daysveek. Adult
male and female fisHbody mass 350-500)g
were killed after being kept at 25 for 2—3 days
in our laboratory tanks equipped with recirculating
and aerated water. Fish collections were made over
one (matrinxag or two (tilapia) years. Animals
were collected at least once a season throughout
the four seasons.

Rodents. Male Wistar rats(R. norvegicus) with
a body mas¢BM) of 220-260 g were bred at the
Federal University of Sao Carlos. Animals had
free access to food and tap water. Some groups of
rats were raised at the animal facility, while other
groups were transferred to our laboratory at the
age of 1-2 months and housed under conditions
controlled for temperaturé22+1 °C) and photo-
period(lights on between 08:00 and 18:00 h daily
for 1 month prior to being killed. Analyses were
performed over 2 years at least once a season
throughout four seasons.

Amphibians. Cane toads(B. marinus; 250 ¢
BM) were collected in the field nearby Pirassun-
unga city, Sao Paulo State. Frog& catesbeiana,

300 g BM) were purchased from a commercial
frog farm, where animals were kept under con-
trolled temperatur€27 °C). Animals were killed
immediately after delivery to our laboratory. Both
species of amphibians were collected once a year
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for 2 years, in November through December
(Spring—Summex

Chemicals. NADPH, NADH and sodium
dithionite (DTN) were purchased from Sign{&t.
Louis, MO, USA). Heparin solution(5000 U/
ml) was purchased from Roch@razil).

Animal treatment and preparation of liver micro-
somes have been described in detail previously
(Leitao et al., 2001; Rocha-e-Silva et al., 2001
Briefly, the aorta was injected with 1% heparin
solution prior to killing, followed by exhaustive
liver perfusion. Individual livers were dissected,
rinsed repeatedly with large volumes of physiolog-
ical saline, and homogenized by hand in 5 vol. of
ice-cold 0.1 M potassium phosphate buffer, pH
7.4, containing 0.15 M KCl and 1 mM EDTA, and
the crude homogenate was centrifuged at
43 000x g for 40 min. Ultracentrifugation to pellet
the microsomal fraction was performed at
105 000x g for 1 h. Following isolation, the micro-
somal pellet was washed in 40 vol. of buffer until
a colorless supernatant was obtaifedually two
washes. All procedures were carried out at 0—4
°C. The resulting pellet was resuspended in 1.5-3
ml of the same buffer with or without 20%
glycerol, and then homogenized by hand. The
microsomal suspensions were frozen in liquid
nitrogen and stored at-80 °C. Analyses were
usually performed within 1 week of microsome
preparation. Microsomal suspensions were pre-
pared in 0.1 M potassium phosphate buffer, pH
7.4.

Total microsomal protein concentrations were
determined by the Bradford method using bovine
serum albuminBSA) as a reference protein.

Hepatosomatic indexHSI) was measured as a
ratio: liver masgbody masx 100.

Microsomal protein index MPI)—the content
of the microsomal fraction in liver was measured
as the ratio of mass of the total microsomal protein
(mg) prepared from the liver to the mass of the
liver (g).

Specific concentrations of cytochrome P450 and
bs were determined using a method of Omura and
Sato (1964). Usually, bs concentration was
assessed by measuring differences in spectra of
microsomes reduced with NADH1 mM) vs.
oxidized microsomes. Additionally, cytochrome
bs concentration was measured using dithionite
(DTN) as reducef(1.5 mM). P450 concentration
was assessed with DTK2 mM). Concentrations
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of P450 andbs were related to protein content of
microsomes.

Specific activity of microsomal NADPH-cyto-
chromec (P450 reductase was measured accord-
ing to Brattsten et al(1980 by the increase in
absorbance of reduced cytochromeén the pres-
ence of NADPH at 550 nnte=21 mM~* cm™?%)
and related to protein content of microsomes.

Specific activity of microsomal ethoxyresorufin
O-deethylasd EROD) was measured using a flu-
orescence assay according to Pohl and Fouts
(1980 (excitation at 550 nm, emission at 585
nm) and related to protein content of microsomes.

Specific activity of cytosolic superoxide dismu-
tase(SOD) was measured according to Misra and
Fridovich (1972. The method is based on the
inhibition of spontaneous adrenalin oxidation with
superoxide anion radical to adrenochrome by SOD
recorded by a decrease of absorbance at 480 nm
(e=4.0 nmol* cm?). Results were related to
cytosolic protein.

Specific activity of cytosolic catalas€CAT)
was measured according to Adldi984) following
a decrease in the concentration of hydrogen per-
oxide at 240 nnm(¢=40 M~* cm™?1). Results were
related to the cytosolic protein.

Cytochrome concentrations and enzymatic activ-
ities, except for EROD, were measured using the
Varian Cary 500 dual-beam spectrophotometer.
EROD activity was determined with a Jasco FP-
6500 spectrofluorimeter. All spectral measure-
ments were performed at 2%&.

Statistical analysis. The data are presented as
the mean: S.D. of at least three animals analyzed.
One-way ANOVA with 95% confidence interval
was used to compare raw data. Either the Tukey’s
test or Student—Newman—Keuls test were applied
to compare the means. Statistical analyses were
done using the InStat software program for Win-
dows (GraphPads software, San Diego, USA

3. Results

The HSI was highest in rats and lowest in fishes
with amphibians possessing higher HSI than both
fish species(Table 1. No significant difference
among animals in MPI was observ€@iable J).

The highest specific content of cytochrome P450
was observed in liver microsomes from toad and
rat, while rat microsomes showed significantly
higher content of cytochromig than other animals
(Table 1. Specific content obs was measured in
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Table 1
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Hepatic (HSI) and microsomal proteifiMPI) indexes, specific content of microsomal cytochromes P450bgndctivities of MFO-
associated enzymd®lCCR, EROD), and liver cytosolic antioxidant activitig€CAT, SOD)

Animal HSIX1?, MPI. [P45(Q, [bNAPH, [bg]NAPH/  NCCR, EROD,  Catalase, SOD,
g liver mg pmol pmol [bs]®™ nmol min~* nmol K U
gBmM™? prqteini1 mg prot* mg prot* mg prot*  min~? . mg prot'* mg prot?
g liver mg prot
Wistar rat 46:26 27417 620+340 505-450 0.75£0.2 270+115 50+40 3.7+1.4  5.4+17
A 25 (25) (26) (26) 30 (26) (2D (26) (26)
BC BCDE BCDE BC BCDE BD BCD BC
O. niloticus 1.6+0.6 2.8+1.6 170+140 60+33 0.36+0.32 120+50 18+17 0.8+0.8 2.8+1.7
B (49 (41 (3% (37) (22) (40 (3D (40 (39
AE AD A ACE A ADC AD A
B. cephalus 11402 242 170+ 70 120+70 1.3+0.6 120+ 80 65+40 0.740.3  2.1+0.3
c (12 (12 (6) (6) (6) @) (5 (12 (12
AE AD A ABD A BD AD AE
B. marinus 2.8+0.9 3.5+1.0 920+250 190+60 0.7£0.3 95+ 30 238+ 94 7+4 3.8+2.0
D @) (9 (5 (5 (5) (9 4 (5 (9)
ABCE A C A ABCE ABCE
R. catesbeiana 3.7+£1.0  2.0+0.9 85+12 31+13 0.8+0.2 110+30 34+30 2+3 4.8+0.9
E ()] (® (©)] (©)] (©)] (6) ()] (® ()]
BC AD A B A D D C

[bs]NAPH /[be]°™-the ratio of cytochromes concentrations measured with either NADH or DTN as reducers and calculated based
on parallel measurements of respective parameters; NCCR-NADPH-dependent cytachiRets8 reductase; EROD-7-ethoxyresorufin

deethylase; CAT-catalase; K—the first order rate constant of the, H O decomposition; SOD-superoxide dismutase. Data presented as

meantS.D. and are statistically compared within each column by analysis of var{@©VA test, 95% and Student—Neuman-—
Keuls test. Number of animals studied given in parentheses. Letters indicate statistically significant difféfen€e8D) of each

parameter between animals.

duplicate, with either NADH or DTN as reducers,
and related to the P450 concentration in an appro-
priate microsome preparatidable J).

Rats showed the highest specific activity of
NCCR compared to other animals. No significant
differences of this parameter were observed
between fishes and amphibiaiBable J).

EROD activity was highest in toad microsomes
and lowest in those from tilapia. No significant
differences in this parameter were noted among
frog, matrinxa and ratTable 1.

As for antioxidant enzymes of the cytosol, there
was no great interspecies difference in SOD activ-
ity, while that of rat was slightly enhanced com-
pared to other animals, except in frog. The highest
catalase activity was found in the cane toad fol-
lowed by rat with no significant difference
observed between frog and fish€gble 1.

No significant seasonal differences of any
parameter measured were observed in tissues of
O. niloticus and rat when the data obtained during
the four seasons were analyz€thble 2. There
also were no significant differences in HSI, MPI,
content of microsomal cytochromes, and NCCR

activity between male and femal®. niloticus
collected in parallel(Table 3. Thus, Table 1
represents means of pooled data.

No differences were observed between rat tis-
sues obtained from animals maintained under con-
ditions controlled for temperature and photoperiod
and those maintained under natural conditions.
Thus, these data were also pooled.

4, Discussion

The data obtained here were compared with
appropriate parameters measured by other authors
for specimens of the same species, if available, or
the same class in order to clarify to what extent
they can serve as reference material.

The HSI values for fishes, amphibians and rat
studied here are similar to those reported for brown
trout, leopard frog and Sprague—Dawley rat,
respectively(Table 4. The averaged HSI value
for tropical freshwater fish, measured in this work,
was similar to those reported for brown trout and
11 species of marine tropical fishes and below the
averaged data for amphibians and rétable 4.
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Table 2

Hepatic (HSI) and microsomal proteifiMPI) indexes, specific content of microsomal cytochromes P450bgndctivities of MFO-
associated enzymd®dCCR, EROD, and cytosolic antioxidant activitie&CAT, SOD). Seasonal analyses of tilapi@. niloticus) and
rat (R. norvegicus) liver tissues

Season Month HSIX1(?, MPI, [P45Q [bs] NCCR, EROD, Catalase, SOD,
g liver mg nmol nmol K U
gBM™? protein pmol . pmol ., min7? min—* mg prot*  mg prot*
g liver—! mg prot” mg prot mg mg
prot—* prot—*
O. niloticus
Summer  December 140.2 2.3+0.8 125+ 92 44428 105+ 50 10+8 1.940.7 3.5+0.9
(A) 4 @ (4 (4 (4) 4 3 €)]
B E E B,C,D,E F
January(B) 2.0+0.5 2.6+1 170+200 81+ 58 145+ 75 n.m. 0.46:0.31 2.95+0.8
(10) (@) @) @) @) M )
AC,D E AF F
Autumn  April/May 1.3+0.7 3.3+1.8 125+120 85+ 39 140+ 54 18+13 0.40+0.35 3.6+1.2
© (14 (1D (10 (1D (1D (1D (1D
B D E (8) A F F
Winter JungJuly 1.8+0.5 1.8+1.2 215+105 49+ 25 120+ 26 30+ 22 0.54+0.3 2.614+0.95
(D) (1D (9 C)] (6 (9 ) (9 9
C E E A F F
August(E) 1.6+0.4 4.9+1.2 265+ 120 76+ 32 78+ 23 28+1 0.50+0.24 0+0(6)
(6) (6) (6) (6) (6) (6) (®
A B D, F C,D A AF
Spring October 1305 1.6+0.6 78+ 46 48+34 84+ 15 n.m. 2.16:1.6 5.47+0.8
(P (4 @ 3 3 3 4 3
B E B,C,D,E B,C/DE
Average 1.6:0.6 2.8+1.6 170+ 140 60+ 33 120+ 50 18+17 0.86+0.8 2.8+1.7
(49 (4D (34 (37 (40 (3D (40 (39
Wistar rats
Summer  December 1470.8 2.6+0.9 670+90 350+ 65 340+150 105+40 4.0+1.3 4.6+0.4
(A) (5 G (5 (5 G (5 (5) (5
C B B-F
February 6.4+4.2 25+1.2 470+ 230 668+ 326 130+45 16+1 2.8+0.9 45+1.1
March (5) (5) G)) G)) (5) 2 (5 G)
(B) F A F C
Autumn  April 6.4+2.6 2.4+0.7 1100£600 1075204 250+86 28+10 53+1.4 7.9£0.6
© 3 (©)] (4 (4 (4) 3 4 4
AF B A, B, D-F
May 5+1(4) 5+3(4) 630+ 60 806+ 90 255+ 75 16+6 3+2 (4 5.3+2.7
(D) F C)] €] 4 C)] C))
E
Winter July 4.8:1.3 2.7+t1.4 460+ 340 619+472 260+ 45 28+10 4.2+0.7 4.4+0.6
() 4 4 4 4 4 3 4 4
F
Spring November 420.6 1.4+0.4 470+ 250 130t122 400+ 15 60+ 30 3+0.6 6.2+0.4
(F) 4 4 4 4 4 4 4 4
D A-E B

Data are meansS.D. and are statistically compared within each column by ANO@A%) and Student—Newman—Keuls test.
Number of animals studied in parentheses. Letters indicate statistically significant diffe@nce1).
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Table 3
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Analyses of sex-dependence of hep&tiSI) and microsomal proteiiMPI) indexes, specific content of microsomal cytochromes P450
andbs, and NCCR activity in liver of0. niloticus

Sex HSIX 17, MPI, [P45Q [bs] NCCR,
g liver mg protein pmol pmol nmol mint
gBM~? g liver—?t mg prot* mg prot* mg prot*
Male 1.3+0.5(18) 6.7+3.1(18) 67+41(13) 14+11 (10) 2.7+1.0(18)
Female 1.1%40.11(6) 6.8+2.0(6) 67446 (5) 18+ 8 (6) 3.1+1.6(6)

Data presented as meai$.D. (n).

Thus, it seems that liver occupies significantly less
space in body of fishes, at least tropical species,
compared to rats and amphibians.

In contrast to HSI, specific MPI values did not

differ significantly for animals studied hekdable

1). There are vary few works reporting the HSI
and MPI for vertebrates investigated here and these
parameters measured for same or allied species
were higher compared to those obtained here
(Table 2. Nevertheless, the above consideration
would also hold for the literature data that show

Table 4

that MPIs for rat, leopard frodR. pipiens), and
brown trout (Salmo trutta) were inside of the
range for MPIs of tropical marine fis@iTable 4.
Averaged data from different sourc€®able 5
show similar P450 specific concentration in liver
of tropical freshwater and marine fishes, rainbow
trout, and frogs(approx. 0.3 nmol mg prot),
and twice as much in liver of rat and tod0.6
nmol mg prot *). Reviewing data on basal hepatic
microsomal P450 specific content in amphibians
and reptiles, Ertl and Winstof1998) found it to

Comparative data on the HSI and MPI indexes in liver from fish, amphibians and rat

Animal HSI, F MPI, Source
liver wt./body mg proteirt
wt. % g liver
Fish O. niloticus 1.6+0.6 (49) 2.8+1.6 (41) This work
n.m. 4.8+1.2 (16) Leitao et al., 2001
B. cephalus 1.1+0.3(12) 2+2 (12 This work
n.m. 2.0+0.3(8) Leitao et al., 2001
Colossoma n.m. 4.5+2.0(26) Leitao et al., 2001
macropomumn
(tambagu)
Average for 1.3%0.5 -
tropical
freshwater fish
S. trutta 1.0+0.1(=5) 23.1+0.8(=5) Schwen and Mannering, 1982
(brown troud
*Average for 1.13:0.47 17.6+7.7 Stegeman et al., 1997
11 species 0.631.8 6.9-27.6 Vrolijk et al., 1994
of tropical
marine fish
Amphibians R. catesbeiana 3.7+1.0(6) 2.0+0.9 (6) This work
R. pipiens 4.240.2(=5) 9.0+0.6 (=5) Schwen and Mannering, 1982
(leopard frog
B. marinus 2.8+0.9(7) 3.5+1.0(9) This work
Average for 3.6:0.9 -
amphibians
Rat 4.6+2.6 (25 2.7+1.7 (25 This work
5.7+0.1(=5) 11.0+1.2(>5) Schwen and Mannering, 1982
Average for rat 5219 -

Data presented as mears.D.; (n) — number of specimens dr) species studied. n.r.not measured.
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Table 5
Comparative data on content of microsomal cytochromes in liver from fish, amphibians and rat
Animal [P45Q [bs] [bg]NAPH / [ps]°™/ Source
nmol nmol
mg prot? mg prot* [P45Q [P45Q
Fish 0. niloticus 0.17+0.14 0.06+0.03 0.35:0.35 1+1 This work
(34) (37 (25 (25)
0.26+0.003 0.15:0.02 0.58 n.m. *Bainy et al., 1996
€)] (9
0.46+0.13 0.06:0.01 0.13 n.m. *Bainy et al., 1999
@) )
0.524+0.14 n.m. n.m. n.m. **Pathiratne and George, 1996
(5
aB. cephalus 0.17+0.07 0.12:0.07 0.9:0.7 0.7+0.5 This work
(6) (6) (6) (6)
0.23+0.13 0.1 0.1 0.48 n.m. Leitao et al., 2001
) (5
aC. macropomum 0.31+0.19 0.25+ 0.075 0.81 n.m. Lejtao et al., 2001
9 (9
Averaged 0.3:0.17 0.13+0.08 0.54-0.29 n.m. -
tropical
freshwater fish
20. mykiss 0.34+0.06 n.m. n.m. n.m. Pathiratne and George, 1996
(rainbow trou} (5)
PTropical marine 0.3+0.2 0.11+0.085 0.2740.08 n.m. Stegeman et al., 1997
fish species (9) 9 (10
0.083+1.73 0.024-0.611
Amphibians 2R. catesbeiana 0.085+0.012  0.03:0.01 0.3:0.1 0.4+0.18 This work
(5 (5) (5) (5)
0.44-0.02 n.m. n.m. n.m. Miura et al., 1980
(18
Frogs 0.35+0.21 0.19+0.12 0.33:0.11 Ertl and Winston, 1998
(5) 3 Nandi et al., 1997
0.07+0.77 0.08:-0.32 (&) n.m.
Averaged frogs 0.380.20 0.1:%#0.11 0.32:0.1
@B. marinus 0.92+0.25(5) 0.19+0.06(5) 0.3+0.1(5) 0.44+0.17(5) This work
"Toads 0.324+0.22 0.12+0.06 0.440.1 n.m. Ertl and Winston, 1998
(5) (2) (2) Nandi et al., 1997
Averaged toads 0.620.39 0.16+0.07 0.39:0.13
“Rat 0.62+0.34 0.510.45 0.9:0.2 1.2+0.3 This work
(26) (26) (26) (26)
0.92 n.m. n.m. n.m. Jewell and Winston, 1989
~0.94 ~0.44 0.47 n.m. Schwen and Mannering, 1982
0.154+0.03 n.m. n.m. n.m. Nandi et al., 1997
2
Averaged rat 0.604 0.49+0.37 0.79+0.27 n.m.

Tilapia were artificially reared in either fish farms in Sao Paulo Stttes work and * or in Sri Lanka(**). [bs]NAPH /[P45Q and
[bs]°™/[P45Q - ratios of cytochromébs concentrations, measured with either NADH or DTN as reducer, to that of P450 calculated
based on parallel measurements of respective parameters. Data presented -a$.De&umber in parentheses are either specimens
(® or specieq") studied.

fall into the lower end of the range for mammals. Nandi et al.(1997 who measured liver microso-
In particular, P450 content in frog and toad livers mal P450 in amphibians, reptiles, and mammals
were from 8 to 84% of that in rat liver. However, have shown that toad and frog had similar specific
these authors had used a value of 0.92 nmol mg content of this enzymeapprox. 0.3 nmol mg
prot-! as reference point for rat, while this con- prot~1) similar to that of various mammalsnice,

centration is greatly variable€fable 5. In contrast, cow, goa), but twice as rat(0.15 nmol mg
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Table 6

Comparative data on microsomal enzymatic activities in liver from fish, amphibians and rat

Animal NCCR EROD EROD/[P45(Q, Source
min~*
nmol min~! mg prot?
Fish O. niloticus 120+50 (40) 0.018+0.01431)* 0.11+0.0919) This work
290+130(3) 0.02+0.01(3)* 0.13 Leifao et al., 2001
59+ 8 (5) 0.52+0.1 (5)° 1.0 *Pathiratne and George, 1996
B. cephalus 120+80 (7) 0.065+0.04(5)2 0.6+0.45(5)  This work
380+150(3) 0.025+0.006(3) 0.11 Leitao et al., 2001
C. macropomum 4204190 (3) 0.06+0.01(3)2 0.19 Leifao et al., 2001
Averaged tropical freshwater fish 226163 **0.04+0.03 -
O. mykiss 23+2 (5 0.024+0.03(5)° 0.07 Pathiratne and George, 1996
S. trutta ~110(=5) n.m. n.m. Schwen and Mannering, 1982
*Eleven tropical marine fish 112+90 (11) 0.06+0.04(7) 0.2+0.14(7) Stegeman et al., 1997
species 18330 0.84£0.56(4) 1.3£1.1(4)  Vrolijk et al., 1994
0.023+2.1° 0.029+3.02
P, platessa 70+4 (5) 1.6+0.01(5) 3.0 Pathiratne and George, 1996
Amphibians R. catesbeiana 110+30(6) 0.03+0.03(5)* 0.45+0.3(5)  This work
*Three species of frog 103+25(3) n.m. n.m. Ertl and Winston, 1998
Averaged frogs 10823 (5) 0.03+0.03 0.45t0.3
B. marinus 95+30 (9) 0.24+0.09 (4)2 0.22+0.06(4) This work
*Two species of toad 69+18(2) n.m. n.m. Ertl and Winston, 1998
Averaged toads 8226 0.24+0.09 0.22+0.06
Rat 270+115(26) 0.05+0.04(26)* 0.06+0.0426) This work
~470(=5) n.m. n.m. Schwen and Mannering, 1982
320+ 137 0.05+0.04 0.06t0.04

All tilapia specimens were artificially reared in fish farms i Sao Paulo Stitis work) or in Sri Lanka(*). The EROD was
measured using: the fluorimetric meth¢a); spectrophotometric assd¥); no method describetc). The EROD[P45Q-ratio of 7-
ethoxyresorufin deethylase activifpmol/min) to concentration of P45(mol) calculated based on parallel measurements of respective
parameters. Data presented as me8D; (n) — number of animals(*)—number of species studied, ** only data obtained at the same
laboratory(this work and Leitao et gl.was averaged. n.m. - not measured.

prot~1). Thus, the true correlation remains unclear
between P450 concentration in frogs and toads,
toads and rats, while our and literature data sets
agree that concentration of this enzyme in fish
liver is lower compared to rat.

This fact, along with observations that fish
possesses lower, relative to body mass, size of
liver compared to rat and amphibians and similar
specific(per g of liver massMPIs (Table 4, may
signify that overall xenobiotic-metabolizing ability
of these animals is lower compared to above-
mentioned.

In contrast to P450, cytochronig content was
not significantly different in microsomes from
fishes and amphibians, with rats showing the
highest level of this enzyméTable 1. As for
comparison with the literature data: specific con-
centrations ofbs in fish were inside of the data
range for freshwater and marine tropical fish, with
those inR. catesbeiana — lower, andB. marinus

— higher, compared to frogs and toads, respectively
(Table 5.

It is well known that DTN, in contrast to NADH,
reduces molecular oxygen, thus creating an anaer-
obic microenvironment. The fact that all species,
exceptB. cephalus, had a ratio[bg]NPH /[bg]°™
below 1(Table 1) shows that the reduced form of
this enzyme is sensitive to the presence of oxygen.
Thus, it seems more reasonable to compare con-
centrations of cytochrome P450 aimg assessed
both in the presence of DTN. This comparison
(Table 5 shows that, unlike rat and fishes, con-
centration of P450 in liver of amphibians was
nearly twice as much than cytochrorbg

Rat showed the highest specific activity of the
NCCR, while other animals did not significantly
differ by this paramete{Table 1. When compared
with the literature data, one can see that the NCCR
measured in this work for amphibians were close
to those reported by other authofJable 6.
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Table 7
Comparative data on CAT and SOD activities in liver from fish, amphibians and rat
Animal Total CAT, Total SOD, Source
K mg prot* U mg prot™*
Fish O. niloticus 0.8+0.8 (40) 2.8+1.7 (19* aThis work
n.m. 57.4+6.7 (9)* @Bainy et al, 1996
B. cephalus 0.7+0.3(12) 2.1+0.3(12)* aThis work
C. macropomum 0.55+0.08 (10) *, 2 ®Marcon and Filho, 1999
Average for six n.m. 8 0.8 (50)° °Nandi et al, 1997
tropical fish species
(Calcutta, India
Amphibians R. catesbeiana 2+3(6) 4.8+0.9 (6)* aThis work
R. tigrina n.m. 9+0.6 (12)° °Nandi et al, 1997
B. marinus 7+4 (5) 3.8+2 (9)* aThis work
B. melanosticus n.m. 9.8+0.8(18)° °Nandi et al, 1997
Rat 3.741.4(20) 3.7+1.4(26)* aThis work
n.m. 15.5+1.2 (12)° °Nandi et al, 1997
2.2+0.6(8) —xx .3 3Fouchecourt and Riviere, 1995
Activities were measured i — liver cytosdl; — supernatant of 1009@entrifugation of liver homogenat&; - supernatant of

34 880x g centrifugation of liver homogenate. Methods of SOD activity measurentent:
2 — cytochromer reduction; 3 — pyrogallol autoxidation. * — results expressetlig liver—1; ** —

prot~t. Data presented as mea8.D. (n).

Comparisons of averaged data show that the
NCCR activity is possibly decreased as follows:
rat>tropical freshwater fisk tropical marine fish,
frogs, and brown trout toads, plaice Pleuronec-

tes platessa) >rainbow trout.

The same is true for EROD activity. The EROD
values reported by different authors for animals of
the same class or, even, the same species may
vary by more than order of magnitudd@able 6.

We failed to reveal an apparent reason for such
great data dispersion. Neither different methods,
as photometric or fluorometri€see legend to this
Table), nor assay temperatures of Z5 (Pathiratne
and George, 1996 ; this worlor 30°C (Stegeman

et al., 1997; Vrolijk et al., 1994 can explain such

a great difference between data reported for the
same or allied species by different authdesg.
tilapia in Table 4. It seems that interspecies
comparison may be valuable for data obtained in
the same laboratory. According to our data, toads
showed the highest EROD result with tilapia pos-
sessing the lowest value and no significant differ-
ence was observed between frog, rat, and
neotropical fish(B. cephalus) (Table 1). Tropical
marine fish can be divided in two groups, accord-
ing to the EROD activities. Seven species, out of
11, have an averaged activif.06+ 0.04) close

to that measured for tropical freshwater fish in our
laboratory (0.04+0.03), and those measured in
this work for rat (0.05+0.049 and frog

— epinephrine oxidation to adrenochrome;
results expressed in SOPg mg

(0.03+0.03 (Table 6. Another four species had
higher average EROD activit{0.84+0.56) than
any other animal reported in this table except
plaice (1.640.01). Activity of tilapia reared in Sri
Lanka (Pathiratne and George, 1996vas ~ 30
times greater compared to both this fish grown in
Brazil and rainbow trout from Sri Lanké&Table
6).

Thus, a reliable interspecies comparison of
NCCR and EROD activities are not available
because a dispersion of results inside one species
was sometimes greater than differences between
species and classes.

The highest ratios of EROD activity to P450
concentration were observed in sofffeur out of
11) tropical marine fish species and i cephalus
with the lowest value of this ratio showed by rats
(Table 6.

Our data did not show significant differences in
SOD activity between toad and fishes, although
this activity in frog liver microsomes was similar
to that in rat and considerably higher compared to
fishes. The highest catalase activity was observed
in toad liver cytosol, while fishes showed the
lowest values of this enzyme activity and no
significant difference was detected between frog
and rat(Table D.

Data obtained in this work and those reported
in the literature (Table 7 show that catalase
activities in fish and rat liver measured by different
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authors are in a reasonable agreement. One can
see that this activity is lower in fish compared to
amphibians and rats. In contrast, there is a great
dispersion between SOD activities measured by
different authors. In part, the dispersion may be
due to either different methods employed for
measurements of this activity or to the fact that
SOD was measured in different fractions of liver
tissues(see legend to Table)7 Great dispersion

of data obtained by different authors does not
permit differentiation of these three classes of
vertebrates by SOD activity.

It was noted(Niyogi et al., 2001a that one
may experience significant difficulties in the prac-
tical use of antioxidant enzymes as biomarkers,
because of considerable seasonal fluctuations of
these activities. In contrast to this statement, we
did not observe seasonal differences in either
activity when analyzing data obtained with liver
cytosol from rats and fishes collected during the
four seasons over the course of 2 ye@rable 2.
Thus, the great dispersion of data concerning CAT
activity for O. niloticus and R. catesbeiana Was
due to some unknown factor and not to seasonal
fluctuation.

Sex-dependent differences in content of micro-
somal cytochromes, MFO-associated enzymatic
activities, HSI, and MPI were reported for various
fish species(Stegeman and Chevion, 1980; Pajor
et al., 1990; Vrolijk et al., 1994 Vrolijk et al.
(19949 did not observe significant differences in
HSI and MPI of Chaetodon capistratus collected
in Florida and Belize, while cytochrome P450
specific content was 20—36% greater in male than
female and NCCR activity was-20% greater in
male among fish collected in Florida, but not in
Belize. In this work, we observed no significant
difference in any of these parameters when male
and female, artificially reared. niloticus were
collected in paralle(Table 3.

Data reported here show that rats have higher
HSI, specific cytochromés content, and NADPH-
dependent cytochrome(P450 activity compared
to ectothermic species, SOD activity similar to
those in amphibians, and specific concentration of
cytochrome P450 and catalase activity lower than
in a toad, but higher than in fishes and a fray.
niloticus andB. cephalus possessed the lowest HSI
and specific cytochrome P450 content compared
to the other vertebrates, while MPIs were similar.
This means that tropical fishes may have reduced
xenobiotic-metabolizing ability compared to rat

T.A. Rocha-e-Silva et al. / Comparative Biochemistry and Physiology Part C 137 (2004) 155-165

and amphibians. Most vertebrate species studied
in this work showed sensitivity of cytochronig

to oxygen. Thus, the use of sodium dithionate as
a reducer, rather than NADPH, may be preferential
in bs determinations.
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