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RESUMO

cis-Diaminodicloroplatina (Il) ou cisplatina (CDDP) é um dos agentes
antineoplasicos mais utilizados no tratamento de uma variedade de tumores
soélidos. Entretanto, a efetividade do seu uso clinico € dificultada pela indugéo
de severos efeitos colaterais e sua tendéncia de promover quimiorresisténcia.
Para resolver estes inconvenientes, sistemas de liberagdo de drogas tém sido
desenvolvidos como os lipossomas pH-sensiveis de longa circulagado contendo
CDDP (SpHL-CDDP). Este trabalho apresenta a avaliagdo pré-clinica de
formulagdes contendo CDDP encapsulada em SpHL-CDDP, envolvendo
estudo de biodistribuicdo, eficacia antitumoral e avaliagdo toxicoldgica
preliminar apés administragdo em camundongos Swiss portadores de tumor
solido de Ehrlich. Inicialmente, para que o estudo de biodistribuicdo fosse
realizado foi investigado o preparo de CDDP radiomarcada (CDDP?).
A irradiagdo da CDDP no reator de pesquisa TRIGA MARK | IPR R-1 com o
recobrimento da amostra com a capsula de cadmio se mostrou mais adequado
em termos de maior atividade especifica (57,0 Bq.mg™') em relagdo & amostra
desprotegida (40,0 Bq.mg™), sem ocorrer a degradacéo da CDDP. A avaliagdo
da biodistribuicdo de SpHL-CDDP em camundongos Swiss portadores de
tumor de Ehrlich mostrou uma maior permanéncia da formulagéo lipossomal no
sangue em comparacao a CDDP livre. Os valores de volume de distribuicdo
foram iguais a 1807,91 e 651,60 mL/kg e de area sob a curva (ASC), iguais a
64,70 e 141,51 h.ug/mL para os tratamentos com CDDP e SpHL-CDDP,
respectivamente. A circulagdo sanguinea prolongada de SpHL-CDDP
contribuiu para a obtencdo de valor de ASC duas vezes superior na regiao
tumoral em comparacgéao ao tratamento com CDDP livre. Além disso, a partir da
determinacao do coeficiente de particdo tecido/sangue (Kp) observou-se que o
tratamento com SpHL-CDDP conduziu a uma distribuigdo extensiva maior na
regidao tumoral do que apods injecao de CDDP livre (Kp igual a 1,51 e 1,23,
respectivamente), o que pode contribuir para uma maior eficacia antitumoral de
SpHL-CDDP. O tratamento dos camundongos com SpHL-CDDP revelou
também uma menor afinidade pelo tecido renal do que aquele observado para
CDDRP livre. Esse resultado é relevante, pois pode significar uma menor ou

auséncia de nefrotoxicidade apdés a administracdo de CDDP sob a forma
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encapsulada em lipossomas pH-sensiveis de longa circulagdo. Os 6rgaos do
sistema fagocitario mononuclear, figado e bago, também apresentaram a
captagcdo de SpHL-CDDP de forma extensiva. Na ultima etapa, foram
investigadas a atividade citotdxica e antitumoral assim como a toxicidade de
SpHL-CDDP em comparagdo a CDDP livre. A citotoxicidade e o acumulo
intracelular de CDDP foram avaliados em linhagens celulares de carcinoma de
pulmdo humano sensiveis (GLC4) ou resistentes a CDDP (GLC4/CDDP). A
CDDRP livre apresentou maior atividade citotéxica em comparagédo com SpHL-
CDDP para as células sensiveis, o qual pode ser devido ao mecanismo de
captura celular da formulagdo de SpHL-CDDP. Entretanto, na linhagem
GLC4/CDDP, os SpHL-CDDP mostraram-se mais citotoxicos e os valores de
ICs50 obtidos com esse tratamento para as linhagens celulares GLC4 e
GLC4/CDDP foram similares (1,32 + 0,10 e 1,45 + 0,15, respectivamente). Isso
revela que os SpHL-CDDP foram capazes de contornar a resisténcia in vitro.
Apos a administracido intravenosa das formulacdes de SpHL-CDDP e CDDP
livre, o volume tumoral, a taxa de sobrevida e a variagao do peso corporal dos
animais foram avaliadas. Apds 32 dias, a velocidade de crescimento do tumor
sélido de Ehrlich em camundongos Swiss foi similar para os tratamentos com
SpHL-CDDP e CDDP livre. No entanto, a mediana de sobrevida obtida para
SpHL-CDDP foi maior do que aquela observada para o tratamento com a
CDDRP livre (66 e 52 dias, respectivamente). Os animais tratados com a CDDP
livre apresentaram uma acentuada perda de peso corporal, fato ndo observado
para os animais tratados com SpHL-CDDP. Estes resultados mostram que
SpHL-CDDP foram capazes de manter o efeito antitumoral da CDDP sem
induzir toxicidade aparente. Portanto, SpHL-CDDP mostrou ser uma estratégia

interessante para o uso de CDDP no tratamento de tumores.



ABSTRACT

cis-Diamminedichloroplatinum (Il) or cisplatin (CDDP) is one of the anticancer
agents most widely used in the treatment of solid tumors. However, the
effectiveness of its clinical use is hampered by the induction of severe side
effects and its tendency to provoke chemoresistance. To circumvent these
inconveniences, drug delivery systems, such as long-circulating and pH-
sensitive liposomes containing CDDP (SpHL-CDDP) have been developed.
This work presents the pre-clinical evaluation of SpHL-CDDP, involving
biodistribution study, antitumoral efficacy and preliminary evaluation of toxicity
after administration in Ehrlich solid tumor-bearing Swiss mice. Initially, it was
investigated the preparation of radiolabelled CDDP (CDDP*). The irradiation of
CDDP using the TRIGA MARK | IPR R-1 and with the covering of cadmium
capsule showed to be more appropriate in terms of higher specific activity (57.0
kBg.mg™") than that bare samples (40.0 kBq.mg™"). In addition, the CDDP* did
not suffer any degradation. The biodistribution study of SpHL-CDDP in Ehrlich
solid tumor-bearing Swiss mice revealed a higher residence time into
bloodstream than that observed with free CDDP treatment. The values of
distribution volume were equal to 1807.91 and 651.60 mL/kg and those of area
under the curve (AUC) were equivalent to 64.70 and 141.51 h.ug/mL for free
CDDP and SpHL-CDDP treatments, respectively. The prolonged circulation of
SpHL-CDDP into bloodstream allowed to get value of AUC that were two times
superior in the tumor region than that obtained after free CDDP administration.
In addition, the determination of tissue blood partition coefficient (Kp) showed
that a higher extensive distribution in the tumor after SpHL-CDDP
administration than that after free CDDP injection (Kp was equal to 1.51 and
1.23, respectively). This finding can contribute to a better antitumoral efficacy of
SpHL-CDDP treatment. The treatment of mice with SpHL-CDDP also
demonstrated a lower affinity for renal tissue than that observed with free CDDP
treatment. This relevant result may signify a reduction or absence of
nephrotoxicity after SpHL-CDDP administration. The extensive uptake of
CDDP by organs of the mononuclear phagocytic system (liver and spleen) was
occurred after SpHL-CDDP administration. Finally, it was investigated the

citotoxicity, antitumoral effect and toxicity of SpHL-CDDP in comparison with
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free CDDP. The citotoxicity and intracellular accumulation of CDDP were
evaluated in the human lung cancer cell line (GLC4) and its resistant subline to
CDDP (GLC4/CDDP). The free CDDP showed higher citotoxic activity than that
observed to SpHL-CDDP for sensitive cells line. This fact is probably related to
different uptake mechanisms of the free and the encapsulated CDDP. However,
it is worth noting that the liposomal formulation exhibited the same efficacy
against CDDP-sensitive and CDDP-resistant cells. This finding indicates that
these liposomes were able to overcome the resistance mechanisms in vitro.
After the intravenous administration of SpHL-CDDP and free CDDP
formulations, the tumor volume, survival rate, and body weight variation were
evaluated. After 32 days, the growth of the Ehrlich solid tumor in Swiss mice
was similar for both treatments. However, the median of survival obtained with
SpHL-CDDP treatment was higher than that observed for free CDDP treatment
(66 and 52 days, respectively). The animals treated with free CDDP presented
a significant body weight loss. This fact was not observed for SpHL-CDDP
treatment. These findings show that SpHL-CDDP treatment was able to
maintain the antitumoral effect of CDDP without to induce the appearance of
toxicity. Thus, the SpHL-CDDP proved to be a relevant strategy for the use of
CDDRP in the treatment of tumors.

Key words: long-circulating and pH-sensitive liposomes, cisplatin, tissue

distribution, antitumoral effect, toxicity, drug delivery.
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Avaliacdo Pré-Clinica de Lipossomas pH-Sensiveis de Longa
Circulacao Contendo Cisplatina

INTRODUCAO

1. Cancer

O céancer é uma doenga que pode acometer diversos 6rgéos e tecidos de
diferentes origens histologicas, podendo se manifestar com diferentes
comportamentos biolégicos que tém em comum o crescimento desordenado
das células do organismo. As caracteristicas que diferenciam os diversos tipos
de cancer entre si variam de acordo com o tipo de célula acometida, sua
velocidade de multiplicagdo e a capacidade de invadir tecido e orgaos

distantes, originando as metastases (ABCancer, 2008).

As neoplasias constituem a segunda maior causa de morte nos paises
industrializados depois das doencas cardiovasculares, onde uma em cada
quatro pessoas adquire a patologia e uma em cada cinco evolui para o 6bito.
As neoplasias sdo responsaveis por 12% das mortes no mundo, cerca de seis
milhdes de pessoas a cada ano (FONTES et al., 2005). No Brasil, a freqiéncia
da doenga aumenta a medida que se desloca para o sul do pais, cerca de

500.000 novos casos de cancer sao diagnosticados por ano (INCA, 2006).

O surgimento do cancer ocorre por meio da transformagdo de uma célula
normal em célula cancerosa devido a alteragdao do seu DNA. As causas do
cancer sao variadas e estdo associadas com a participagcédo de virus, com acgao
de substéncias quimicas do meio ambiente ou da alimentagdo e com a
influéncia de agentes fisicos, como a radiagéo. A célula cancerosa prolifera-se
desordenadamente, perde a capacidade de aderéncia, invade os tecidos

vizinhos, penetra nos vasos sanglineos e linfaticos e se espalha pelo



organismo, estabelecendo-se em locais distantes de sua origem, onde produz
os tumores secundarios (JUNQUEIRA & CARNEIRO, 2000).

Os genes que participam na formagao de tumores sao principalmente os que,
nas células normais, estdo envolvidos com o controle do ciclo celular, o reparo
do DNA danificado ou a apoptose. O ciclo celular € o processo basico de
génese de novas células e compreende os fenbmenos que ocorrem desde a
formacdo de uma célula até sua propria divisdo em duas células-filhas. A
intérfase representa o periodo compreendido entre duas divisbes e ocorre em
trés fases consecutivas denominadas G1, S e G2: (i) em G1 as células
apresentam intensa atividade de sintese de RNA e de proteinas, com marcante
aumento do citoplasma; (ii) no periodo S a célula duplica o seu conteudo de
DNA e (iii) em G2 ocorre discreta sintese de RNA e de proteinas que sao
essenciais para mitose. Tendo passado pelas fases da intérfase, o nucleo entra
em processo de divisdo ou mitose. O periodo onde nido ocorre a proliferacédo

das células é denominado GO.

N&do se conhece o mecanismo de acdo de todos os genes supressores de
tumores, porém alguns codificam proteinas que mantém as células em GO,
portanto fora do ciclo mitético. Um gene supressor muito estudado é o p53, e
aproximadamente 50% de todos os tumores malignos humanos apresentam
mutacédo ou delegdo deste gene. O gene p53 normal suprime a formagéo do
cancer através de diversos mecanismos, impedindo que as células com DNA
danificado entrem na fase S do ciclo mitético, até que o DNA seja reparado, ou
desencadeado o mecanismo de apoptose da célula danificada (JUNQUEIRA &
CARNEIRO, 2000).

Uma caracteristica marcante dos tecidos tumorais € o fato do pH extracelular

(pHe) ser mais acido que o pH dos tecidos normais. O pH intracelular (pH;) de



ambos os tecidos é relativamente similar devido a necessidade de se manter
um ambiente favoravel para as varias atividades citoplasmaticas. Portanto, o
pHe substancialmente reduzido no tumor quando comparado com o tecido
normal promove um gradiente de pH celular diferente nestes dois tecidos. Uma
das hipoteses mais aceitas para explicar o baixo pHe nos tecidos tumorais é o
clearance ineficiente dos metabdlitos acidos produzidos durante a glicolise
aerdbica intensa da célula cancerosa (STUBBS et al., 1999).

2. Tratamento do Cancer

Existem trés principais formas de tratamento do cancer: cirurgia, radioterapia e
quimioterapia. A técnica cirurgica pode levar a remogcao de tumores com
eficacia, nos casos em que ndo apresentam metastase. A radioterapia
(geralmente raios gama, radioisétopos como cobalto-60, raios X e até prétons e
mésons pi negativos) é usada comumente em conjunto com a cirurgia, com
incremento da eficacia do tratamento. Entretanto, na ocorréncia de metastase,
faz-se necessaria uma abordagem sistémica, que pode ser efetuada, em cerca
de 60-70% dos casos, com quimioterapia (ALMEIDA et al., 2005).

2.1 Cisplatina

Atualmente, a cisplatina (CDDP) é um dos farmacos mais amplamente
utilizados na quimioterapia, apresentando espectro de acgdo contra varios
tumores solidos, incluindo cancer de pulm&o (ARRIAGADA et al., 2004; JIANG
et al., 2008), cabeca e pescoco (PAIVA et al., 2000; YANG et al., 2008),
carcinoma de ovario (ARAVANTINOS et al., 2006; BOVEN et al., 2002;
GUASTALLA et al., 1998; SHIRAZI et al., 1996; Van de VAART et al., 1988) e
cancer testicular (STRUMBERG et al., 2002).



O cancer de pulmdo nao constituido por pequenas células engloba as
seguintes histopatologias: carcinoma de células escamosas, adenocarcinoma e
carcinoma de grandes células, apresentando acometimento pulmonar e
disseminagao linfatica e hematolégica (FILHO, 2002). No Brasil, o cancer de
pulmao € a principal causa de morte por cancer em homens e a segunda causa
em mulheres. Menos de 25 % dos casos diagnosticados apresenta-se nos
estagios | ou I, e ttm uma chance razoavel de intervengdo cirurgica. Além
disto, apenas cerca de metade dos pacientes submetidos a cirurgia
permanecem livres da doenca. A maioria das recidivas ocorre a distancia, de
forma que tratamentos sistémicos sdo necessarios para melhorar a taxa de
cura. Outro problema freqiente com os pacientes operados € o aparecimento
de um segundo tumor primario, sugerindo a necessidade de tratamentos de
“‘quimioprevencgao”. A baixa taxa de cura, de apenas 14%, pode ser atribuida a
rapida disseminagdo da doenga, a falha no diagnéstico precoce e a
impossibilidade da quimioterapia atual em curar os casos da doenga sistémica
(SKARE, 2002). A quimioterapia do cancer de pulmao ndo constituido por
células pequenas tem sido investigada por varias décadas. Atualmente, a
combinagdo da cisplatina com um farmaco de 3 geragdo, podendo ser um
antimetabolito (gencitabina), um inibidor da topoisomerase (irinotecano), um
alcaléide da vinca (vinorelbina) e os taxanos (paclitaxel e docetaxel) é o
procedimento padrao adotado. A dose de cisplatina nestes esquemas varia de
50 a 100 mg/mz. Entretanto, os resultados ainda insatisfatérios obtidos no
tratamento do cancer de pulmdo ndo constituido por células pequenas
demonstram a importancia da descoberta de uma nova estratégia terapéutica

para o prolongamento da sobrevida dos pacientes (LIMA & ALVES, 2002).

A utilizacdo de CDDP como primeira escolha no tratamento de céncer de
cabeca e pescocgo apresenta resposta variando entre 75% e 85%, sendo que
25% a 35% dos pacientes apresentam completa remissdo do tumor. O uso da
CDDP como adjuvante no tratamento do cancer de cabega e pescogo
avancado tem mostrado respostas promissoras (SCHRIJVERS et al., 2003).

Entretanto, apesar da resposta ao tratamento com a CDDP e outros agentes



quimioterapicos, se faz necessario uma melhora da taxa de cura com menor
toxicidade e efeitos colaterais (YANG et al., 2008).

O cancer de ovario é responsavel por aproximadamente 2% dos Obitos por
cancer no Brasil e cerca de 4% dos Obitos por neoplasia em mulheres,
correspondendo a sexta causa de internacdo hospitalar por cancer no Brasil
(Sociedade Brasileira de Oncologia Clinica, 2000). Atualmente, a combinac¢ao
de um composto platinado com um taxano é adotada como procedimento
padrao na quimioterapia dos pacientes com cancer de ovario avangado,
substituindo o antigo esquema de tratamento conhecido como CAP
(ciclofosfamida 500 mg/m?, adriamicina 50 mg/m? e cisplatina 50 mg/m?). Os
carcinomas avangados de ovario sao inicialmente muito sensiveis a multiplos
agentes quimioterapicos. Entretanto, apenas cerca de 25% das pacientes
sobrevivem até 5 anos, devido a resisténcia adquirida aos farmacos (LAGO &
ROSSARI, 2002).

O cancer testicular € mais comum em homens na faixa etaria compreendida
entre 20 e 35 anos. A maioria destes pacientes necessita de tratamento
sistémico mesmo apdés a dissecagao do tumor ou a orquidectomia, além da
remocgao dos linfonodos retroperitoneal para a garantia de completa remissao
(STRUMBERG et al., 2002). Entretanto, em regimes de quimioterapia as
alteragdes hormonais, a morbidez cardiovascular e a mortalidade tém sido
relacionadas aos pacientes que sobrevivem ao cancer testicular, com risco
aumentado para o desenvolvimento de sindrome metabdlica (HAUGNES et al.,
2007).

O mecanismo de agdo da cisplatina [cis-diamino-dicloroplatina (l1)], CDDP,
ocorre da seguinte forma: apdés a entrada na célula, os ions cloreto s&o

substituidos por moléculas de agua, de forma que a CDDP adquire carga



positiva e interage com moléculas nucleofilicas dentro da célula, tais como
DNA, RNA e proteinas (Fig. 1).
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Figura 1 — CDDP e seus produtos de hidrdlise.

A interacdo da CDDP com o DNA é através da ligacdo aos atomos N7 dos
anéis imidazodlicos de guanosina e adenosina. Trés diferentes tipos de ligagdes
podem ser formadas com as bases puricas do DNA: monoadutos, ligacdes
cruzadas intracadeia e liga¢des cruzadas intercadeia (Fig. 2). Os monoadutos
sdo os primeiros a serem formados pela perda de uma molécula de agua da
espécie, entretanto, 90% dos monoadutos reagem para formar ligagdes
cruzadas, sendo quase todas do tipo intracadeia. As ligagdes cruzadas
promovem a contor¢cdo da estrutura do DNA, o que pode ser responsavel pela
citotoxicidade por bloquear mecanismos de reparacao, transcricdo e replicacao
do DNA e favorecer a iniciacdo do processo de apoptose. A CDDP também é
capaz de promover a ativagao das caspases apoptoticas pela ativagdo da via
do estresse do reticulo endoplasmatico. (RABIK & DOLAN, 2007).
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Figura 2- Formagao de adutos CDDP-DNA. CDDP é capaz de reagir com o DNA para
formar monoadutos, ligagbes cruzadas intracadeia (1,2-d(GpG), 1,2-d(ApG), 1,3-
d(GpXpGp), ligagbes cruzadas intercadeia (G-G) e ligagdes cruzadas DNA-Proteina.
Adaptado de (RABIK & DOLAN, 2007).

2.1.1 Inconvenientes da utilizagdo de CDDP

A utilizacdo da CDDP apresenta alguns inconvenientes, podendo-se destacar:
efeitos adversos, desenvolvimento de resisténcia clinica, e possibilidade de
interagir com outros farmacos administrados concomitantemente na terapia

antineoplasica.

Os efeitos adversos comumente manifestados sdo: anemia secundaria a
mielossupressao, leucopenia, trombocitopenia, neurotoxicidade, ototoxicidade,
e, sobretudo, nefrotoxicidade (RABIK & DOLAN, 2007).



Os fatores responsaveis pela resisténcia adquirida a CDDP tém sido atribuidos
a quatro alteragbes bioquimicas: (i) aumento do nivel de glutationa (GSH); (ii)
niveis aumentados de metalotioneina (MT); (iii) aumento da capacidade de
reparo de DNA e (iv) alteragdes no influxo ou efluxo da CDDP nas células
(STORDAL et al., 2007; MAYER et al., 2003; RABIK & DOLAN, 2007).

O GSH é um tiol tripeptidico, &-glutamilcisteinilglicina, um nucledfilo potente
capaz de reagir com os agentes alquilantes e com a CDDP antes que os
mesmos possam se ligar ao DNA. A reagao entre a CDDP e o GSH forma um
complexo de platina que é posteriormente eliminado pelas células. Entretanto,
o aumento do nivel de glutationa pode ser observado apenas em algumas

linhagens de células resistentes a CDDP.

A MT é uma pequena proteina de 61-62 aminoacidos constituida por 20
residuos de cisteina que age presumivelmente na desintoxicagdo do organismo
na presenca de ions de metais pesados. A CDDP se liga a MT produzindo um
composto com 10 atomos de platina por molécula e a constante da ligacao é
bem mais elevada do que a obtida na reagcdo com a glutationa. Estudos
utilizando determinadas linhagens celulares demonstraram que, apdés a
sensibilizacdo com metais pesados, as células tiveram um aumento no nivel de

MT e se tornaram resistentes a CDDP.

O aumento no reparo do DNA ¢é outro fator responsavel pelo decréscimo da
citotoxicidade dos adutos de Pt-DNA observado nas células resistentes a
CDDP e pode ser determinado por uma competicdo dinamica entre as

proteinas responsaveis pelo reparo do DNA e o sinal de apoptose (CHU, 1994).
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Apesar da importancia de cada um destes mecanismos nao estar
rigorosamente definida, varios estudos tém demonstrado a correlagéo entre o
acumulo do farmaco e a sensibilidade a sua acdo. Na maioria dos casos,
sublinhagens tumorais resistentes acumulam menos CDDP que a linhagem
sensivel da qual foi derivada (LANZI et al., 1988; ANDREWS & HOWELL,
1990).

Como exemplos de incompatibilidades da CDDP com outros farmacos ou
constituintes da formulagdo podem ser citados: (i) sua precipitacdo em
presenca de etoposideo dissolvido em solugéo de cloreto de sodio 0,9% (p/v);
(ii) precipitagdo em presenga de tiotepa dissolvida em solugédo de glicose a 5
%; (iii) degradacao da CDDP decorrente de sua interagdo com trometamol, um
excipiente utilizado na formulagao de 5-Fluoruracila (STEWART et al., 1989;
TRISSEL et al., 1996; FOURNIER et al.,1992). Diversas estratégias tém sido
desenvolvidas visando minimizar estes inconvenientes como a sintese de
analogos da CDDP ou a sua encapsulagao em lipossomas (FOX et al., 1999;
PEREZ-SOLER et al.,1997).

2.2 Novas propostas para a quimioterapia com os compostos de platina

Inumeras pesquisas cientificas estdo direcionadas para a sintese de analogos
da CDDP visando a descoberta de compostos menos toxicos e mais efetivos
(PASSINI & ZUNINO, 1987; PEREZ et al., 2000) (Fig. 3). A CDDP se tornou o
protétipo de uma classe de agentes antineoplasicos, muitos dos quais foram
abandonados em estudos pré-clinicos ou em estagios clinicos de
desenvolvimento, enquanto poucos foram inseridos na rotina clinica (JAKUPEC
et al., 2003). Apenas dois compostos de platina de segunda geragao vém
sendo utilizados com sucesso na clinica (O'DWYER et al., 2000) que séo a

carboplatina e a oxaliplatina.
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Figura 3 — Estrutura quimica dos complexos de platina.

A [cis-diamino(1,1-ciclobutanodicarboxilato) platina (ll)] (carboplatina) possui
nefrotoxicidade e émese reduzida, quando comparado com a CDDP, sendo
que sua menor toxicidade tem sido associada a uma maior estabilidade do
ligante 1,1-ciclobutanodicarboxilato em solugdo, em relagdo a estabilidade do
ligante cloreto da CDDP. Entretanto, a toxicidade limitante para a administragao
da carboplatina € a mielossupressdo produzida. Estudos de fase |l
demonstraram a equivaléncia farmacoldgica da carboplatina e da CDDP no
tratamento do cancer de ovario (ALBERTS et al., 1992), enquanto que a CDDP
se mostrou superior no tratamento do cancer de testiculo, cabega e pescoco
(BAJORIN et al., 1993; DE ANDRES et al., 1995). Além disso, a carboplatina
também causa desenvolvimento de resisténcia durante o tratamento clinico
(CALVERT et al., 1982; EGORIN et al., 1985).

O composto de platina mais recentemente liberado para o uso clinico é o [1,2-
diamino-ciclohexano-oxalato platina (ll)] (oxaliplatina). O uso desse composto
nao tem levado ao aparecimento de nefrotoxicidade ou ototoxicidade e a

mielossupressédo é pouco comum. Entretanto, esse farmaco causa neuropatia
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sensorial, efeito limitante da dose, que se torna mais pronunciado com a
duragédo prolongada do tratamento em ciclos sucessivos (O'DWYER et al.,
2000). Sua acdo antineoplasica €& otimizada quando administrada em
combinagdo com outros farmacos, como o 5-fluorouracil e gencitabina
(BOULIKAS & VOUGIOUKA, 2003).

A satraplatina € um complexo de coordenacgao da platina administrado por via
oral, que tem demonstrado aumento da sobrevida dos pacientes apresentando
elementos indicativos de beneficios clinicos como controle da dor, além de
exibir menor resisténcia cruzada a outros agentes quimioterapicos platinados
(ARMSTRONG & GEORGE, 2007). Outro farmaco de segunda geracado, a
nedaplatina (cis-diaminoglicolatoplatina Il), desenvolvida e utilizada no Japao,
apresenta propriedades toxicolégicas melhores que a CDDP. A
mielossupressdo € dose-limitante e a toxicidade hematoldgica € geralmente
leve. Em estudos mais recentes, o principal foco é o desenvolvimento de
complexos que superem 0s principais mecanismos de resisténcia do tumor a
CDDP, como aqueles denominados cis-aminodicloro(2-metilpiridina)platina (I1)
(ZD0473) e trans-amino(diclorociclohexilamina dihidroxiplatina (1V) (JM335)
(JAKUPEC et al., 2003). A ocorréncia de resisténcia cruzada entre a CDDP,
carboplatina e nedaplatina torna os dois ultimos farmacos ineficazes no
tratamento de pacientes que nao responderam ao tratamento prévio com
CDDP.

A encapsulacdo da CDDP em sistemas nanoestruturados para a vetorizagao
de farmacos constitui uma outra proposta promissora para o aprimoramento da

terapia antitumoral.
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2.2.1 — Sistemas nanoestruturados para a vetorizagcdo de farmacos

A associagado de farmacos, ja em uso, a um sistema transportador, visando
direcionar o farmaco para a célula-alvo e evitar os locais indesejaveis onde o
farmaco exerce toxicidade, oferece um ganho de tempo na fase de
desenvolvimento de um produto porque usa um farmaco ja caracterizado do
ponto de vista farmacolégico (FREZARD et al., 2005). O direcionamento de
farmacos por meio de sistemas carreadores tem sido amplamente estudado.
As vantagens do uso de sistemas carreadores de drogas estdo associadas a
reducdo ou eliminacdo de efeitos colaterais, ao aumento da solubilidade da
droga, maior tempo de permanéncia da droga no organismo, maior
concentracdo da droga no local acometido pela patologia, assim como a
possibilidade de reducdo e/ou reversdao da resisténcia cruzada entre os

agentes antineoplasicos em terapia combinada (ZAMBONI, 2008).

2.2.2 O uso potencial dos lipossomas na quimioterapia

Os lipossomas sao sistemas lipidicos dispersos constituidos frequentemente
por fosfolipides, os quais em meio aquoso se organizam espontaneamente em
bicamadas formando vesiculas esféricas. Essas bicamadas circundam uma
cavidade aquosa interna e se encontram envolvidas por um meio aquoso.
Considerando que os lipossomas sao constituidos por moléculas anfifilicas, os
mesmos sdo capazes de encapsular substancias hidrofilicas, lipofilicas e
anfifilicas. Moléculas hidrofilicas sdo encapsuladas na sua cavidade aquosa
interna, onde estdo presentes os grupos polares dos fosfolipides. As
substancias lipofilicas sdo acomodadas na regido apolar da bicamada e as
anfifilicas ao longo de toda sua extensao, interagindo com a regido apolar e

polar. (Fig. 4)
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Figura 4 — Representagdo esquematica dos lipossomas (Adaptado de FREZARD
et al, 2005).

Esses sistemas lipidicos foram descritos, na década de 60, por Bangham e
colaboradores (1965) como modelos de membranas biolégicas. A utilizagédo
dos lipossomas como sistemas de liberagdo de farmacos foi proposta na
década de 70. Entretanto, as primeiras formulagbes de lipossomas estudadas
nao produziram os resultados esperados, devido a instabilidade das vesiculas,
ao baixo teor de encapsulacado dos farmacos e a escolha inadequada da via de
administracao (LASIC, 1998).

Os lipossomas sao classificados de acordo com o numero de bicamadas e
tamanho em lipossomas unilamelares pequenos (SUV) - 20 a 100 nm — e
lipossomas unilamelares grandes (LUV) - > 100 nm — quando constituidos de
uma unica bicamada lipidica. Quando as vesiculas sdo formadas por
bicamadas sucessivas separadas por compartimentos aquosos, os lipossomas

s&o denominados multilamelares (MLV) — 0,1 a 1 um. (Fig. 5)
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Figura 5 — Classificacdo de lipossomas quanto ao didmetro e numero de
bicamadas (Adaptado de LASIC, 1998).

A obtencdo de lipossomas com diametro reduzido e distribuicdo homogénea
das vesiculas € um importante fator para a garantia da estabilidade desta forma
farmacéutica. Muitos estudos utilizam lipossomas unilamelares homogéneos
com didmetro compreendido entre 50 e 150 nm. Essa faixa € um meio termo
entre a eficiéncia de encapsulagdo (aumenta de acordo com o aumento do
didmetro), a estabilidade do lipossoma (diminui com o aumento do didametro
acima da faixa 6tima de 80-200nm) e a capacidade de extravasamento (diminui
com o aumento do didmetro) (LASIC, 1988).

Em relagdo as caracteristicas de interagcdo com os sistemas biolégicos, os
lipossomas se classificam em convencionais e de longa circulagdo. As
interagcbes que ocorrem entre os lipossomas e os constituintes dos fluidos

bioldgicos, apds sua administragéo in vivo, s&o caracteristicas da composicéo
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da membrana e do tamanho das vesiculas, determinando a velocidade do

clearance sanguineo e a extensao da captacgéo tecidual (NEW, 1990)

Os lipossomas convencionais sao constituidos por fosfolipides, como por
exemplo, lipides naturais (fosfatidilcolina de ovo ou soja) ou sintéticos como a
dioleoilfosfatidiletanolamina (DOPE) e a dioleoilfosfatidilcolina (DOPC) (Fig. 6).
Esse sistema pode também apresentar outros constituintes como o colesterol
que confere maior ou menor rigidez a membrana, quando esta é constituida por
lipides de reduzida ou elevada temperatura de transicdo de fase,
respectivamente. No primeiro caso, a adigdo de colesterol reduz a
permeabilidade da membrana e, portanto, a difusdo do material encapsulado
para o meio externo. No segundo caso, a presenga do colesterol facilita a
hidratacdo dos lipides, e conseqlentemente, a formacdo das vesiculas
lipossomais. Fosfolipides apresentando carga, como o fosfatidilglicerol, podem
também fazer parte da bicamada, com o objetivo de evitar fenbmenos de fusao
e/ou agregacao das vesiculas em decorréncia do aparecimento de repulsdes
eletrostaticas entre as mesmas. Estes lipossomas quando administrados por
via endovenosa sofrem adsorcdo de proteinas séricas (opsoninas),
ocasionando sua captura pelas células do sistema fagocitario mononuclear
(SFM), sobretudo as células de Kupffer, presentes no figado, e os macréfagos
esplénicos (DELATTRE et al., 1993).

Os lipossomas de longa circulagdo também contém fosfolipides, como
constituinte principal, mas apresentam na bicamada outro composto que torna
a superficie das vesiculas mais hidrofilica, como por exemplo, os fosfolipides
acoplados a cadeia de polietilenoglicol (PEG), podendo-se citar o
diestearoilfosfatidiletanolamina acoplado ao polietilenoglicol 2000 (DSPE-
PEG2000) (Fig. 6). Esses derivados hidrofilicos evitam a adsor¢ao de proteinas
séricas na superficie dos lipossomas, reduzindo a sua captacédo pelo SFM, e

consequentemente, prolongando seu tempo de circulagdo na corrente
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sanguinea permitindo assim uma maior distribuicdo do farmaco encapsulado
(DU et al, 1997).
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Figura 6 — Estruturas quimicas de DOPE (A), DOPC(B) e DSPE-PEGgq (C).

As diferentes composicbes da membrana dos lipossomas além de
influenciarem a sua biodistribuicdo, podem alterar a forma de liberagdo do
conteudo encapsulado. Em particular, a composi¢cao pode ser desenvolvida de
forma que a liberagdo seja sitio-especifica, em resposta a condigoes
ambientais, nos niveis anatdbmico, celular ou subcelular. Uma das estratégias
para permitir esse tipo de liberacdo € o desenvolvimento de lipossomas

convencionais ou de longa circulagdo pH-sensiveis (OZER et al., 1993).

O uso de lipossomas pH-sensiveis como sistemas de liberagao de farmacos foi
sugerido a partir da observagdo de que tecidos patolégicos (tumores,
inflamacdes e infecgdes) apresentam um pH menor do que os tecidos normais

(GULINO et al.,, 1967). Esses lipossomas exibem transicbes de fases,
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caracteristicas dos seus constituintes fosfolipidicos, que sdo responsaveis pela
desestabilizagdo das vesiculas em meio acido e sao estaveis em pH fisiolégico
(pH 7,4).

Os lipossomas pH-sensiveis sdo constituidos por fosfolipides derivados da
fosfatidiletanolamina (PE), como por exemplo, a dioleoifosfatidiletanolamina
(DOPE). Estes derivados organizam-se em meio aquoso, a temperatura
ambiente, sob a forma hexagonal, ndo sendo capazes de se apresentarem na
forma de vesiculas (SIEGEL, 1986). A formacao de lipossomas com estes
fosfolipides requer a adicdo de agentes estabilizantes, normalmente lipides
carboxilados, como o hemisuccinato de colesterila (CHEMS) (Fig. 7), que em
pH fisiolégico se encontram sob a forma ionizada. Estes estabilizantes séo
capazes de se inserir entre as moléculas de fosfolipides, sendo que o
aparecimento de repulsdes eletrostaticas entre os grupamentos carboxila,
presentes no estabilizante, e os grupos fosfato dos fosfolipides favorecem a
organizacao lamelar, possibilitando a formagéo dos lipossomas. A exposi¢cao
dos lipossomas pH-sensiveis a um pH acido, como é o caso da regiao tumoral,
resulta na protonagcdo dos agentes estabilizantes, com consequente,
desestabilizacdo das vesiculas e a liberacdo do material encapsulado
(OLIVEIRA et al., 1998; OLIVEIRA et al., 2000; TACHIBANA et al., 1998).
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Figura 7 - Estrutura quimica do CHEMS
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Dependendo da composicao lipidica dos lipossomas podemos utiliza-los em
diferentes terapias antineoplasicas (SADZUKA et al., 2000). A administragédo
dos quimioterapicos utilizados no tratamento dos tumores ocorre
principalmente por via parenteral. Portanto, os lipossomas pH-sensiveis
convencionais serao capturados pelo SFM, sendo interessantes, por exemplo,
para tratamento do cancer do figado e do bago (TARDI et al., 2000). O cancer
que afeta outros érgédos pode ser tratado mediante o uso de lipossomas pH-

sensiveis de longa circulagéo.

2.2.3 Lipossomas de CDDP

Lipossomas de CDDP constituidos por fosfatidilcolina hidrogenada de soja,
DSPE-PEGyy € colesterol, na razdo molar de 51:5:44, apresentando um
didmetro igual a 100 nm foram avaliados por NEWMAN e colaboradores (1999)
em camundongos portadores de tumor de cdélon (C26) ou pulmdo. Os
resultados deste estudo demonstraram haver um aumento da concentragédo da
CDDP na regiéo tumoral, a partir da formulagdo encapsulada, com melhora da
eficacia terapéutica e reducao da toxicidade. O estudo de distribuicdo tecidual,
dentro da primeira hora apds o tratamento, para os animais tratados com os
lipossomas mostrou um nivel de platina nos rins inferior a %4 do nivel de platina
nos rins dos animais tratados com a CDDP livre (NEWMAN et al., 1999).

Outro estudo realizado por VAAGE e colaboradores (1999), utilizando um
modelo de carcinoma de célon humano em camundongos, mostrou que a
encapsulacdo da CDDP em lipossomas constituidos de colesterol,
fosfatidilcolina hidrogenada de soja, diestearoilfosfatidiletanolamina acoplado
ao polietilenoglicol 1900 (DSPE-PEG1900) na razdo molar de 39:56:5, reduziu a
dose do farmaco necessaria para a eficiéncia do tratamento, sendo que a

mesma dose de CDDP livre ndo produziu nenhum efeito farmacologico
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desejado. O aumento do efeito, a partir da formulagcido encapsulada, foi
atribuido a um provavel aumento da penetracdo do farmaco nos tumores e a

liberagao lenta e prolongada da substancia encapsulada.

HARRINGTON e colaboradores (2000) estudaram a utilizagdo dos lipossomas
de longa circulagdo de CDDP compostos por fosfatidilcolina hidrogenada de
soja (56,2%), colesterol (38,3%) e DSPE-PEGy0 (5,3%) na quimioterapia
associada concomitantemente com a radioterapia (CCRT), utilizando
camundongos implantados com tumores de cabega e pescogo. Os resultados
deste estudo demonstraram que os lipossomas de CDDP aumentam o efeito
da radioterapia, ndo sendo possivel, entretanto, concluir sobre a natureza da
interacdo entre o farmaco encapsulado e a radiagdo. Os autores sugeriram a
hipétese de um aumento da agao citotdéxica do farmaco pela radioterapia, mas
nédo excluiram a possibilidade do efeito de radio sensibilizacdo (HARRINGTON
et al., 2000). Com base nestes resultados, esta equipe de pesquisadores
conduziu um estudo clinico de fase | e Il administrando os lipossomas de
CDDP em pacientes com cancer escamoso de cabeca e de pescogo (SCCHN)
localmente avangado. Porém, este estudo demonstrou que os lipossomas de
CDDP foram inesperadamente inativos contra o SCCHN. Os autores atribuem
como causa possivel para a ineficacia do tratamento a baixa biodisponibilidade
desta formulagao e sugerem um estudo da composicao fosfolipidica de forma a
aumentar a razdo farmaco/lipide e a biodisponibilidade desta formulacéo
(HARRINGTON et al., 2001).

Uma formulagao de lipossomas contendo CDDP, Lipoplatin®, foi desenvolvida
com a finalidade de reduzir a toxicidade sistémica da CDDP e direciona-la aos
sitios tumorais. Esta formulagdo € constituida por dipalmitoilfosfatidilglicerol,
fosfatidilcolina de soja, colesterol e DSPE-PEG;p0, com didametro vesicular
médio de 110 nm. Lipoplatin®, administrado pelas vias intraperitoneal e
intravenosa, mostrou-se menos téxico que a CDDP livre em ratos Wistar
fémeas previamente implantadas com tumor de mama humano (MCF-7). Os

animais tratados com Lipoplatin pela via endovenosa apresentaram maior
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toxicidade quando comparado com a via intraperitoneal (BOULIKAS, 2004). Em
estudos clinicos de fase I-Il foram associados gencitabina com CDDP
lipossomal, Lipoplatin. O tratamento foi administrado em pacientes portadores
de cancer pancreatico, pré-tratados, porém refratarios a prévia quimioterapia
que incluiu a gencitabina no esquema de tratamento. O objetivo deste estudo
foi a avaliacdo de eficacia e toxicidade nos pacientes refratarios. O avanco
detectado foi a menor toxicidade observada, atribuida ao uso de Lipoplatin®
(STATHOPOULOQS et al., 2006).

Outra formulacado lipossomal, denominada SPI-077, foi delineada a fim de
direcionar a CDDP as células tumorais mediante o retardo da excrecéo renal e
aumento do tempo de circulagdo, para reduzir a toxicidade ocasionada pela
CDDP na sua forma livre e evitar os procedimentos profilaticos como
hidratacao e utilizacdo de antieméticos. Entretanto, devido a reagdes graves de
hipersensibilidade aos componentes da formulacdo fez-se necessaria a
profilaxia com corticosteréides e anti-histaminicos. (JAKUPEC et al., 2003).
Resultados dos estudos pré-clinicos sao conflitantes ja que enquanto um
estudo indica que SPI-077 exibiu atividade superior a CDDP livre em modelos
tumorais de camundongos (NEWMAN et al., 1999), outro sugere que a CDDP
nao é liberada a partir dos lipossomas de maneira suficiente para induzir
resposta farmacolégica (ZAMBONI et al., 2000 apud JAKUPEC et al., 2003).

Portanto, visando melhorar a biodisponibilidade dos lipossomas de CDDP a
nossa proposta € o desenvolvimento de formulacbes de lipossomas pH-
sensiveis de longa circulagdo que possam liberar o farmaco, preferencialmente,

na regiao tumoral apresentando um pH relativamente reduzido.

Baseando-se nestas informagdes, a encapsulacdo da CDDP em sistemas
coloidais, como os lipossomas pH-sensiveis, podem constituir uma estratégia
para melhoria de sua biodisponibilidade, a reducdo ou eliminacdo de seus

efeitos adversos e do aparecimento de resisténcia, a promocdo de uma maior
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seletividade farmacolégica e a eliminagdo de incompatibilidades entre
excipientes da formulacdo e/ou outros antineoplasicos, nos casos de uso de

quimioterapia combinada.
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2. Objetivos
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2. Objetivos

Os objetivos da presente tese de doutorado sdo o estudo de parémetros
biolégicos pré-clinicos como a avaliagédo da resisténcia in vitro, a biodistribuicao
e a atividade antitumoral de uma nova formulagdo de CDDP, os lipossomas

pH-sensiveis de longa circulagdo contendo cisplatina (SpHL-CDDP).

2.1 Objetivos Especificos

Os objetivos especificos da presente tese de doutorado sao:

Marcar a CDDP por meio de radiagao.

e Preparar e caracterizar (quimica e fisico-quimica) os lipossomas pH-
sensiveis de longa circulagdo contendo CDDP (SpHL-CDDP).

o Avaliar a estabilidade de SpHL-CDDP em meio biolégico.

« Avaliar a atividade citotéxica de SpHL-CDDP apéds sua incubacdo em
células sensiveis e resistentes a CDDP.

» Estudar a biodistribuicdo e dos parametros farmacocinéticos dos SpHL-
CDDP ap6s sua administragdo endovenosa em camundongos Swiss
portadores de tumor sélido de Ehrlich.

e Estudar a atividade antitumoral de SpHL-CDDP administrados por via

endovenosa em camundongos Swiss portadores de tumor sélido de

Ehrlich.
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TRABALHO EXPERIMENTAL
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CAPITULO 1
Preparacéo da cisplatina radiomarcada e estudo de sua

biodistribuicdo em camundongos
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Preparacdo da cisplatina radiomarcada e estudo de sua

biodistribuicdo em camundongos

1. INTRODUCAO

Como mencionado anteriormente, a terapia com CDDP €& particularmente
restrita por sua severa nefrotoxidade, pois o farmaco induz necrose marcante
nos tubulos proximal e distal (SINGH, 1989). Para que seja monitorada a
eficacia terapéutica e seguranga de novas formas farmacéuticas de CDDP é
importante determinar a sua concentragdo em varios 6rgéos. Por esta razéo, &
essencial ter um método analitico adequado a quantificacdo da CDDP em
estudos in vivo. A espectroscopia por absorcao atdbmica é frequentemente
empregada neste tipo de ensaio. Porém, este método requer um laborioso
tratamento da amostra (digestdo da amostra e avaliagéo da influéncia da matriz
de todos os tecidos sobre o método de analise), e consequentemente, longo
tempo para andlise. O emprego de compostos marcados com is6topos
radioativos € uma alternativa para a quantificacgdo de CDDP em meios
biolégicos (SYKES et al, 1986).

A utilizagdo de marcadores radioativos tem mostrado ser uma alternativa para
a quantificacdo de compostos platinados em meio biolégico. A CDDP
radiomarcada (CDDP*) pode ser obtida pela radiagdo do tetracloroplatinato de
potassio, KyPtCls, ou da prépria platina metélica, os quais sao utilizados no
processo de sintese de CDDP* (HOESCHELLE et al.,, 1982; KAWAI et al.,
1989; SYKES et al., 1986). Estes procedimentos podem levar a uma alta
atividade especifica e pureza radioquimica, mas envolvem longo tempo para
sintese, além do custo dos is6topos platinados. Outra estratégia € a irradiagéo
direta da CDDP para obter a CDDP*. Sykes e colaboradores (1986) obtiveram
CDDP* com uma atividade especifica menor que 38,0 kBq.mg'1 ao irradiar a
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CDDP durante 2 horas, no reator nuclear Slowpoke Il, com o emprego de um

fluxo de néutrons térmicos de 5 x 10" néutrons.cm?.s™.

A fim de se aumentar a atividade especifica de CDDP*, maiores tempos de
irradiacdo da CDDP (4 e 8 horas) foram avaliados. No entanto, em tempos
maiores que 2 horas de irradiacdo direta foi observada a degradagcdo da
molécula de CDDP. Portanto, nesta primeira parte do trabalho experimental foi
investigada a obtencdo de CDDP*, a partir da irradiagao direta de CDDP, em
colaboragcdo com o Dr. Alexandre Soares Leal, do Centro de Desenvolvimento
da Tecnologia Nuclear-CDTN. A irradiagdo de CDDP foi realizada no reator de
pesquisa TRIGA MARK | IPR R-1, sendo estudado o uso de capsula de cadmio
como estratégia para se obter maior atividade especifica da CDDP* sem a
ocorréncia de sua degradacao. Além disso, foi avaliada a potencialidade do uso
da CDDP* obtida como radiotragcador em estudo de biodistribuicdo em

camundongos Swiss portadores de tumor solido de Ehrlich.

2. MATERIAL E METODOS

A CDDP foi gentilmente cedida pela Quiral do Brasil S/A (Juiz de Fora, MG,
Brasil) e o cloreto de sddio foi adquirido da Merck S.A. Industrias Quimicas (Rio
de Janeiro, Brasil). Todos os solventes empregados apresentavam grau
analitico. Camundongos Swiss fémeas oriundos do biotério da Faculdade de
Farmacia da Universidade Federal de Minas Gerais foram mantidos em
ambiente com controle de ciclo de luz e ventilagdo, submetidos a padrdes
éticos de tratamento, tendo agua e ragao ad libitum. O protocolo foi aprovado
pelo Comité de Etica para Experimentos Animais da Universidade Federal de

Minas Gerais.
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2.1 Obtencéao da CDDP*

Amostras de CDDP 99,3% p/p (2mg), protegidas ou nao por capsula de cadmio

de espessura igual a 1 mm, foram submetidas a um fluxo térmico e epitérmico

médio de 6,4 x 10" e 4.4 x 10'"° néutrons.cm2.s-1, respectivamente, a 100kW.
O tempo de irradiagao de CDDP no reator nuclear de pesquisa TRIGA MARK |
IPR-R1 foi de 2 e 4 horas na auséncia da capsula de cadmio e 8 horas com o
uso da mesma. Apods a irradiacdo de CDDP foram avaliadas a atividade
especifica e a pureza quimica de CDDP*. O espectro gama foi obtido usando
um detector do tipo HPGe com 15% de eficiéncia nominal e 1,85 keV, referente
a largura média a meia altura para o pico de 1332 keV de cobalto®®. O software
usado para aquisicdo de dados e analise de espectros foi o GENIE 2000

(Camberra, Australia).

2.2 Determinacdo da pureza quimica

A pureza quimica da CDDP foi determinada por meio de cromatografia liquida
de alta eficiéncia (CLAE). O aparato consiste de bomba modelo 515, um auto
injetor modelo 717 e um detector de ultravioleta variavel modelo 2487 (Waters
Instruments, Milford, MA, EUA), usando o software Millenium. Para a
separagao cromatografica foi utilizada uma pré coluna 4 x 4 mm, 5um e coluna
Lichrospher® 100 NH; 25 cm x 4 mm, 10 um (Merck, Darmstadt, Alemanha). O
sistema eluente foi composto por metanol/acetato de etila/N,N,
dimetilforfamida/agua 4:4:1:1, com fluxo de 1,0 mL.min™". Amostras de 20 uL

foram injetadas e a absorbancia do eluato foi medida a 310 nm.
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2.3 Modelo de tumor sélido de Ehrlich

A linhagem tumoral de células de Ehrlich foi gentilmente fornecida pelo Prof.
Jorge Luiz Pesquero (Departamento de Fisiologia e Biofisica, Instituto de
Ciéncias Bioldgicas, Universidade Federal de Minas Gerais). 1,0 mL de uma
suspensao de células de tumor Ehrlich (5,0 x 10° células/mL) foi inoculado, por
via intraperitoneal, em camundongos Swiss fémeas. Apds 8 dias, os
camundongos foram anestesiados com uma mistura de xilazina (7,5 mg/kg) e
ketamina (60mg/kg), sendo coletado o liquido ascitico contendo as células do
tumor de Ehrlich. Em seguida, uma suspensao de células viaveis foi preparada
com uma densidade média de 1,08 x 10° células/mL. O volume de 1,0 mL da
suspensdo de células tumorais foi implantada no flanco direito de
camundongos Swiss fémeas (20 - 25g). Apos 20 dias de implantagéo, o tumor
sélido de Ehrlich apresentava-se palpavel e os animais foram submetidos a

administragdo de CDDP* por via endovenosa.

2.4 Estudo de biodistribuicéo

Solucdo de CDDP*, na dose de 4mg/Kg, foi injetada por via endovenosa em
camundongos Swiss fémeas acometidos pelo tumor solido de Ehrlich (n=3).
Apds 24 horas, os camundongos foram anestesiados com uma mistura de
xilazina e ketamina, nas doses de 7,5 mg/kg e 60 mg/kg, respectivamente. Em
seguida, amostras de sangue e 6rgaos como o figado, bago e rins foram
coletados. Os 6rgéos foram lavados com agua destilada, secos em papel de
filtro e pesados. A radioatividade presente no sangue e nestes 6rgéos foi
determinada com o emprego de um equipamento de cintilagdo automatica
(ANSR-Abott, EUA). As leituras foram realizadas nas janelas de energia iguais

a 70-210 e 50-150 keV durante 2 e 4 minutos, respectivamente. Os resultados
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foram expressos em cpm/g de tecido. Os dados foram analisados por analise
de variéncia (ANOVA-Prism 4.0).

3. RESULTADOS E DISCUSSAO
3.1 Irradiagéo da CDDP

A atividade especifica da CDDP* foi de aproximadamente 40,0 e 57,0 Bg.mg”
para amostras sem e com a respectiva protecdao da capsula de cadmio, apos
24 horas de decaimento. Estes resultados podem ser considerados similares
aqueles obtidos por Sykes et al. (1986). De acordo com estes autores, esta € a
maior atividade especifica obtida sem a consequente decomposicido da
amostra, devido ao efeito Szillard-Chalmers que ocorre durante longos tempos
de irradiacdo ou quando submetida a altos fluxos térmicos e epitérmicos. A
protecdo de CDDP por capsula de cadmio mostrou que € possivel obter maior
atividade especifica irradiando-se a amostra por 8 horas, sem a ocorréncia de
sua degradacao. A alta atividade especifica obtida usando a CDDP protegida
por capsula de cadmio pode ser explicada em termos dos parametros
nucleares mostrados na Tabela 1, referentes as condicdes de irradiacdo e as
energias envolvidas nas interagdes néutrons-molécula. A probabilidade da
degradacdo da molécula de CDDP depende principalmente da energia que
retorna do nucleo ativado emissor de raios gama e, de forma secundaria, da
colisdo com néutrons rapidos e epitérmicos (FRIEDLANDER et al, 1981). As
energias de retorno do nucleo de atomos de *®Cl emissores de raios gama séo
1,64 e 2,17 MeV quando submetido a fluxo com energias equivalentes a 38 e
67MeV, respectivamente, que sao suficientes para romper as ligagcdes Pt-NH;
(1,82MeV) e Pt-Cl (3,73MeV) (FERREIRA, 2004). A contribuicdo para a
dissociagao da molécula de CDDP, para todos os is6topos de platina, ndo tem
relevancia devida a baixa energia dos fétons gama (<0,6MeV), correspondente
a uma energia de retorno de aproximadamente 1,0 MeV, que né&o é suficiente

para romper as ligacdes Pt-NH; e Pt-Cl.
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Tabela 1 - Principais radionuclideos produzidos pela irradiagdo da CDDP. Adaptado de
Sykes e colaboradores, 1986.

Nuclideo | Abundancia | Nyclideo Gth Meia- vy energia em keV (% de abundincia)
Estavel natural Produzido | (barns) | yida
(%)

190p¢ 0,01 191p¢ 150 2,96d 359,93 (6); 409,48 (8); 538,9 (13,7)
192p¢ 0,79 193mpy 2,2 433 | e
194pt 32,9 195mpy 0,09 4,02d 30,8 (2,3); 98,8(11,4); 129,7 (2,8)
196pyg 25,3 197py 0,74 18,3h 279,11 (2,3); 191,36 ( 3,7)
198p¢ 7,2 199p¢ 3,58 30,8m | 317,06 (4,87); 493,74 (5,7); 542,9 (14,8)
el 242 el 0,423 | 37,24m 1642,69 (31,0); 2167,68 (42,0)

A Figura 8 mostra os espectros gama

para as amostras submetidas a

irradiacdo sem e na presenca da capsula de cadmio. Pode-se observar que

ambos o0s espectros sao similares até 300 keV, mas acima deste limite,
fotopicos de "'Pt a 359,6; 409,4 e 538,9 keV foram detectados na amostra

desprotegida, mas ndo na amostra protegida por capsula de cadmio. A maior

ativacdo da amostra protegida por capsula de cadmio é devida ao maior valor

do produto ¢motn (fluxo de néutrons térmicos x sessdo de choque) comparado

ao ¢¢pi (fluxo de néutrons epitérmicos) como pode ser verificado pelos valores

mostrados na Tabela 1.
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Figura 8 - Espectro da CDDP*. Superior: CDDP* obtida apds 2 horas de irradiagado na
auséncia de capsula de cadmio. A, B e C indicam os fotopicos de 359,0; 409,5 e 538,9
keV da "°'Pt, respectivamente. Inferior: CDDP* obtida com o uso da capsula de cadmio
apos 2 horas de irradiagao.

3.2 Determinacgao da pureza quimica

A irradiacado da CDDP sem o uso da capsula de cadmio por 2 horas nao
resultou em degradagéo da molécula (99,0 % da molécula intacta). Entretanto,
no caso do tempo de irradiacdo de 4 horas, houve escurecimento da amostra.
A porcentagem de CDDP intacta observada por CLAE foi de 65%. A protegao
da CDDP com capsula de cadmio permitiu a irradiagao por periodo de 8 horas
sem a decomposicado da molécula. Na Figura 9, estdo os perfis cromatograficos
da CDDP irradiada e nao irradiada. O tempo de retengédo (3,5 minutos) e a
concentracdo de ambas as solugdes foram similares indicando que a capsula

de cadmio é util para prevenir a degradagdo da molécula.
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Figura 9 - Determinagéo da pureza quimica da CDDP usando CLAE. A — Solucéo de
CDDP néo radiomarcada. B — Solugdo de CDDP radiomarcada obtida apés 8 horas de
irradiagao.

3.3 Estudo de biodistribuicéo

Faz-se necessario investigar se a atividade especifica da CDDP* alcangada
com o uso da capsula de cadmio é suficiente para permitir o estudo de sua
distribuicdo in vivo. Os resultados da distribuicdo da CDDP* estdo mostrados
na Figura 10. A radioatividade foi medida usando janelas de energia de 70-210
keV e 50-150 keV, incluindo ou n3do os fotopicos de "*°Au, respectivamente. Em
ambos os casos, foram observados que a CDDP* foi captada principalmente
pelo bago, figado e rins. Os resultados ndo mostram diferenga estatistica entre
a captacdo de CDDP* pelo figado e bagco quando a radioatividade foi
determinada por meio da janela de energia de 70-210 keV (p>0,05). Os

mesmos resultados foram observados a 50-150 keV (p > 0,05). Os rins
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mostraram captacdo de CDDP* menor que o figado para ambas as janelas de
energia. Estes resultados sugerem que a quantificacdo da radioatividade nos
érgdos incluindo a contagem de '®Au nao afeta a biodistribuicdo da CDDP,
portanto, ndo sendo necessaria a remocao deste nuclideo. A detecgao da
radiagdo com a inclusdo de '®Au pode contribuir com a redugdo do tempo de
contagem de cada amostra, e consequentemente, dispensar as corregdes dos
dados de meia-vida da '°™Pt. Este perfil de distribuicdo esta de acordo com os
resultados encontrados por Newman e colaboradores (1999) que utilizaram a
espectroscopia por absor¢ao atdmica com forno de grafite para a quantificagéo
da CDDP. Estes resultados sugerem que a pureza radioquimica de CDDP* é
satisfatoria como a encontrada por Sykes e colaboradores (1986). Portanto,
vale destacar que a atividade especifica de CDDP* obtida com o uso da
capsula de cadmio nos permite obter um nivel de deteccido para a realizacao

de estudos de biodistribuigcao.

15000 -

10000 4

*

5000 4

#
0 , Ithl_h__‘

Figado Baco Rins Sangue

Figura 10 - Biodistribuicdo da CDDP* apds 24 horas de sua administracdo em

camundongos portadores de tumor sélido de Ehrlich e detectada a O 70-210 keV e &
50-150 keV. Valores expressos como média + desvio padrdo (n = 3). * e # indicam
resultados estatisticamente diferentes em relagéo ao figado, bago e sangue nas janelas
de 70-210 keV e 50-150 keV, respectivamente.
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CAPITULO 2
Avaliacdo da biodistribuicdo e da farmacocinética dos

lipossomas pH-sensiveis de longa circulacédo contendo

cisplatina em camundongos Swiss portadores de tumor soélido
de Ehrlich
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Avaliacdo da biodistribuicdo e da farmacocinética dos
lipossomas pH-sensiveis de longa circulacdo contendo
cisplatina em camundongos Swiss portadores de tumor sélido
de Ehrlich

1. INTRODUCAO

A cinética plasmatica e distribuicdo tecidual de uma droga encapsulada em
lipossomas é uma caracteristica que depende da membrana lipidica e ndo do
conteudo encapsulado. Este fato pode levar a reducdo ou eliminacdo da

toxicidade dessa droga assim como a uma melhora da eficacia terapéutica.

Bandak e colaboradores (1999) e Harrington e colaboradores (2001) atribuiram
a menor eficacia da CDDP encapsulada em lipossomas constituidos por 51%
de fosfatidilcolina de soja (HSPC), 44% de colesterol e 5% de DSPE-PEGzp00 a
lenta cinética de liberagdo da CDDP, resultando na sua reduzida
biodisponibilidade, e consequentemente, em baixa concentracdo da droga no

alvo para o efeito terapéutico.

Os SpHL-CDDP possuem o potencial de apresentarem um prolongado tempo
de circulagdo sanguinea e uma desestabilizagdo na regido tumoral, de forma
que a captagédo da CDDP pelo érgédo acometido pelo tumor pode ser facilitada.
Portanto, o uso desse tipo de sistema liberacdo da CDDP podera contribuir
com a reducao e/ou eliminacao de toxicidade assim como aumentar a eficacia

antitumoral.
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Esta parte do trabalho experimental descreve e compara a distribui¢ao tecidual
e a farmacocinética de SpHL-CDDP e da CDDP livre ap6s a administracéo

intravenosa em camundongos Swiss portadores do tumor sélido de Ehrlich.

2 MATERIAL E METODOS
2.1 Encapsulacdo da CDDP em lipossomas pH-sensiveis de longa

circulacao

2.1.1 Método de evaporacdo em fase reversa

Aliquotas cloroférmicas de DOPE, CHEMS e DSPE-PEGyy (concentragéo
lipidica de 40 mM, razdo molar igual 5,7:3,8:0,5, respectivamente) foram
transferidas para um baldo de fundo redondo e submetidas a evaporagao. O
filme lipidico obtido foi dissolvido em éter etilico e foi adicionada uma solugao
de CDDP* 2mg/mL preparada em solugdo de NaCl 0,9% (p/v). A razédo entre
as fases aquosa e etilica foi de 1:3, respectivamente. A mistura resultante foi
submetida a rapida agitacdo produzindo, entdo, uma emulsdo agua/éleo (A/O).
Em seguida, o éter etilico foi evaporado num rotaevaporador, com a
consequente formacdo dos lipossomas. Estes lipossomas formados foram
submetidos a calibragdo por membranas de policarbonato de 0,4, 0,2u e 0,1u
(5 ciclos em cada membrana). Apds a extrusdo, a CDDP nao encapsulada foi
eliminada por ultracentrifugacao (ultracentrifuga SORVALL ultra 80, Albertville,
Minnesota, EUA) a 150.000 x g, a 10 °C, por 80 minutos.

2.2 Caracterizacao dos SpHL-CDDP

Os lipossomas foram caracterizados pela sua porcentagem de encapsulagéo,

didmetro e potencial zeta. A porcentagem de encapsulagdo foi determinada
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pela quantificacdo da radiagcdo gama no sobrenadante, nos SpHL-CDDP nao

purificados e purificados apds ultracentrifugagéo.

A porcentagem de encapsulagao (PE) foi calculada com o emprego da seguinte

equagao:

PE - cpm de CDDP* presente SpHL-CDDP purificados x 100

cpm de CDDP* presente nos SpHL-CDDP nao purificados

A analise do didmetro dos SpHL-CDDP foi determinada por espectroscopia de
correlagao de fétons a 25°C e angulo de 90°. O potencial zeta dos SpHL-CDDP
foi avaliado por determinacdo do espalhamento dindmico de luz e da
mobilidade eletroforética a um angulo de 90 °. As medidas foram realizadas
em triplicata utilizando o equipamento Zetasizer 3000 HS (Malvern Instruments

Ltd., Inglaterra). As amostras foram diluidas em solu¢ao de NaCl a 0,9% (p/v).

2.3 Estudo de estabilidade dos SpHL-CDDP

Amostras de SpHL-CDDP foram diluidas, 10 vezes, em solugdo de NaCl a
0,9% (p/v) ou em plasma de camundongo 1:4 e incubadas a 37 °C durante 30
minutos. A CDDP liberada a partir dos SpHL-CDDP foi separada por
ultracentrifugacado a 150000 x g, a 10 °C, por 80 minutos. A CDDP liberada foi
quantificada com o emprego da espectroscopia por absor¢gao atdbmica em forno

de grafite (Springvale, Victoria, Australia).
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2.4 Modelo experimental de camundongos Swiss portadores de tumor de
Ehrlich

O tumor de Ehrlich foi desenvolvido em camundongos Swiss fémeas. Os
camundongos foram mantidos em area com controle de luminosidade e tiveram
livre acesso a agua e rag&o. As células do tumor de Ehrlich foram gentilmente
cedidas pelo Prof. Jorge Luiz Pesquero (Departamento de Fisiologia e
Biofisica, Instituto de Ciéncias Biologicas, Universidade Federal de Minas
Gerais, Belo Horizonte, Minas Gerais, Brasil). As células tumorais foram
inoculadas pela via intraperitoneal nos camundongos, e o liquido ascitico foi
coletado apds oito dias. Em seguida, a suspenséo de células tumorais viaveis
foi preparada a uma densidade de 1,08 x 10° células/mL e transplantadas por
via subcutanea no flanco direito de camundongos pesando entre 20 e 25¢g
(Biotério da Faculdade de Farmacia, Universidade Federal de Minas Gerais,
Belo Horizonte, Minas Gerais, Brasil). O desenvolvimento do tumor se fez
durante 15 dias até que o mesmo pudesse ser palpavel em todos os animais,
com medidas de aproximadamente 9 a 10 mm. Todos os protocolos foram
aprovados pelo Comité de Etica para Experimentagdo Animal da Universidade
Federal de Minas Gerais e cumprem com os requisitos do guia para cuidados e
utilizagcdo de animais de laboratério recomendado pelo Institute of Laboratory

Animal Resources.

2.5 Estudo de biodistribuicdo e farmacocinética dos SpHL-CDDP

A CDDP* livre ou encapsulada em lipossomas pH-sensiveis de longa
circulagago (SpHL-CDDP*) foram injetados, por via intravenosa, em
camundongos Swiss fémeas portadoras de tumor de Ehrlich (n = 5), com dose
de 6mg/kg. Nos intervalos de tempo de 10, 30 e 60 minutos e 4, 8, 12, 24, 48 e

72 horas os animais foram anestesiados com uma mistura de xilazina
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(7,5mg/kg) e ketamina (60mg/kg). O sangue foi coletado e os 6rgaos figado,
baco, rins, coragcdo e tumor foram removidos, lavados com agua destilada,
secos em papel de filtro e devidamente pesados. A radioatividade dos 6rgaos e
do sangue foi medida por um cintilador automatico na janela de energia de 50-
150 keV (ANSR-Abott, EUA). O tempo de contagem foi de 4 minutos. A
correcdo do tempo de meia-vida da '™Pt foi realizada pela contagem
simultanea de CDDP* livre e de SpHL-CDDP* injetados nos camundongos. Os
resultados foram expressos como % de dose injetada/g de tecido. Os dados
foram estatisticamente analisados por ANOVA-Prism 4.0 (p < 0,05). O
coeficiente de particao tecido-sangue foi determinado dividindo-se a area sob a
curva da concentracdo de CDDP* no tecido pela area sob a curva da
concentragdo de CDDP* no sangue. Parédmetros farmacocinéticos foram
determinados utilizando o programa WinNonlin software versao 3.1 (Pharsight,
Mountain View, CA, EUA). A analise foi do tipo ndo-compartimental, modelo
201, administracdo intravenosa por bolus, regra trapezoidal log/linear. Os
parametros analisados foram tempo de meia-vida (T,Az), tempo maximo (Tmax),
concentragdo maxima (Cnax), clearance corporal total (CL), volume de
distribuicdo (V.) e area sob a curva (ASC). O célculo dos parametros
farmacocinéticos levou em consideragcdo os Uultimos trés pontos para a

estimativa da meia-vida terminal.

3. RESULTADOS
3.1 Caracterizagédo dos SpHL-CDDP

A porcentagem de encapsulacdo de CDDP* nos lipossomas pH-sensiveis de
longa circulagao foi igual a 26,3 + 1,1%. O didmetro médio e o potencial zeta da
dispersdo das vesiculas foram de 110 nm e 0,6mV, respectivamente,
mostrando uma boa homogeneidade na distribuicdo de tamanho das vesiculas

(indice de polidispersao igual a 0,07).
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3.2 Estabilidade dos SpHL-CDDP

Em meio rico em proteinas, como o plasma de camundongo, os SpHL-CDDP
mostraram boa estabilidade. Aproximadamente 70% da CDDP permaneceram
dentro das vesiculas apds a incubacdo nesse meio. A liberagdo da CDDP a
partir dos SpHL-CDDP expostos ao meio contendo NaCl 0,9% (p/v) foi similar,
nao apresentando diferenca estatistica significativa (p > 0,05). Provavelmente,
esta liberacdo da CDDP foi devida ao aquecimento (37 °C) e ndo a

desestabilizagao provocada pelas interagbes com as proteinas plasmaticas.

3.3 Distribuicéao tecidual das formulacdes de CDDP*

A Figura 11A mostra que apos 72 horas da administragdo de uma dose Unica
de SpHL-CDDP, o sangue apresentou concentragao trés vezes maior de CDDP
quando comparada com a administracdo de CDDP livre. O valor de ASC foi 2,1
vezes maior para o tratamento com SpHL-CDDP do que com CDDP livre
(96,55 e 45,79 % dose injetadal/g, respectivamente). No figado, o pico da
concentracdo maxima de CDDP foi alcancado 1 hora apds a administracado de
SpHL-CDDP e CDDRP livre (Figura 11B). Apods este tempo, a concentracao de
CDDP comecgou a decrescer no grupo tratado com SpHL-CDDP, mostrando
uma eliminagéo lenta durante o tempo do experimento. Para o grupo tratado
com CDDRP livre, a concentragdo de CDDP no figado mostrou flutuagcéo durante

todo o experimento.

No baco, a concentracdo maxima de CDDP foi alcangada 12 h e 1h apds a
administragcao de SpHL-CDDP e CDDP livre, respectivamente (Figura 11C). A
concentragdo maxima de CDDP encontrada no tratamento com SpHL-CDDP
foi 4 vezes maior que a obtida apds a injecdo de sua forma livre. No tempo de
24 horas foi observada uma redug¢ao da concentracido de CDDP para ambos os

tratamentos, seguida pelo seu aumento nos tempos de 48 e 72 horas.
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Nos rins, a captacdo de CDDP até 1 hora, a partir de sua forma livre, foi maior
que a captacdo de CDDP a partir dos SpHL-CDDP. Com a administracdo de
SpHL-CDDP, a concentracdo maxima de CDDP foi alcangada no tempo de 1
hora (Figura 11D). Entretanto, apdés 4 horas foi observado um declinio da
concentracao renal de CDDP tanto nos animais tratados com a forma livre
quanto naqueles tratados com a forma encapsulada. No tempo de 24 horas, a
concentragdo de CDDP mostrou novo pico seguido de declinio da

concentracdo nos tempos posteriores.

No coracado, o perfil de distribuicido foi similar para os dois tratamentos. A
captacdo maxima ocorreu no tempo de 1 hora (Figura 11E). Os niveis de
CDDP foram equivalentes em todos os intervalos de tempo, exceto em 48
horas quando a concentracao de CDDP foi maior apés a administracdo de
SpHL-CDDP.

No tumor, a concentragdao de CDDP atingiu um ponto maximo em 24 horas
apdés a administragcdo de SpHL-CDDP, sendo cerca de 2 vezes maior que
aquela obtida a partir da administracido de CDDP livre. Além disso, a area sob
a curva para o tratamento com SpHL-CDDP foi 2,6 vezes maior que para o
tratamento com a CDDP livre (145,70 e 56,30 % dose injetadalg,
respectivamente) (Figura 11F).
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Figura 11 - Perfil de concentragdo de CDDP no sangue (A), figado (B), rins (C), bago
(D), coragao (E) e tumor (F) apdés administracéo intravenosa de CDDP (= o *) ou SpHL-
CDDP (==e==)em camundongos Swiss portadores de tumor solido de Ehrlich.
Resultados foram expressos como média e desvio padrdo. Os asteriscos indicam
diferengas estatisticamente significativa (p< 0.05).

O coeficiente de particao tecido-sangue (kp) para os tratamentos com a CDDP
livre e com SpHL-CDDP esta mostrado na Tabela 2. Ambas as formulagdes de
CDDP mostraram uma maior perfusao para o tecido hepatico, renal e esplénico
apés a sua administracdo intravenosa. No entanto, niveis mais altos de
distribuicdo tecidual extensiva no figado e rim foram encontrados para o
tratamento com a CDDP livre. Os valores de kp para o figado e rim foram,
respectivamente, 2,7 e 1,7 vezes maiores para o tratamento com CDDP livre
do que com SpHL-CDDP, indicando um maior acumulo de CDDP nestes
tecidos apds a administracdo na sua forma livre. A retengcdo de CDDP no

coragao foi baixa para ambos os tratamentos, fato que é refletido pelo seu
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baixo valor de kp comparado a outros 6rgéos. O acumulo de CDDP no tumor
foi maior quando os animais foram tratados com SpHL-CDDP que quando
foram submetidos ao tratamento com a CDDP livre. A razdo entre os valores de
kp (Kp SpHL-CDDP/Kp CDDRP livre) foi igual a 1,23, demostrando uma maior

retengcdo de CDDP no tumor para os animais tratados com SpHL-CDDP.

Tabela 2 - Coeficiente de particdo tecido/sangue (Kp) para diferentes érgaos de
camundongos ap6és tratamento com injecdo intravenosa de CDDP livre (A) ou de
SpHL-CDDP (B)

Orgéo Kp(A) Kp(B) Kp(B)/Kp(A)
Figado 29,72 15,59 0,52
Rins 6,73 4,79 0,71
Bago 20,11 28,83 1,43
Coracéao 1,28 1,16 0,91
Tumor 1,23 1,51 1,23

*Kp calculado a partir da razdo ASC,.7, tecido/ ASC,.7, sangue.

3.4 Estudo farmacocinético das formulacdes de CDDP

Os parametros farmacocinéticos estdo sumarizados na Tabela 3. A
concentragdo maxima (Cmax) de CDDP no sangue foi igual a 6,76 ug/mL e
17,15ug/mL apds a administracdo intravenosa de CDDP* e SpHL-CDDP*,
respectivamente. O t4; foi de 13,51 e 10,65 h apos os tratamentos com CDDP*
e SpHL-CDDP*, respectivamente. Os valores de ASC_,.) foram iguais a
64,70 e 141,51 h.uyg/mL apos a injegdo de CDDP* e SpHL-CDDP*,
respectivamente. A ASC_.) para o tratamento com SpHL-CDDP* foi 2,19
vezes maior que aquela observada para o tratamento com CDDP*. O volume
de distribuicdo durante a fase terminal (V,) apresentou valores de 1807,91
mL/Kg para o tratamento com CDDP* e 651,60 mL/Kg para o tratamento com
SpHL-CDDP*. O maior valor de V., apés a administragao de CDDP* em relacao
ao observado para o tratamento com SpHL-CDDP* (2,77 vezes superior) revela

a caracteristica de longa circulagdo desse ultimo. O clearance da CDDP*
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(92,73 mL/h/Kg) também se mostrou maior em relagao ao clearance da forma

encapsulada em lipossomas (42,40 mL/h/Kg).

Tabela 3 - Parametros farmacocinéticos de CDDP* e
SpHL-CDDP* apés administragdo endovenosa em camundongos Swiss portadores de
tumor sélido de Ehrlich. Os valores foram calculados utilizando o programa WinNonlin
para um modelo ndo-compartimental.

Parametro Unidade CDDP* SpHL-CDDP*
Valor Valor
Crmax pg/mL 6,76 17,15
Tz h 13,51 10,65
ASC o) h.ug/mL 62,04 139,75
ASC (o) h.ug/mL 64,70 141,51
Vz mL/kg 1.807,91 651,60
CL mL/h/kg 92,73 42,40

4. DISCUSSAO E CONCLUSAO

Os lipossomas séo sistemas de liberagdo de drogas com capacidade de
modificar a distribuigdo tecidual, metabolismo, eliminac&o e reduzir ou eliminar
a toxicidade da droga livre. Neste trabalho, investigou-se a distribuigdo tecidual
de uma nova formulacdo de lipossomas contendo CDDP, formulados com
DOPE, CHEMS e DSPE-PEGyy, sendo conhecidos como lipossomas pH-
sensiveis de longa circulagdo. Estes lipossomas constituem uma estratégia
para a terapia do cancer, devido ao fato do pH no sitio tumoral ser menor do
que nos tecidos normais. O CHEMS neste ambiente é protonado, ocasionando
a desestabilizacdo da bicamada das vesiculas lipidicas, e consequente,
liberagdo da CDDP. Estes lipossomas podem ser uma alternativa para
melhorar a biodisponibilidade e a eficacia da CDDP lipossomal desenvolvida
por Harrington e colaboradores (2001). Neste estudo, a concentragdo de CDDP
na corrente sanguinea obtida apds o tratamento com SpHL-CDDP foi maior

que aquela alcangada pela CDDP na sua forma livre, como pode ser observado
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pelos valores de ASC no sangue para os dois tratamentos. SpHL-CDDP foram
removidos pelos orgaos do sistema fagocitario mononuclear como ocorrido
com os lipossomas de longa circulagdo (SPI-077) avaliados por Newman e
colaboradores (1999). O baco foi o responsavel pela maior clearance e
também mostrou um maior valor de Kp (28,83), indicando a alta afinidade do

tecido esplénico pelos SpHL-CDDP.

A alta concentragcéo de CDDP no figado obtida apds a administragao de SpHL-
CDDP é também resultante de uma captacao extensiva, que é observada pelo
alto valor de Kp (15,59). A CDDP livre foi também retirada do sangue pelo bago
e figado. Este fato pode ser explicado pela fungdo metabdlica destes érgéos e
pela afinidade de ligagcdo da CDDP as proteinas teciduais. O alto valor de Kp
no bago e no figado mostrou a grande captacdo de CDDP nestes 6rgaos. A
CDDP possui a capacidade de formar complexos com as proteinas
plasmaticas, principalmente albumina, e o complexo formado pode explicar a
elevada remocédo de CDDP pelo bago e figado na primeira hora apds sua
administragdo. Ao contrario, a captacdo de SpHL-CDDP pelo figado
permaneceu alta até 8 horas. A redugao da captacdo de SpHL-CDDP pelo
figado e bagco em 12 horas e em 4 horas, respectivamente, pode ser devida a
saturacao do sistema fagocitario mononuclear. Apds este tempo, ocorreu uma
captacdo adicional de SpHL-CDDP pelo figado, seguida de uma lenta
eliminagao durante todo o experimento. Estes resultados sao similares aqueles
obtidos por Wang e colaboradores (2003). O tecido renal, principal sitio de
toxicidade da CDDP, mostrou alta concentragdo de CDDP em 1 hora e,
novamente, em 24 horas apos a administracado de SpHL-CDDP. Este aumento
em 24 horas pode ser resultante da degradacédo de SpHL-CDDP no figado e no
baco, liberando a CDDP e/ou derivados de CDDP no sangue, seguida de sua
eliminagao renal. O tratamento com SpHL-CDDP levou a uma maior ASC no
tecido renal que o tratamento com a CDDP livre, porém, o coeficiente de
particdo tecido renal/sangue de CDDP livre foi superior, indicando seu maior
extravasamento para o tecido renal. Este acumulo nos rins pode levar a um
severo efeito toxico. Portanto, a administracao de SpHL-CDDP contribuiu com

uma menor passagem de CDDP para o tecido renal, podendo reduzir ou
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eliminar a toxicidade neste 6rgao durante o tratamento quimioterapico com esta
formulacdo de CDDP. No coracédo, o perfil de distribuicdo foi similar apds
ambos os tratamentos nos intervalos de tempo investigados. Embora o valor de
ASC para o grupo tratado com SpHL-CDDP foi maior que para o grupo tratado
com CDDRP livre, o nivel de extravasamento para o tecido cardiaco foi pequeno
em ambos os tratamentos (Kp préximo a unidade). A maior retengéo de SpHL-
CDDP na corrente sanguinea em comparagao com a CDDP livre, como
demonstrado pelos valores de area sob a curva, levou maior concentracao de
CDDP no tumor. O valor de Kp para o tratamento com SpHL-CDDP indicou que
a distribuicdo no tumor é extensiva e a razdo Kp SpHL-CDDP/Kp CDDP livre foi
igual a 1,23, indicando uma maior retengao de SpHL-CDDP pelo tumor do que
de CDDP livre. Esta maior retencdo de CDDP pelo tumor a partir da
administracao de SpHL-CDDP e a maior ASC obtida podem conduzir a uma
maior concentracdo de CDDP no tecido tumoral, e consequentemente, a uma

maior eficacia antitumoral.

Diante do exposto, os SpHL-CDDP mostraram ser um sistema de liberacao de
CDDP capaz de aumentar a biodisponibilidade de CDDP na regido tumoral e
diminuir sua concentragao no tecido renal, podendo, portanto, contribuir com a

reducao de sua toxicidade.
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CAPITULO 3

Avaliacéo da atividade antitumoral e da resisténcia in vitro de
lipossomas pH-sensiveis de longa circulacdo contendo

cisplatina-
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Avaliacdo da atividade antitumoral e da resisténcia in vitro de
lipossomas pH-sensiveis de longa circulacdo contendo

cisplatina

1. INTRODUCAO

Como ja mencionado anteriormente a CDDP é um agente quimioterapico
utilizado amplamente no tratamento de uma variedade de tumores. Entretanto,
a resisténcia clinica intrinseca ou adquirida durante o tratamento assim como a
toxicidade sdo fatores limitantes para a sua utilizagdo. O desenvolvimento de
novos sistemas de liberagao de farmacos como os lipossomas pH-sensiveis de
longa circulagdo pode ser uma estratégia para contornar estes inconvenientes.
A resisténcia a CDDP pode ser eliminada com o emprego dos lipossomas pH-
sensiveis de longa circulagdo por proporcionarem uma nova via de transporte
da CDDP através da membrana celular, a endocitose, aumentando desta forma
sua concentracdo intracelular. Além disso, a toxicidade pode ser reduzida em
decorréncia de uma maior seletividade farmacolégica resultante da liberagéo
preferencial de CDDP na regidao tumoral, contribuindo, portanto, para uma
maior eficacia antitumoral. Nesta tese de doutorado, avaliamos a capacidade
dos SpHL-CDDP de eliminar a resisténcia adquirida empregando-se linhagem
celular resistente de carcinoma de pulmao de células pequenas (GLC4/CDDP).
A eficacia antitumoral foi avaliada utilizando-se modelo experimental de
camundongos Swiss portadores de tumor solido de Ehrlich. Sava (2001) relata
que muitos modelos experimentais de tumor sao utilizados para avaliagdo da
atividade antitumoral de CDDP e seus analogos, dentre eles destaca-se o
tumor de Ehrlich. A CDDP exerce efeito inibitdrio sobre o tumor de Ehrlich tanto
na sua forma ascitica quanto em sua forma soélida. Um dos mecanismos
envolvidos na atividade antitumoral é a inducdo de apoptose (GHOSH et al.,
2006).
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2 . MATERIAL E METODOS

A CDDP foi gentilmente cedida pela Quiral Quimica do Brasil S/A (Juiz de Fora,
Minas Gerais, Brasil). DSPE-PEG2y00, DOPE e dioleoilfosfatidilcolina DOPC
foram fornecidos por Lipoid GmBh (Ludwigshafen, Alemanha). CHEMS foi
adquirido de Sigma Chemical Company (St. Louis, MO, EUA). Cloreto de sodio
foi adquirido da Merck (Rio de Janeiro, Brasil). Todos os solventes empregados
apresentavam grau analitico. Camundongos Swiss fémeas oriundos do biotério
da Faculdade de Farmacia da Universidade Federal de Minas Gerais foram
mantidos em ambiente com controle de ciclo de luz e ventilagédo, tendo livre
acesso a ragao e agua. O protocolo experimental foi aprovado pelo Comité de
Etica para Experimentos Animais da Universidade Federal de Minas Gerais. A
linhagem tumoral de células de Ehrlich foi fornecida pelo Prof. Jorge Luiz
Pesquero (Departamento de Fisiologia e Biofisica, Instituto de Ciéncias

Bioldgicas, Universidade Federal de Minas Gerais).

2.1 Encapsulacgao da cisplatina em lipossomas pH-sensiveis de longa

circulacao

2.1.1 Método de evaporacdo em fase reversa

Aliquotas cloroférmicas de DOPE, CHEMS, DSPE-PEG;00 ou DOPC,
CHEMS, DSPE-PEG2u0 (concentracao lipidica de 40 mM, razdo molar igual
5,7:3,8:0,5, respectivamente) foram transferidas para um baldo de fundo
redondo e submetidas a evaporacao. O filme lipidico obtido foi dissolvido em
éter etilico e adicionado de solugdo de CDDP 2mg/mL preparada em solugéo
de NaCl 0,9% (p/v). A razdo entre as fases aquosa e etilica foi de 1:3,
respectivamente. A mistura resultante foi submetida a rapida agitacao
produzindo uma emulsdo A/O. Em seguida, o éter etilico foi evaporado, com a

consequente formacdo dos lipossomas. Estes lipossomas formados foram
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submetidos a calibragdo por membranas de policarbonato de 0,4u, 0,2 e 0,1u
(5 ciclos em cada membrana). Apds a extrusdo, a CDDP nao encapsulada foi
eliminada por ultracentrifugacao (ultracentrifuga SORVALL ultra 80, Albertville,
Minnesota, EUA) a 150000 x g, a 10 °C, por 80 minutos.

2.2 Caracterizacao dos SpHL-CDDP

Os lipossomas foram caracterizados pela sua porcentagem de encapsulagéo,
diametro e potencial zeta. A determinagcdo da porcentagem de encapsulagao
dos SpHL-CDDP foi realizada por meio de CLAE. O aparato consiste de bomba
modelo 515, um auto injetor modelo 717 e um detector de ultra-violeta variavel
modelo 2487 (Waters Instruments, Milford, MA, EUA) usando o software
Millenium. Para a separagcao cromatografica foi utilizada uma pré coluna 4 x 4
mm, 5um e coluna Lichrospher® 100 NHz 25 cm x 4 mm, 10 um (Merck,
Darmstadt, Alemanha). O sistema eluente foi composto por metanol/acetato de
etila/N,N, dimetilformamida/agua 4:4:1:1, com fluxo de 1,0 mL.min™". Amostras
de 20 uL foram injetadas e a absorbancia do eluato foi medida a 310 nm. A
analise do didmetro dos SpHL-CDDP foi determinada por espectroscopia de
correlagao de fétons a 25°C e angulo de 90°. O potencial zeta dos SpHL-CDDP
foi avaliado por determinacdo do espalhamento dindmico de luz e da
mobilidade eletroforética a um angulo de 90 °. As medidas foram realizadas
em triplicata utilizando o equipamento Zetasizer 3000 HS (Malvern Instruments

Ltd., Inglaterra). As amostras foram diluidas em solugado de NaCl a 0,9% p/v.

A quantidade de CDDP foi determinada nas solu¢des estoque empregadas na
preparacdo dos SpHL-CDDP e no sobrenadante apés purificacdo dos SpHL-

CDDP. A porcentagem de encapsulacéo foi calculada como:

[CDDP] Solugéo estoque — [CDDP] sobrenadante X 100
[CDDP] Solugao estoque
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2.3 Avaliacéo da resisténcia celular aos SpHL-CDDP

A avaliacao da capacidade dos SpHL-CDDP em contornar ou ndo a resisténcia
a CDDP foi investigada empregando-se duas linhagens celulares, a saber:
GLC4 (sensivel a CDDP) e GLC4/CDDP (resistente a CDDP). A linhagem
celular GLC4 foi obtida a partir da efus&o pleural de paciente acometido por
carcinoma de pulmado de células pequenas pelo Prof. E. G. E. de Vries
(Departamento de Medicina Interna, Hospital Universitario, Groningen,
Holanda). A linhagem celular GLC4/CDDP foi obtida a partir da exposicéao
continua a CDDP. Estas células foram cultivadas em meio RPMI 1640
enriquecido com 10% de soro fetal bovino e incubadas a 37°C em atmosfera
contendo 5% de CO,. O nimero de células inicial para cultura foi igual a 10°
células/mL, atingindo 10° células/mL em intervalo de trés dias. A viabilidade
celular foi avaliada pela técnica de exclusdo do trypan blue e a contagem
celular determinada com o emprego de Coulter Counter. 10° células/mL de
GLC4 ou GLC4/CDDP foram incubadas com CDDP livre e SpHL-CDDP
durante 72 horas em diferentes concentragdes. A sensibilidade de ambas as
linhagens celulares as formulagées de CDDP livre ou SpHL-CDDP foi avaliada
pela determinacdo da ICsg, concentracdo necessaria para inibir o crescimento
celular em 50%, e do fator de resisténcia (RF), definido pela razdo entre a ICs

de células resistentes e a ICsy de células sensiveis.

2.4 Determinacdo da concentracgéo intracelular de CDDP

Apds a incubagéo de células GLC4 ou GLC4/CDDP por 3 dias com diferentes
concentracdes de CDDP livre ou SpHL-CDDP, as mesmas foram submetidas
a centrifugagdo, lavadas duas vezes com tampéao fosfato refrigerado e

redispersas em HNO3; a 65%. A concentracdo de CDDP foi determinada por
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espectroscopia de absor¢ao atémica (Varian, Zeeman 220, Mulgrave, Victoria,

Australia).

2.5 Avaliagcéo da atividade antitumoral SpHL-CDDP

Inicialmente, 1,08 x 10° células do tumor de Ehrlich foram implantadas em
camundongos Swiss fémeas, apresentando um peso entre 18 e 22g, por via
subcuténea, dorso-lateralmente. Apés 15 dias da inoculagdo, SpHL-CDDP,
lipossomas ndo-pH sensiveis de longa circulagado contendo cisplatina (NSpHL-
CDDP), CDDP livre, SpHL brancos, NSpHL brancos bem como solugéo de
NaCl 0,9% (p/V) foram injetados nos camundongos (n = 15 para cada grupo,
dose de CDDP igual a 8 mg/Kg). A administracdo destas diferentes
formulagdes farmacéuticas foi realizada por via endovenosa, num total de trés
administracdes, com intervalos entre doses de 7 dias. O volume do tumor foi
medido seguindo a férmula V = /6 (d4 x d2 x d3), sendo d4, d; e d3 as medidas
geométricas dos trés diametros ortogonais (largura, comprimento e
profundidade). Os animais tiveram acesso livre a agua e racdo e foram
mantidos em ambiente com controle de ciclo de luz e ventilagdo. O protocolo
adotado foi aprovado pelo Comité de Etica em Experimentagdo Animal da

Universidade Federal de Minas Gerais.

2.6 Avaliacdo do peso e da sobrevida

Os animais foram pesados em intervalos regulares de tempo, os sinais clinicos
foram registrados e a sobrevida foi também acompanhada durante um periodo

de até 66 dias apds a primeira dose de tratamento.
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2.7 Andlise Estatistica

As comparacbes da atividade antitumoral e mudancas no peso corporeo
obtidas dos diferentes tratamentos foram realizadas utilizando o Teste de
Lilliefors e Bartlett para verificagcdo de normalidade e homocedasticidade da
variancia, respectivamente. Os dados foram analisados em parcelas, com
grupos nas parcelas e tempo na subparcela. Todos os dados relativos ao
volume tumoral e ao peso dos animais foram transformados pela equacao:
y = log (variavel) + 7. O teste de Scott-Knott foi utilizado para comparar as
medidas. A estimativa dos modelos de regresséao foi utilizada nos intervalos de
tempo de investigacado da evolugédo do tumor e da mudanga de peso corporal.
Analises de sobrevida foram realizadas pelo método de Kaplan-Meier (os
diferentes grupos foram comparados pelo log rank test). A significancia

estatistica foi considerada como sendo P < 0,05.

3. RESULTADOS
3.1 Caracterizacao dos lipossomas

A porcentagem de encapsulagdo de CDDP nos lipossomas pH-sensiveis de
longa circulagao foi de 26,3 + 1,1% . O didmetro médio e o potencial zeta das
vesiculas foram de 110 nm e 0,6 mv, respectivamente. Os SpHL-CDDP
apresentaram um indice de polidispersao igual a 0,07, indicando Ootima

homogeneidade na distribuicdo do diametro das vesiculas.

3.2 Avaliagédo da resisténcia celular aos SpHL-CDDP

A Figura 12 mostra o efeito dos SpHL-CDDP no crescimento das células GLC4



57

e GLC4/CDDP. Pode-se observar que a resposta citotoxica desta formulagao

de CDDP é similar para ambas as linhagens celulares.
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Figura 12 - Curva dose-resposta de células GLC4 e GLC4/CDDP para SpHL-CDDP obtida

apos trés dias de incubagdo. Os dados referem-se as médias e desvio padrdo de ensaio
realizado em triplicata.

A Figura 13 apresenta o perfil da porcentagem de inibicao de crescimento das
células GLC4 e GLC4/CDDP em funcdo da concentracdo intracelular de
platina. Comparando a acumulagdo de platina nestas linhagens celulares,
podemos dizer que sao necessarias concentracdes similares de CDDP para
produzir o mesmo efeito citotoxico. Por exemplo, considerando a ICsy para a
formulacdo de SpHL-CDDP obtém-se concentragcdes intracelulares de platina

idénticas para ambas as linhagens celulares, sendo igual a 4 x 10" mol/cel.



58

100 4

% % [0 GLC4/CDDP cells |

8

>

E .

o 80 1 | m GLC4 ceIIs|

(@]

C

< i

>

g 60 <

3 o

3

E 40 . &

S

® i

S .

g [}

5 201 .
T v T v T v T v T v T
0 2 4 6 8 10

[Pt]; x 10" mol/célula

Figura 13 - Perfil da sobrevivéncia das linhagens celulares GLC4 e GLC4/CDDP em funcgéao da
concentracgao intracelular de platina apds a exposi¢cdo de dose equitdxica de SpHL-CDDP por
3 dias.

A Tabela 4 indica a concentragdo que inibe 50% do crescimento celular de
GLC4 e GLC4/CDDP para a CDDP livre e SpHL-CDDP assim como as
concentracdes intracelulares de platina. A atividade citotéxica de CDDP livre foi
maior do que a de SpHL-CDDP na linhagem celular GLC4. Provavelmente, isto
se deve as diferencas no mecanismo de captura celular destas formulacdes de
CDDP. Entretanto, em relagcao a linhagem celular GLC4/CDDP foi necessaria
uma menor concentragao de CDDP sob a forma de SpHL-CDDP do que CDDP
livre para inibir 50% do crescimento celular. Além disso, pdde-se verificar que
os valores de ICsp obtidos para SpHL-CDDP nas linhagens celulares GLC4 e
GLC4/CDDP sao idénticos, obtendo-se um fator de resisténcia (RF) igual a 1,1.
A concentracdo intracelular de platina requerida para a obtencédo de ICsy de
SpHL-CDDP foi aproximadamente 2,5 vezes menor do que aquela observada
para CDDP livre. Estes resultados nos mostram que a encapsulagcao de CDDP
em SpHL permite contornar a resisténcia da linhagem celular GLC4/CDDP ao

tratamento com CDDP.
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Tabela 4. ICs, fator de resisténcia e concentragao intracelular de platina apds trés dias de
incubagédo com as formulagdes de CDDP e SpHL-CDDP. Os dados sdo expressos como
meédia e desvio padrao, sendo obtidos a partir de experimentos realizados em triplicata.

Linhagem ICs0 (UM) RF [Pt]i x 10"

Formulagdes Celular (mol/cel)
CDDP GLC4 0,40 + 0,05 9,8
CDDP GLC4/CDDP 2,50 + 0,20 6,3 10,7
SpHL-CDDP GLC4 1,32+ 0,10 4,0
SpHL-CDDP GLC4/CDDP  1,45+0,15 1,1 4,0

3.3 Avaliacao da atividade antitumoral de SpHL-CDDP

As Figuras 14 e 15 mostram o perfil da avaliagcdo antitumoral para as
formulagdes de SpHL-CDDP, NSpHL-CDDP e CDDP livre assim como os
respectivos controles [(SpHL, NSpHL e solugédo de NaCl 0,9% (p/v)]. Pode-se
observar que, levando-se em consideragdo os valores médios obtidos no
intervalo de tempo de investigagdo, houve uma menor velocidade de
crescimento do tumor apés o tratamento dos camundongos com SpHL-CDDP e
CDDRP livre.

O crescimento do tumor com o uso da formulagdo SpHL-CDDP foi menor em
comparacgao a formulacdo NSpHL-CDDP (Figura 14). Este resultado sugere a
importancia do uso do derivado fosfatidiletanolamina na composi¢cao
lipossomal, conferindo sensibilidade a membrana lipidica frente a uma regiao
de pH acido como o da regido tumoral. Todos os trés grupos controles [(SpHL
brancos, NSpHL brancos e solugédo de NaCl 0,9% (p/v)] avaliados mostraram

um maior crescimento do tumor
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Figura 14 - Perfil do crescimento do tumor soélido de Ehrlich em camundongos Swiss fémeas
submetidas aos seguintes tratamentos: ¢ SpHL-CDDP; ¢« NSpHL-CDDP; m CDDP livre; o
SpHL; ¢ NSpHL; o Solugéo de NaCl 0,9% (p/v), nos dias 0, 7 e 14.
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Figura 15 — Efeito antitumoral apés a administragéo intravenosa de CDDP ( ¥ ), SpHL-CDDP
( m ) ou NSpHL-CDDP ( A ) em camundongos Swiss portadores de tumor sélido de Ehrlich. A
dose de CDDP em cada formulagao foi de 8 mg/kg. Também s&o mostrados nesta figura os
seguintes grupos controle: SpHL (o ), NSpHL ( A ) ou solugdo de NaCl 0.9% (w/v) ( V ). Os
valores do volume tumoral foram calculados usando as equagdes da analise por regressao
linear obtida para cada tratamento. Os valores de r* das curvas CDDP, SpHL-CDDP, NSpHL-
CDDP, SpHL, NSpHL e solugao de NaCl 0.9 % (p/v) séo: 97,85; 95,22; 95,98; 94,08; 94,46 e
95,98, respectivamente.

3.4 Avaliagdo do peso dos animais

A Figura 16 apresenta uma comparagdo da variagdo de peso dos
camundongos acometidos pelo tumor de Ehrlich e tratados com as diferentes
formulagdes, tais como: SpHL-CDDP, NSpHL-CDDP e CDDP livre assim como
os respectivos controles [(SpHL brancos, NSpHL brancos e solu¢do de NaCl
0,9% (p/v)].

O tratamento dos camundongos acometidos com tumor sélido de Ehrlich com o
uso de CDDP livre ocasionou uma perda de peso dos animais, a qual foi mais
acentuada 22 dias apés o inicio do tratamento (Figura 16). Esta resposta
clinica dos animais pode estar relacionada a toxicidade da CDDP. A
encapsulacdo de CDDP em SpHL-CDDP e NSpHL-CDDP permitiram contornar
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este efeito indesejavel. No entanto, vale destacar que considerando que a
atividade antitumoral de CDDP e SpHL-CDDP é equivalente até 29 dias apos
inicio do tratamento, pode-se sugerir que o aumento de peso verificado deve-
se ao ganho de massa corporal e ndo ao crescimento do tumor. Por outro lado,
em relacdo ao tratamento com NSpHL-CDDP fica a duvida se o aumento de
peso dos animais deve-se ao ganho de massa corporal ou ao aumento do
volume do tumor, uma vez que sua atividade antitumoral € menor do que a
observada para o tratamento com CDDP livre. Os camundongos do grupo
controle tratados com solugado de NaCl 0,9% (p/v) néo apresentaram redugéao
de peso em nenhum dos intervalos de tempo investigado. O ganho de peso
constante observado nesse grupo de animais pode ser resultante do
desenvolvimento normal dos mesmos juntamente com o aumento do volume

do tumor.

Também foi observada uma severa reacdo na pele dos animais, apresentando

necrose no local de administragao da formulacdo CDDP livre.
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Figura 16 - Perfil da variagao de peso dos camundongos Swiss acometidos pelo tumor
sélido de Ehrlich e submetidos a diferentes tratamentos. Os graficos A, B, C e D

correspondem a variagdo de peso observada nos dias 7,

14, 22 e 29 dias,

respectivamente, apds o inicio dos tratamentos. SpHL-CDDP, NSpHL-CDDP e NaCl
0,9% (p/v) apresentam diferenca estatistica em relagdo a CDDP livre ao nivel de

p<0,001 (ANOVA seguido de Tukey’s Multiple Comparison Test).

3.5 Anélise da sobrevida

O tempo médio de sobrevida dos grupos tratados com CDDP, SpHL-CDDP e
NSpHL-CDDP foi de 52, 66 e 66 dias, respectivamente (Figura 17A ). Os

animais submetidos aos tratamentos com solucao de NaCl 0,9% (p/v), SpHL,

NSpHL mostraram tempo médio de sobrevida de 62, 62 e 66 dias,

respectivamente. A mediana de sobrevida dos animais tratados com SpHL-

CDDP foi estatisticamente maior que aquela observada para os animais
tratados com CDDP (p < 0,0001). O grupo tratado com NSpHL-CDDP nao
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mostrou aumento do tempo de sobrevida (66 dias) quando comparado ao
grupo tratado com SpHL-CDDP (p>0,05). Este fato mostra que também a
encapsulacédo da cisplatina em lipossomas n&o-pH sensiveis e de longa
circulagao contribuiu para uma maior sobrevida dos animais. Os camundongos
sob tratamento com SpHL e NSpHL exibiram o mesmo tempo médio de
sobrevida daqueles animais tratados com SpHL-CDDP e NSpHL-CDDP, seus
respectivos grupos controle (Figura 17B). De forma diferente, os animais
tratados com CDDP apresentaram uma mediana de sobrevida
significativamente menor (52 e 62 dias para os tratamentos com CDDP e
solugdo de NaCl 0,9% (p/v), p<0,0001). Estes resultados indicam a baixa
toxicidade das formulacdes lipossomais de CDDP em comparacido a
administragdo da CDDP em sua forma livre. E importante salientar que as
medianas de sobrevida para os trés grupos controle ndo apresentou diferenca
estatisticamente significativa. Este resultado mostra que a administragao de
lipideos, como os constituintes das preparagdes lipossomais, ndo induz efeitos

téxicos nos animais.
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Figura 17 — Sobrevida dos camundongos Swiss portadores de tumor sélido de Ehrlich tratados
com CDDP (A, V), SpHL-CDDP (A, m) ou NSpHL-CDDP (A, A). A dose de CDDP em cada
formulacéo foi de 8 mg/kg. A sobrevida dos grupos submetidos aos tratamentos seguintes
também foi avaliada: SpHL (B, o), NSpHL (B, A ) ou solugao de NaCl 0.9% (p/v) (B, V).

4. DISCUSSAO

Estudos prévios mostraram a capacidade dos SpHL-CDDP promoverem uma
maior concentracdo da CDDP no sitio tumoral. Além disso, apdés a
administracao intravenosa de SpHL-CDDP foi observada uma baixa perfusédo
da CDDP no tecido renal (JUNIOR et al, 2007). Estes resultados sugerem que

o uso de SpHL-CDDP como sistema de liberacao de farmacos pode melhorar a
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eficacia terapéutica da CDDP. Portanto, neste trabalho foi realizada a
investigacdo da eficacia antitumoral de SpHL-CDDP em camundongos Swiss
portadores de tumor sélido de Ehrlich. De acordo com os dados obtidos, a
encapsulacdo de CDDP em SpHL-CDDP néo alterou a atividade antitumoral do
farmaco. De modo contrario, o controle do volume do tumor com o tratamento
pelos NSpHL-CDDP se mostrou menor que aquele observado com o
tratamento por CDDP. Os sistemas carreadores de longa circulagdo sao
capazes de aumentar a concentragdo de drogas nos tumores pela condigéo
aumentada do efeito de permeabilidade e retengdo (EPR). O efeito EPR € uma
consequéncia da formacao de capilares de endotélio fenestrados no tumor e a
auséncia do sistema linfatico com a capacidade de transportar farmacos para a
corrente sanguinea (GRYPARIS et al., 2007). Além disso, a eficiéncia
terapéutica do sistema carreador de farmacos também envolve a liberacdo do
agente antineoplasico no sitio tumoral. Diante dos resultados obtidos, pode-se
sugerir que a composic¢ao lipidica do SpHL-CDDP contribuiu para o efeito
antitumoral. Primeiramente, pode-se afirmar que a adicdo de DSPE-PEG,p00 na
bicamada lipidica contribuiu para o efeito de longa circulagdo do SpHL-CDDP
em comparagao a CDDP livre na corrente sanguinea, como foi demonstrado
pelos valores de ASC(_.) e Vs obtidos do estudo de farmacocinética. A
presenca de DOPE na composicdo lipidica dos lipossomas confere
propriedades fusogénicas a bicamada dos lipossomas. Em meio acido, como
na regiao do tumor, o CHEMS sofre protonacgéao resultando na desestabilizagao
da membrana com a consequente liberacdo da CDDP, levando a concluséo
que os lipossomas contendo DOPE possuem uma eficacia muito maior que
aqueles compostos por DOPC. Outra vantagem do tratamento com SpHL-
CDDP sobre o tratamento com CDDP livre € a maior taxa de sobrevida obtida.
Este resultado é devido a uma menor toxicidade da preparacao lipossomal.
Considerando a limitagdo do aumento de dose pela toxicidade apresentada
pela CDDP livre, a otimizagdo na terapia do tratamento do céncer pela
utilizacdo da SpHL-CDDP podera, certamente, ser observada com o uso de

maiores doses dessa formulacao.
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5.0 CONCLUSAO

O tratamento com SpHL-CDDP apresentou uma maior eficacia antitumoral e
menor toxicidade quando comparado ao tratamento com NSpHL-CDDP e
CDDP, respectivamente. Estes resultados justificam a continuidade dos
estudos, in vivo, da atividade antitumoral de SpHL-CDDP com a aplicagao de

outros esquemas de doses.
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DISCUSSAO GERAL E PERSPECTIVAS

Nos ultimos vinte e cinco anos ocorreu um aumento de conhecimentos da
biologia geral do céncer, no entanto os avangos clinicos ndo seguiram a
mesma dinamica (FERRARI, 2005). A tendéncia € propor uma terapia que
torne os farmacos cada vez mais seletivos e com menores reagdes adversas.
Dessa forma, sdo duas as principais metas das pesquisas em antineoplasicos:
aumentar a eficacia terapéutica por dose, e, dotar os agentes terapéuticos com
propriedades capazes de superar as barreiras biolégicas melhorando a

seletividade do farmaco para os tecidos comprometidos.

Como ja discutido anteriormente, a CDDP é um dos antineoplasicos de uso
corrente na clinica, mas apresenta limitagdes em virtude de sua toxicidade.
Essa dificuldade pode ser reduzida ou eliminada mediante modificagdes na
formulagdo, como a sua encapsulacdo em sistemas nanoestruturados, como os
lipossomas pH-sensiveis de longa circulagdo. Na etapa de desenvolvimento de
uma nova formulagédo farmacéutica faz-se necessario a realizagdo de estudos
pré-clinicos, envolvendo investigagdes de atividade terapéutica, biodistribuicdo
e toxicidade, com o intuito de se conhecer o seu comportamento bioldégico o
qual estara relacionado com a eficacia e seguranga de um novo potencial
medicamento. Portanto, essa tese de doutorado, teve como objetivos explorar
aspectos de Dbiodistribuicdo e farmacocinética; atividade citotdxica,
especificamente a resisténcia ao tratamento com SpHL-CDDP, e finalmente, a

atividade antitumoral e toxicidade em modelo animal experimental.

Para a realizacdo dos estudos de biodistribuicdo e farmacocinética é
importante ter um método de quantificagcdo do farmaco em érgéos e tecidos
que seja simples e rapido. A CDDP tem sido dosada em meios biolégicos por
meio de espectroscopia de absorcdo atdomica. No entanto, esse método é

moroso e requer tratamento especifico para cada 6rgdo e tecido
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individualmente, a fim de se eliminar a influéncia das diferentes matrizes no
método de quantificacdo. Por esse motivo, foi importante desenvolver um
método de obtencdo da CDDP radiomarcada. A irradiacdo da CDDP no reator
nuclear de pesquisa TRIGA MARK | IPR-R1, mediante sua protecdo numa
capsula de cadmio, permitiu a obtengcao de CDDP radiomarcada intacta e com
uma atividade especifica (57,0 kBq.mg'1) apropriada para a sua detec¢ao nos
estudos de biodistribuicdo e farmacocinética.

Apds a administracdo intravenosa de SpHL-CDDP em camundongos Swiss
portadores de tumor solido de Ehrlich foi observada uma captura significativa
pelos 6rgdos do sistema fagocitario mononuclear, figado e bago, sendo essa
distribuicao tecidual extensiva. Apesar disso, pb6de-se observar que a
encapsulacao de CDDP em lipossomas pH-sensiveis de longa circulagao levou
a uma menor distribuicdo da CDDP pelo organismo, e consequentemente, a
uma maior permanéncia da formulagcdo de SpHL-CDDP na corrente sanguinea.
O volume de distribuicio durante a fase terminal foi 2,8 vezes superior para o
tratamento com a CDDP livre em comparagao com o tratamento com SpHL-
CDDP. Os valores de ASC_,.) foram iguais a 64,70 e 141,51 h.ug/mL apds a
injecdo de CDDP e SpHL-CDDP, respectivamente, sendo portanto 2,2 vezes
maior para o segundo tratamento. Certamente, esse maior tempo de circulagao
sanguinea de SpHL-CDDP contribuiu para a maior concentragdo de CDDP no
tumor a partir da injecdo de SPHL-CDDP do que aquela observada apds a
administragado de CDDP livre. Além disso, o estudo de distribuigdo de CDDP no
tumor, mediante a determinacdo do Kp, nos revelou que a formulacdo de
SpHL-CDDP apresenta maior afinidade pelo mesmo do que a CDDP livre, o
que pode levar a uma maior eficacia terapéutica do tratamento de tumores com
SpHL-CDDP. Outro fato de extrema relevancia observado apds a
administragdo de SpHL-CDDP foi o menor extravasamento de CDDP para o
tecido renal. Esse novo perfil de biodistribuicdo pode representar uma redugao

da toxicidade renal induzida pelo tratamento com CDDP.
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O estudo de avaliagao da atividade antitumoral de SpHL-CDDP revelou que o
efeito farmacologico da CDDP néo sofreu alteracdo em virtude de sua
encapsulagcédo nas vesiculas lipossomais, pois o efeito sobre o crescimento do
tumor sélido de Ehrlich foi similar ao observado para o tratamento com CDDP
livre. A comparagao do efeito antitumoral de SpHL-CDDP com o de NSpHL-
CDDP demonstrou que a composi¢cado lipidica envolvendo o derivado da
fosfatidiletanolamina (DOPE) que apresenta propriedades fusogénicas e o
derivado do colesterol (CHEMS), sensivel a mudanca de pH, parece ter
influéncia no melhor efeito antitumoral da primeira formulagao lipossomal de
CDDP. Ainda, como sugerido a partir do estudo de biodistribuicdo e
farmacocinética, o tratamento do tumor sélido de Ehrlich com SpHL-CDDP é
capaz de induzir menor efeito toxico do que o tratamento com CDDP livre. Isso
foi comprovado pela auséncia de perda de peso e maior sobrevida dos animais
tratados com SpHL-CDDP em comparagao com aqueles tratados com CDDP
livre. Finalmente, uma capacidade interessante demonstrada pelos SpHL-
CDDP é sua habilidade em contornar a resisténcia ao tratamento com derivado

platinado, como a CDDP.

Portanto, a partir do trabalho realizado até o momento, pode-se propor as

seguintes perspectivas:

e Estudar a atividade antitumoral de SpHL-CDDP em camundongos Swiss
portadores de tumor sélido de Ehrlich com o emprego de maiores doses.

e Estudar a toxicidade aguda e crénica/subcrénica de SpHL-CDDP.

e Estudar a atividade antitumoral de SpHL-CDDP em outros modelos animais
experimentais

e Estudar a distribuigao intracelular de SpHL-CDDP apds sua administracao

in vivo.
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Abstract

Aims: Cisplatin (CDDP) is a cornerstone in chemotherapy and one of the most effective
anticancer drug. However, its clinical use is hampered by the induction of side effects
and its tendency to provoke chemoresistance. To circumvent these inconveniences, drug
delivery systems, such as long-circulating and pH-sensitive liposomes containing
CDDP (SpHL-CDDP) have been developed. The aim of this study was to evaluate the
antitumoral effect and toxicity of SpHL-CDDP, as compared to free CDDP and long-
circulating and non-pH-sensitive liposomes containing CDDP (NSpHL-CDDP), in
Ehrlich solid tumor-bearing Swiss mice. Main methods: After the intravenous
administration of these formulations at a dose of 8 mg/kg (3 cycles), the tumor volume,
survival rate, and body weight variation were evaluated. Key findings: The tumor
growth was similar after SpHL-CDDP and free CDDP treatments. However, NSpHL-
CDDP showed to be of lesser efficacy in controlling the tumor growth than the other
two treatments. On the other hand, the survival rates obtained for SpHL-CDDP and
NSpHL-CDDP treatments were higher than that observed for free CDDP treatment.
Furthermore, while the free CDDP treatment provoked a loss in body weight, mice
treated with both liposomal formulations of CDDP showed no loss in body weight.
These findings showed that SpHL-CDDP were able to maintain the antitumoral effect
of CDDP without inducing the appearance of toxicity. In addition, the composition of
SpHL-CDDP proved to be relevant to the therapeutic efficacy. Significance: These
findings revealed the beneficial effects of SpHL-CDDP as CDDP carriers,

demonstrating their potential in the treatment of tumors.
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Introduction

cis-Diamminedichloroplatinum (II) or cisplatin (CDDP) is one of the most widely used
chemotherapeutic agents for the treatment of solid tumors. CDDP covers a broad
spectrum, having being used to treat breast, lung and neck, as well as ovary and
testicular cancers. However, some limitations are associated with the clinical application
of CDDP, such as toxic side effects, especially nephrotoxicity, and drug resistance
(Rabik and Dolan 2007; Wang et al. 2007). Among the various resistance mechanisms
involved, decreased cellular accumulation of CDDP has been demonstrated in most
cases (Carvalho Junior et al. 2007). Therefore, to overcome these CDDP-related
disadvantages, much effort has been made to develop CDDP delivery systems, for
example, the use of liposomes (Steerenberg et al. 1988; Newman et al. 1999; Junior et
al. 2007). Liposomes are able to reduce unwanted drug actions, which can cause
toxicity; improve drug bioavailability; and provide targeted drug delivery (Allen et al.
1995). In the case of cancer treatment, passive targeting can be reached with the use of
liposomes as carriers of anticancer agents. Solid tumors present peculiar
pathophysiological characteristics, such as hyperplasia and hypermeability of tumor
vasculature, which facilitate the extravasation of colloidal systems (Uchino et al. 2005).
However, the antitumoral efficacy of these systems depends on their ability to release
the drug into the tumor’s extracellular fluid (Zamboni et al. 2004). In our research
group, we have developed a new formulation of long-circulating and pH-sensitive
liposomes containing CDDP (SpHL-CDDP). It is known that pH-sensitive liposomes
are destabilized in acidic mediums, such as a tumor site, following the release of the
encapsulated drug. Thus, it is expected that the released CDDP in this specific site can
improve the antitumoral effect and reduce or eliminate the side effects. Previous studies

of tissue distribution showed a higher concentration and affinity of CDDP toward tumor
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tissues from SpHL-CDDP administration, as compared to free CDDP injection (Junior
et al. 2007). Therefore, the present study, had the aim of investigating whether these
findings could contribute to an enhanced antitumoral efficacy of SpHL-CDDP against

Ehrlich solid tumor in Swiss mice.

Materials and methods

Materials

CDDP was supplied by Quiral Quimica do Brasil S.A.
Distearoylphosphatidylethanolaminepolyethyleneglycol,oo (DSPE-PEGy),
dioleoylphosphatidylethanolamine (DOPE), and dioleoylphosphatidylcholine (DOPC)
were supplied by Lipoid GmbH. Cholesteryl hemisuccinate (CHEMS) was purchased
from the Sigma Chemical Company. Sodium chloride was purchased from Merck. All

other chemicals and reagents used were of analytical grade.

Liposome preparation

SpHL-CDDP was prepared by reverse-phase evaporation as described by Junior et al.
(2007). DOPE, CHEMS, and DSPE-PEG20 (5.7:3.8:0.5 molar ratio, respectively) were
dissolved in chloroform at a 40 mM total lipid concentration and submitted to
evaporation under reduced pressure until a thin lipid film had been obtained. Long-
circulating and non-pH-sensitive liposomes containing CDDP (NSpHL-CDDP) were
also prepared using DOPC, CHEMS, and DSPE-PEG; at the same lipid ratio and
concentration of SpHL-CDDP. The film obtained was dissolved in ethyl ether, and a
CDDP solution (2 mg/mL), prepared in a 0.9% w/v NaCl solution, was added. The
mixture was stirred with a vortex, and the ethyl ether was completely removed under

reduced pressure. The liposomes were then sequentially extruded (Lipex Biomembranes
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Extruder, Vancouver, Canada) through a series of polycarbonate membranes with pore
sizes of 0.4, 0.2, and 0.1 um (5 cycles for each). Non-entrapped CDDP was eliminated
by ultracentrifugation (Ultracentrifuge SORVALL Ultra 80, USA) at 150,000 x g at 4°C
for 80 minutes. The empty liposomes (without drug, SpHL, or NSpHL) were also

prepared as described above.

Liposome characterization

The liposomes were characterized by their encapsulation percentage, size, and zeta
potential. The encapsulation percentage of CDDP into liposomes was determined by
high-performance liquid chromatography. The chromatographic apparatus consisted of
a Model 515 pump (Waters Instruments, Milford, USA), a model 717 Plus auto-injector
(Waters Instruments), and a Model 2487 variable wavelength UV detector (Waters
Instruments) connected to the Millennium software. Separations were performed using a
Lichrospher® 100 NH; guard column, 4 x 4 mm , 5 um (Merck, Darmstadt, Germany)
connected to a 25 cm x 4 mm Lichrospher® 100 NH; column, 10-um particles (Merck).
The eluent system was composed of  methanol/ethylacetate/N,N-
dimethylformamide/water, 4:4:1:1, and the flow rate was 1.0 mL/min. Samples (20uL)
were injected, and the eluate absorbance was monitored at 310 nm. The amount of
CDDP was determined in the stock solution used for the preparation of liposomes as

well as in the supernatant. The encapsulation percentage (EP) was calculated as:

EP = [CDDP stock solution — CDDP supernatant X 100
[CDDP]stock solution

The mean diameter of the liposomes containing CDDP was determined by means of

quasi-elastic light scattering, at 25 °C, at an angle of 90°. The zeta potential was
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assessed by the electrophoretic mobility determination at the angle of 90°. The size and
zeta potential measurements were performed in triplicate using the 3000HS Zetasizer
equipment (Malvern Instruments, England). The samples were diluted using a 0.9% w/v

NacCl solution.

Ehrlich solid tumor model

Ehrlich tumors were grown in female Swiss mice. The mice were kept in an area
maintained in a standardized light/dark cycle and had free access to food and water. The
Ehrlich cell line was kindly supplied by Dr. Jorge Luiz Pesquero (Department of
Physiology and Biophysics, Biological Sciences Institute, Federal University of Minas
Gerais, Belo Horizonte, MG, Brazil). Tumor cells were inoculated intraperitoneally into
mice, and the tumors were collected after eight days. A viable tumor cell suspension
was then prepared at a density of 1.08 x 10° cells/mL. Tumors cells were transplanted
subcutaneously in the right flank of 20-25 g of female Swiss mice (School of Pharmacy,
Federal University of Minas Gerais, Belo Horizonte, Brazil). Tumors were allowed to
grow for 15 days until all inoculated mice had palpable tumors measuring
approximately 9 to 10 mm. All protocols were approved by the Ethics Committee for
Animal Experiments at the Federal University of Minas Gerais and comply with the
guidelines for the proper care and use of laboratory animals, as recommended by the

Institute of Laboratory Animal Resources.

Antitumoral activity

When the tumor volume reached approximately 9 to 10 mm, the animals were
submitted to different treatments (fifteen animals per group). Free CDDP, SpHL-CDDP,

and NSpHL-CDDP were administered intravenously, at a dose of 8 mg/kg, into Ehrlich
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solid tumor-bearing Swiss mice. Animals in the control groups were treated with 0.9%
(w/v) NaCl solution, SpHL, or NSpHL, using the same volume of respective
formulations containing CDDP. The formulations were administered on days 0, 7, and
14. Antitumoral activity was evaluated in terms of tumor volume by measuring three
orthogonal diameters with a slide caliper. The solid tumor volume was calculated
according to the formula: V = /6 x (D; x D; x D3), where D, D,, and D3 represent the
length, width, and height, respectively. Tumor growth was monitored for 32 days. The
toxicity of formulations containing CDDP was evaluated by monitoring survival rates
and body weight changes. The survival rate was noted daily up to 66 days after each
treatment. The mice were weighed at 0, 7, 14, 22, and 29 days after application, and

their weight was expressed as the percentage of the initial body weight.

Pharmacokinetic study
For pharmacokinetics, radioabelled CDDP (CDDP*) was previously prepared as

described by Leal et al. (2006). After, free CDDP* or CDDP* encapsulated into long-
circulating and pH-sensitive liposomes (SpHL-CDDP*) were injected intravenously
into Ehrlich solid tumor-bearing Swiss mice (n = 5). At time intervals of 10, 30, and 60
min. and 4, 8, 12, 24, 48, and 72 hours, the mice were anesthetized with a mixture of
xylazine (7.2mg/kg) and ketamine (60mg/kg). Blood samples were collected
immediately using a cardiac puncture. The radioactivity of the blood was measured by
an automatic scintillation apparatus covering an energy window of 50-150 keV (ANSR-
Abott, USA), over a 4 min. time period. Standard samples containing the same injected
amount of CDDP* or SpHL-CDDP* were counted simultaneously in a separate tube,
which were taken as 100% of radioactivity. The concentrations of radioactivity in the

blood were expressed as the mean of the percentage of the dose injected per gram.
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Pharmacokinetic parameters were determined using the WinNonlin software version
03.1A (Pharsight, Mountain View, CA, USA). Noncompartmental analysis model 201
(bolus i1.v administration) was used with the log/linear trapeizoidal rule. Parameters,
including terminal half-life (T;Az), Tmax, Cmax, total body clearance (Cl), volume of
distribution at steady state (Vg4), and area under the curve (AUC) were determined.
Pharmacokinetic parameters associated with the terminal phase were calculated using

the last three measured time points to estimate the terminal half-life.

Statistical Analysis

Comparisons of the antitumoral activity and changes in body weight obtained through
different treatments were performed using the Lilliefors and Bartlett tests to verify
normality and homogeneity of variance, respectively. Data were analyzed by arranging
the parts, which are then subdivided into groups (part) and time (subpart). Data relative
to tumor volume and body weight were transformed by using the following equation: y
= log (variable) + '%2. The Scott-Knott test was used to compare the mean values.
Statistical significance was set at P < 0.05. Regression model estimates were used at
time intervals for tumor growth investigations as well as for changes in body weight.
Survival analysis was performed using the Kaplan-Meier method, while the different
groups were compared by the log rank test. A probability value of <0.05 was also

considered to indicate a significant difference.

Results
Liposome characterization
The entrapment percentage of CDDP into SpHL-CDDP was equal to 26.3 = 1.1 %. The

mean diameter and zeta potential of the vesicles dispersion was 110 nm and 0.6 mV,
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respectively, showing a good homogeneity (polidispersity index equal to 0.07). These

data were obtained from three experiments.

Antitumoral activity

The in vivo antitumoral activity of SpHL-CDDP, NSpHL-CDDP, and free CDDP
treatments was determined by assessing the tumor volume variation over time, followed
by the regression analysis (Figure 1). It could be observed that the tumor growth rate for
SpHL-CDDP and free CDDP treatments is lower when compared to the other
treatments. However, there is no significant difference in the ability of SpHL-CDDP
and free CDDP to inhibit the growth of the Ehrlich solid tumor up to 31 days after the
first injection of each treatment (P > 0.05) (Table 1). At ten days post-administration,
NSpHL-CDDP showed the same tumor growth inhibition profile observed for SpHL-
CDDP and free CDDP treatments. However, after this time interval, NSpHL-CDDP
proved to be less efficient in controlling the tumor volume than SpHL-CDDP and free
CDDP (Table 1). This finding suggests that the lipid composition of the liposomal
formulation containing CDDP does in fact play a role in antitumoral efficacy.
Concerning the antitumoral efficacy of the control groups, it could be observed that at
31 days post-administration of the NSpHL treatment, the tumor growth inhibition level
was similar to that obtained using the NSpHL-CDDP treatment (Table 1). This finding
suggests that the CDDP release from NSpHL-CDDP, as well as its antitumoral action,
can be impaired. However, the SpHL control group showed a lower tumor growth
inhibition than did the SpHL-CDDP group. This finding confirms that this formulation
is able to deliver the anticancer agent to the tumor site. Finally, the 0.9% (w/v) NaCl
solution treatment also presented a higher tumor volume than did the free CDDP

treatment. It is worth noting that the higher control over the tumor growth rate with free
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CDDP and SpHL-CDDP treatments occurred after the second injection of each

formulation.

Animal toxicity study

The toxicity of each treatment regimen was monitored using the loss of animal body
weight, local skin reactions, and the survival rate as indicators. Figure 2 shows the time
course of the body weight change of mice which received an i.v. injection of SpHL-
CDDP, NSpHL-CDDP, and free CDDP, as well as of the control groups [SpHL,
NSpHL or 0.9% (w/v) NaCl solution]. In the mice group which received an i.v.
injection of free CDDP, the body weight decreased gradually, reaching a maximum loss
on the twenty-second day (10.2 %) (Figure 2). On the twenty-ninth day, animals treated
with free CDDP showed a recovery of their initial body weight. In contrast, neither
SpHL-CDDP nor NSpHL-CDDP treatment groups presented any body weight loss at
the investigated time intervals (Figure 2). The increases in body weights in the control
groups were due to the remarkable increases in tumor size, whereas the decreases in
body weights in the free CDDP group resulted from CDDP toxicity. A severe skin
reaction, with a necrosis of the injection sites, was also observed in mice treated with
free CDDP. The survival in Ehrlich solid tumor-bearing Swiss mice which received
three doses of different formulations containing CDDP, over a 66-day period, was also
tested. Kaplan-Meier survival curves are shown in Figure 3, which also reflect the
toxicities of different formulations containing CDDP. The median survival of the free
CDDP treatment group, the SpHL-CDDP treatment group, and the NSpHL-CDDP
treatment group was of 52, 66, and 66 days, respectively (Fig 3A). The 0.9 % (w/v)
NaCl solution, SpHL, and NSpHL control groups showed a median survival of 62, 62,

and 66 days. The median survival of mice treated with SpHL-CDDP was statistically
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longer than that of mice treated with free CDDP (P<0.0001). Mice injected with
NSpHL-CDDP, as compared to mice injected with SpHL-CDDP (P>0.05), did not
present improved survival times at the end of 66 days. In addition, the encapsulation of
CDDP in long-circulating and non-pH-sensitive liposomes also contributed to a longer
survival period of mice treated with NSpHL-CDDP. Mice injected with SpHL and
NSpHL control groups exhibited the same survival time observed after SpHL-CDDP
and NSpHL-CDDP administration, respectively (Figure 3B). In contrast to free CDDP,
the group treated with 0.9% (w/v) NaCl presented a significantly longer survival period
(62 days, P<0.0001). These findings indicate the low toxicity of CDDP liposomal
formulations, as compared to its free form. Moreover, it is important to note that the
median survival of three control groups was not significantly different. This result

therefore proves that the lipid composition does not in fact induce toxic effects.

Pharmacokinetic study

Figure 4 (A and B) illustrates the concentration of CDDP in the blood versus the time
after the i.v. injection of free CDDP* and SpHL-CDDP* in Ehrlich solid tumor-bearing
mice. The pharmacokinetic parameters are summarized in Table 2. The maximum
radioactivity (Cyax) in the blood was determined as 6.76 [1g/mL for free CDDP* and
17.15 Cg/mL for SpHL-CDDP#*. The T}z of free CDDP* and SpHL-CDDP* after i.v.
injection were 13.51 and 10.65 h, respectively. The AUC -« of free CDDP* and
SpHL-CDDP* were 64.70 and 141.51 h.[lg/mL, respectively. The AUC o) of SpHL-
CDDP* in the blood was 2.19 times larger than that of free CDDP*. The apparent
volume of distribution at steady state (Vgs) of CDDP* and SpHL-CDDP* were equal to
1807.91 and 651.60 mL/kg, respectively. The results showed that V, of free CDDP*

was 2.77 times higher than that of SpHL-CDDP*, which revealed that the long
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circulation of SpHL-CDDP had been achieved. The total body clearance of free CDDP*

(92.73 mL/h/Kg) is higher than that of SpHL-CDDP* (42.40 mL/h/Kg).

Discussion

Previous work from this team of researchers has demonstrated the ability of SpHL-
CDDP to promote a high concentration of CDDP in the tumor. Moreover, after the
intravenous administration of SpHL-CDDP, a lower perfusion of the anticancer agent to
the renal tissue was observed (Junior et al., 2007). These findings indicate that the use
of SpHL-CDDP as a drug delivery system may well improve the therapeutic efficacy of
CDDP. Thus, in this work, we performed investigations related to the antitumoral
efficacy of SpHL-CDDP in the Ehrlich solid tumor animal model. According to the data
obtained (Figure 1), the encapsulation of CDDP into SpHL did not alter the antitumoral
activity of the drug. In contrast, the control of the tumor volume through NSpHL-CDDP
treatment was lower than that observed for free CDDP treatment. It is known that long-
circulating carriers are able to increase the drug accumulation in tumors due to the
enhanced permeability and retention (EPR) effect. The EPR effect is a consequence of
the formation of leaky capillaries around the tumor and a lack of a lymphatic system for
the transport of drugs to the bloodstream (Gryparis et al., 2007). However, the
therapeutic efficacy of a drug delivery system also involves the release of anticancer
agents in the tumor site. From our findings, we can suggest that the lipidic composition
of SpHL-CDDP seems to play a role in the antitumoral effect. First, it can be affirmed
that the addition of DSPE-PEG; in the bilayer composition contributed to a longer
circulation of SpHL-CDDP than of free CDDP in the bloodstream, as was demonstrated
by AUC(o«) and V values obtained from the pharmacokinetic study. In addition, the

presence of DOPE in the liposome composition confers fusogenic properties to the
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bilayers. In acidic medium, such as a tumor site, CHEMS undergoes protonation,
resulting in the destabilization of bilayers and the release of CDDP, thus leading to the
conclusion that liposome containing DOPE produce a much greater efficacy than those
composed by DOPC. One advantage of SpHL-CDDP treatment over free CDDP
treatment was the higher survival rate obtained. This finding most likely resulted from
the toxicity of free CDDP treatment. Considering the limitation of increasing doses of
free CDDP, mainly due to its toxicity, improvements in cancer therapy, through the use
of SpHL-CDDP, will almost certainly be observed at high doses of this drug delivery
system. Thus, future studies aimed at evaluating the in vivo antitumoral effect of SpHL-

CDDP at high doses are already underway in our research group.

Conclusion

In conclusion, SpHL-CDDP treatment presented a higher antitumoral efficacy and
lower toxicity when compared to NSpHL-CDDP and free CDDP treatments,
respectively. These results justify further study of the in vivo antitumoral activity of

SpHL-CDDP through the application of other dose schedules.
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Figure and table legends

Mean tumor volume (cm3)

0 3 6 9 12 15 18 21 24 27 30 33
Days after first treatment
Figure 1 — Antitumor effect after intravenous administration of free CDDP ( V¥ ),
SpHL-CDDP ( m ), or NSpHL-CDDP ( A ) in Ehrlich solid tumor-bearing Swiss mice .
The dose of CDDP in each formulation was of 8 mg/kg. The following control groups
were also administered: SpHL ( o ), NSpHL ( A ), or 0.9% (w/v) NaCl solution ( V).
The values of tumor volume were calculated using the equations of linear regression
analysis obtained for each treatment. The respective r* values of the curves of free
CDDP, SpHL-CDDP, NSpHL-CDDP, SpHL, NSpHL, and 0.9 % (w/v) NaCl solution

treatments are 97.85, 95.22, 95.98, 94.08, 94.46, and 95.98.
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Figure 2 — Body weight changes in mice treated with free CDDP (V), SpHL-CDDP

(m), or NSpHL-CDDP (A). The dose of CDDP in each formulation was of 8§ mg/kg.

The body weight of the following control groups was also evaluated: SpHL (o ),

NSpHL (A ), or 0.9% (w/v) NaCl solution (A ).
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Figure 3 — Survival of Ehrlich solid tumor-bearing Swiss mice treated with free CDDP
(A, V), SpHL-CDDP (A, m), or NSpHL-CDDP (A, A). The dose of CDDP in each
formulation was of 8 mg/kg. The survival of the following control groups was also

evaluated: SpHL (B, o0 ), NSpHL (B, A ), or 0.9% (w/v) NaCl solution (B, V).
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Table 1 — Ehrlich tumor volume variation in Swiss mice following intravenous

injection of free CDDP, SpHL-CDDP, or NSpHL-CDDP. The Scott-Knott test was used

to compare the mean values of each treatment and different letters represent significant

difference between them.

Time (Days)
Treatment
0 3 5 7 10 12 14 19 20 22 27 29 31

Free CDDP 049* 094a 1.17a 129 1.55b 1.77b 193b 2.30d 292b 3.02¢ 4.25b 4.81b 4.54c
SpHL-CDDP | 0.44* 0.60a 0.74a 091b 1.20b 1.40b 1.69b 247d 3.21b 3.55¢ 4.52b 540b 5.38c
NSpHL-
CDDP 046* 0.60a 1.02a 1.15b 1.41b 2.00a 2.33b 3.50c 4.26a 434c 638a 7.03a 6.72b

10.85
SpHL 042* 0.75%a 1.03a 133b 1.83a 2.06a 3.12a 4.19b 5.16a 599 8.69a 8.67a a

10.30

NSpHL 0.51* 098a 1.08a 198a 246a 2.6la 3.60a 6.2la 649a 9.11c * 8.99a 9.39b
0,9% (w/v) 10.30
NaCl 048" 1.08a 198a 246a 2.6la 360a 62la 649a 9.1lc a 8.99a 9.39b 9.01b

Table 2 — Pharmacokinetic parameters of free CDDP* or SpHL-CDDP* in the plasma

of Swiss mice. The WinNonlin program was used for a non-compartmental model.

Parameter Unit Free CDDP* SpHL-CDDP*

Value Value

Crnax pg/mL 6.76 17.15
Tiz h 13.51 10.65
AUC (- h.pug/mL 62.04 139.75
AUC(()_,OO) hug/mL 64.70 141.51
Vz mL/kg 1807.91 651.60

Cl mL/h/kg 92.73 42.40
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Abstract

Multidrug resistance and drug toxicity represent major obstacles to cancer chemotherapy. Drug delivery systems, such as liposomes, offer
improved chemical stability of encapsulated drugs, enhanced accumulation in tumors and decreased toxicity. The aim of this study was to evaluate
the tissue distribution of stealth pH-sensitive liposomes containing cisplatin (SpHL-CDDP), compared with free cisplatin (CDDP), in solid Ehrlich
tumor-bearing mice. After administering a 6 mg/kg single intravenous bolus injection of either free radiolabeled cisplatin or SpHL containing
radiolabeled cisplatin, blood and tissues were analyzed for cisplatin content by determining radioactivity using an automatic scintillation
apparatus. The area under the CDDP concentration—time curve (AUC) obtained for blood after SpHL-CDDP administration was 2.1 fold larger
when compared with free CDDP treatment. The longer circulation of SpHL-CDDP led to a higher tumor AUC, and the determination of the ratio
between AUC in each tissue and that in blood (Kp) showed a higher accumulation of CDDP in SpHL-CDDP administrated tumors. The SpHL-
CDDP was also significantly uptaken by the liver and spleen. The distribution of SpHL-CDDP in these organs was extensive, revealing a high
extravasation of CDDP to the tissues. The SpHL-CDDP kidney uptake was also greater than that of free CDDP; however, the Kp value found was
lower. This indicates that the SpHL-CDDP led to a reduction of CDDP retention by renal tissue. Thus, these results indicate that the SpHL-CDDP
may indeed be useful in alleviating renal damage induced by CDDP and thus represents a promising delivery system for cancer treatment through
CDDP.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Stealth pH-sensitive liposomes; Cisplatin; Tissue distribution

Introduction However, its continuous use is limited due to its toxic effects,
such as, myelotoxicity, neurotoxicity, and mainly, severe
cis-Diamminedichloroplatinum (II) or cisplatin (CDDP) is  nephrotoxicity. Moreover, another restriction on the use of
one of the most effective chemotherapeutic agents used in the =~ CDDP is the emergence of intrinsic and acquired resistance in

treatment of ovary, lung, testicle, head, and neck carcinoma many common tumor types (Hospers et al., 1988; Muggia and
(Kondagunta et al., 2005; Guillot et al., 1992; Le Chevalier et Los, 1993; Siddik, 2003; Wernyj and Morin, 2004). In order to
al., 1994; Shirazi et al., 1996; Muggia and Fojo, 2004). circumvent these inconveniences, CDDP liposomal formula-
tions have been developed. The plasma pharmacokinetics and

" Corresponding author. Tel.: +55 31 34996945; fax: +55 31 34996935 tissue distribution of drugs encapsulated into liposomes is a
E-mail address: monicacristina@ufmg.br (M.C. De Oliveira). characteristic that depends on the lipidic membrane, not the

0024-3205/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.1£5.2006.10.011
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encapsulated content. This fact can allow for a reduction in or
elimination of toxicity and an increase in therapeutic efficacy.
Non-long-circulating liposomes composed of phosphatidylcho-
line/phosphatidylserine/cholesterol were evaluated by Steeren-
berg et al. (1988) as CDDP carriers. This liposome formulation
induced a lower incidence and severity of renal lesions on IgM
immunocytoma-bearing LOU/M rats when compared to the free
CDDP formulation. However, the antitumor activity of this
liposomal CDDP was similar to that of the free CDDP and the
encapsulation of CDDP into this liposome formulation was
unable to overcome drug resistance. Sterically stabilized long-
circulating liposomes have also been studied as CDDP delivery
systems. Preclinical in vivo studies using C26 colon carcinoma
and the Lewis lung tumor model showed positive results with the
employment of liposomal CDDP constituted by hydroge- nated
soy phosphatidylcholine/methoxypolyethyleneglycoldis-
tearoylphosphatidylethanolamine/cholesterol.  These liposomes
have a prolonged circulation time and an increased tumor
platinum uptake. In addition, its antitumor effect is significantly
improved when compared to free CDDP (Newman et al., 1999).
However, phase I-II clinical studies were conducted and this
formulation of liposomes containing CDDP was not efficacious.
The lack of efficacy was attributed to low bioavailability and
slow release kinetics, in such a way that the drug concentration
fails to exceed the threshold for therapeutic effect (Bandak et al.,
1999; Harrington et al., 2001). It thus becomes necessary to
modify the lipid formulation to improve its efficacy. We have
developed a new formulation of stealth pH-sensitive liposomes
containing CDDP (SpHL-CDDP). These liposomes are com-
posed of wunsaturated phosphatidylethanolamine and take
advantage of its fusogenic properties to reach the CDDP release
into the cytosol. These liposomes proved to be effective against
human lung cancer cell line (A459) and were able to circumvent the
resistance through the use of CDDP resistant GLC4 cell line

(De Oliveira et al.,, submitted manuscript, 2006). The present
report describes and compares the tissue distribution of SpHL-
CDDP and free CDDP after intravenous administration in
Ehrlich solid tumor-bearing mice.

Materials and methods
Materials

CDDP was kindly supplied by Quiral Quimica do Brasil S.A.
Distearoylphosphatidylethanolaminepolyethyleneglycol (DSPE-
PEG) and dioleoylphosphatidylethanolamine (DOPE) were sup-
plied by Lipoid GmbH. Cholesteryl hemisuccinate (CHEMS) was
purchased from the Sigma Chemical Company. Sodium chloride
was purchased from Merck. All other chemicals and reagents
used were of analytical grade. In addition, female Swiss mice
were allowed free access to a standard laboratory pellet diet with
water ad libitum.

Irradiation of CDDP
The CDDP was irradiated as described by Leal et al. (2005). A
sample of CDDP (2.0 mg) was placed inside a cadmium
capsule of 1 mm thickness. This was then irradiated into the
TRIGA MARK I IPR R-1 reactor of the CDTN, applying an

average thermal and epithermal neutron flux of 6.4 x 1011 and
44x10 neutrons cm s 0, respectively, at 100 kW.
The irradiation time was 8 h. After 8 h of irradiation,
the radiolabeled CDDP (CDDPL) was allowed to decay for 24 h.

Preparation of liposomes

Initially, chloroform aliquots of DOPE, CHEMS and DSPE-
PEG2000 (lipid concentration 40 mM; molar ratio 5.7:3.8:0.5)
were transferred to a round bottom flask and submitted to
evaporation. The lipid film obtained was dissolved in ethyl ether and
then added to the 2 mg/mL CDDP solution prepared in the
0.9% w/v NaCl solution. The ratio of aqueous and ether phases was
equal to the 1:3, respectively. The resulting mixture was
submitted to fast vortex agitation to produce a type water/oil
emulsion. Next, ethyl ether was evaporated with the resulting
formation of liposomes. These liposomes were submitted to a
filtration through 0.4 p, 02 Y, and 0.1 Y polycarbonate
membranes (5 cycles for each). Finally, the unencapsulated
CDDP was eliminated by ultracentrifugation (Ultracentrifuge
SORVALL Ultra 80, USA) at 150,000 xg at 10 °C for 80 min.

Liposome characterization

The liposomes were characterized by their encapsulation
percentage, size, and zeta potential. The encapsulation percent- age
of CDDP into liposomes was determined by the
quantification of gamma radiation in the supernatant, non-
purified, and purified liposomes. The radioactivity was
measured by an automatic scintillation apparatus covering an
energy window of 50—150 keV (ANSR-Abott, USA). Counting
time was 4 min. The sample volume employed was in
agreement with the optimum volume of the equipment
(1.5 mL). The encapsulation percentage (EP) was calculated by
means of the following equation: EP = CDDPL amount in
purified liposomes/total CDDPL in liposomes before purifica-
tion. The mean diameter of the liposomes containing CDDP
was determined by the quasi-elastic light scattering, at 25 °C, and
at an angle of 90°. The zeta potential was evaluated by the
electrophoretic mobility determination at the angle of 90°. The
size and zeta potential measurements were performed in
triplicate using the 3000HS Zetasizer equipment (Malvern
Instruments, England). The samples were diluted using a 0.9% w/v
NaCl solution.

Ehrlich tumor model

Ehrlich tumors were grown in female Swiss mice. The mice
were kept in an area maintained in a standardized light/dark
cycle and had free access to food and water. The Ehrlich cell
line was kindly supplied by Dr. Jorge Luiz Pesquero
(Department of Physiology and Biophysics, Biological
Sciences Institute, Federal University of Minas Gerais, Belo
Horizonte, MG, Brazil). Tumor cells were inoculated intraper-
itoneally into mice, and the tumors were collected after eight
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Fig. 1. Concentration—time profile of CDDP in blood after intravenous

administration of free CDDP (===-: ) or SpHL (=) in solid Ehrlich tumor-
bearing mice. Results are expressed as means + standard error. The insert indicates
the tissue distribution profile up to 1 h. The asterisks indicate a statistically
significant difference between free CDDP and SpHL treatments (pb0.05).

days. A viable tumor cell suspension was then prepared at a
density of 1.08x 10° cells/mL. Tumors cells were transplanted
subcutaneously in the right flank of 20—25 g female Swiss mice
(School of Pharmacy, Federal University of Minas Gerais, Belo
Horizonte, Brazil). Tumors were allowed to grow for 15 days
until all inoculated mice had palpable tumors measuring
approximately 9 to 10 mm. All protocols were approved by
the Ethics Committee for Animal Experiments at the Federal
University of Minas Gerais and comply with the guide for the
care and use of laboratory animals recommended by the
Institute of Laboratory Animal Resources.
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Biodistribution studies

The free CDDPU or CDDP encapsulated into stealth pH-
sensitive liposomes were injected intravenously into Ehrlich
tumor-bearing Swiss mice (n=15) at a dosage of 6 mg/kg. The
liposomes were injected into mice immediately after their
preparation. At the indicated times (10, 30, and 60 min and 4, 8,

12, 24, 48, and 72 h), the mice were anesthetized with a mixture of
xylazine (7.5 mg/kg) and ketamine (60 mg/kg). Blood was
collected immediately from a cardiac puncture. Liver, spleen,
kidneys, heart, and tumor were removed, washed with distilled
water, dried with filter paper, and weighed. The radioactivity of the
organs and blood was measured by an automatic scintillation
apparatus covering an energy window of 50—150 keV (ANSR-
Abott, USA). Counting time was 4 min. A standard dosage
containing the same injected amount was counted simulta-
neously in a separate tube, which was taken as 100% of
radioactivity. The results were expressed as % injected dose/g of
tissue. The data were statistically analyzed by ANOVA
(pb0.05). The tissue—blood partition coefficient (Kp) was deter-
mined by dividing the area under the tissue concentration—time curve
by the area under the blood concentration—time curve.

Results
Liposome characterization

The entrapment percentage of CDDP into liposomes was
equal to 26.3+/—1.1%. The mean diameter and zeta potential of
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Fig. 2. Concentration—time profile of CDDP in tissues after intravenous administration of free CDDP (== ==+ ) or SpHL ( === ) in solid Ehrlich tumor-bearing mice. Results are expressed as means+
standard error. The insert indicates the tissue distribution profile up to 1 h. The asterisks indicate a statistically significant difference between free CDDP and SpHL treatments (p<0,05).



107

662 A.D.C. Junior et al. / Life Sciences 80 (2007) 659-664

the vesicle dispersion was 110 nm and 0.6 mV, respectively,
showing a good homogeneity (polydispersity index equal to
0.07). These data were obtained from three experiments.

Tissue distribution of CDDP formulations

After asingle i.v. injection of SpHL-CDDP, the blood showed
a higher CDDP uptake at 72 h than that after free CDDP

administration. The area under the blood concentration versus

time curve (AUC) was 2.1 fold higher following SpHL-CDDP

treatment (96.6 and 45.8% dose/g h in SpHL-CDDP and free

CDDP-treated animals, respectively) (Fig. 1). In the liver, the
CDDP radioactivity peak was attained 1 h after injection for both
free CDDP and SpHL-CDDP (Fig. 2). After 1 h, the CDDP
levels decreased for the group treated with SpHL-CDDP, with a
gradual elimination occurring over the experimental period. For
the free CDDP-treated group, the CDDP uptake in liver pre-
sented a fluctuation during the entire experiment period. In the
spleen, the maximum CDDP uptake was achieved after 12 h and

1 h after SpHL-CDDP and free CDDP administration, respec-
tively. The maximum CDDP uptake found in SpHL-CDDP
treatment was four times higher than that obtained after free
CDDP injection. At 24 h, a reduction of the CDDP concentration
for both treatments was observed, followed by an increase in
CDDP at 48 and 72 h. In the kidney, the uptake of free CDDP up
to 1 h was higher than the uptake observed after the
administration of SpHL-CDDP. After SpHL-CDDP administra-
tion, the CDDP concentration reached its highest level at 1 h.
However, after 4 h, a decline of renal CDDP concentration in
SpHL-CDDP and free CDDP-treated mice could be observed.
At 24 h, after free CDDP and SpHL-CDDP treatments, the drug
concentration reached another peak, followed by a decline at
later times. In the heart, the distribution profile was similar after
SpHL-CDDP and free CDDP injections. The maximum uptake
of CDDP occurred at 1 h for both treatments. The CDDP levels
were equivalent at all interval times, except at 48 h, where the
amount of CDDP was higher after SpHL-CDDP administration.
In the tumor, the CDDP level attained a maximum peak at 24 h
after SpHL-CDDP administration, showing a drug concentration
of approximately two fold higher than that after free CDDP
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Fig. 3. Concentration—time profile of CDDP in tumor after intravenous administration of free
CDDP (====" ) or SpHL ( === ) in solid Ehrlich tumor- bearing mice. Results are expressed as means+
standard error. The insert indicates the tissue distribution profile up to 1 hour. The asterisks indicate a
statistically significant difference between free CDDP and SpHL treatments (p<0.05).

Table 1
Tissue—blood partition coefficient (Kp)- for different tissues of female mice after
intravenous injection of free CDDP (A) or SpHL (B)

Tissue Kp(A) Kp(B) Kp(B)/Kp(A)
Liver 29.72 15.59 0.52
Kidney 6.73 4.79 0.71
Spleen 20.11 28.83 1.43
Heart 1.28 1.16 0.91
Tumor 1.23 1.51 1.23

“Kp calculated from AUC,_,, tissue-to-blood ratio.

administration (Fig. 3). Tumor CDDP levels following free CDDP
treatment were lower than the drug concentration reached with
SpHL-CDDP treatment. The tumor AUC for SpHL-CDDP
treatment was 2.6 fold higher than that after free CDDP
administration (145.7 and 56.3% dose/g h, respectively). The
tissue—blood partition coefficients for free CDDP and SpHL-
CDDP treatments are shown in Table 1. The CDDP showed a
high perfusion into the tissues after both free CDDP and SpHL-
CDDP administration. However, higher levels of extensive tissue
distribution were found for free CDDP treatment. The Kp values for
the liver and kidney were, respectively, 2.7 and 1.7 times higher
than the SpHL-CDDP treatment, indicating that free CDDP
treatment leads to a higher drug accumulation in these tissues.
The CDDP retention in the heart was lower for both treatments,
which is reflected by their low Kp when compared with other
organs. The CDDP accumulation at tumor sites was higher for
SpHL-CDDP treatment than for free CDDP treatment. In the case of
free CDDP treatment, the Kp value was equal to the unit, indicating
that uptake is not extensive and that CDDP concentration at
tumor sites is a reflection of blood concentra- tion. The Kp ratio
(Kp for SpHL-CDDP/Kp for free CDDP) showed a higher CDDP
retention in the spleen and tumor for the SpHL-CDDP-treated mice.

Discussion

It has been demonstrated that the liposomes are drug delivery
systems which are able to modify tissue distribution, metabo-
lism, and in vivo elimination as well as reduce the toxicity of
free drugs (Harrington et al., 2000a,b; Ferrari, 2005). In
addition, in cancer chemotherapy, the liposomes can take
advantage of the overexpression of fenestrations in the
neovasculature to increase drug concentration at tumor sites
(Ferrari, 2005). In this work, we investigated the tissue
distribution of a novel liposomal formulation of CDDP
containing DOPE, CHEMS, and DSPE-PEG in its composition,
known as stealth pH-sensitive liposomes. These kinds of
liposomes are in and of themselves a targeting strategy for
cancer therapy. The pH at tumor sites is low, in contrast to that of
healthy tissues, and thus the employment of stealth pH-
sensitive liposomes as a CDDP carrier, can favor its preferential
release in this region. In an acidic medium, the CHEMS
undergoes protonation, whereas the liposomes collapse into a
non-bilayer structure, thereby leading to its disruption and
subsequent release of CDDP. Thus, these liposomes can be an
alternative used to enhance the bioavailability and the efficacy
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of that pegylated liposomal CDDP studied by Harrington et al.
(2001). In the present study, the CDDP level in the bloodstream,
following SpHL-CDDP treatment, was several times higher
than that achieved with free CDDP, as reflected by differences
in blood AUC. The SpHL-CDDP were also removed by the
organs of the mononuclear phagocytic system as occurred in the
long-circulating pegylated liposomes (SPI-077) evaluated by
Newman et al. (1999). The spleen was responsible for a higher
clearance and showed a high tissue—blood partition ratio. This
indicates that SpHL-CDDP has an affinity toward the spleen,
causing the extravasation of CDDP to this tissue. The high
concentration of CDDP obtained by the liver, following SpHL-
CDDP administration, is also the result of an extensive uptake,
which is a reflection of its high Kp value. Free CDDP was also
mainly cleared from blood to spleen and liver. This finding can
be explained by the metabolic function of these organs and by
the high affinity binding of CDDP to proteins in tissues and
blood (Mclntosh et al., 1997). The high Kp values in the spleen
and the liver show the high CDDP uptake by these organs.
Native cisplatin interacts with plasma proteins, particularly
albumin, and the complex obtained may explain the high uptake
of CDDP by the liver and the spleen within 1 h, followed by a
slower uptake from 1 to 4 h. In contrast, the SpHL-CDDP
uptake by the liver remained high until 8 h. The reduction of the
SpHL-CDDP uptake by the liver and the spleen at 12 h and 4 h,
respectively, may be due to the saturation of the mononuclear
phagocytic system. After these time periods, an additional
uptake of SpHL-CDDP by the liver occurred, followed by its
slow elimination over the entire experiment time period. These
results are similar to the studies of Wang et al. (2003). Kidney
tissue, the major site of toxicity for CDDP, presented a high
CDDP concentration at 1 h and again at 24 h after SpHL-CDDP
administration. This increase at 24 h may be the result of the
degradation of liposomes in the liver and the spleen, releasing
CDDP and/or related species from cells into the blood followed
via renal elimination. The SpHL-CDDP treatment led to a
higher AUC in the kidney than did free CDDP treatment.
However, the tissue—blood partition ratio found for free CDDP
was higher, revealing a great partitioning of CDDP between
renal tissue and vascular space. This renal accumulation may
lead to a severe toxicological effect. Thus, the SpHL-CDDP
treatment contributed to the reduction of the extravasation of
CDDP to renal tissue, and most likely, to alleviate kidney
damage. In the heart, the distribution profile is similar after both
free CDDP and SpHL-CDDP injections during investigated
time intervals. Although, the heart AUC for SpHL-CDDP group
was higher than that for the free CDDP group, the level of
extravasation to the tissue is similar for both treatments. The
longer retention of SpHL-CDDP than free CDDP in the
bloodstream, as demonstrated by blood AUC measurements,
led to a higher CDDP concentration in the tumor after SpHL-
CDDP administration. The Kp value for SpHL-CDDP treatment
is greater than the unit, indicating that the tissue distribution is
extensive. Moreover, the KpSpHL/Kpfree CDDP ratio
showed that the CDDP affinity toward tumor tissues from
SpHL-CDDP treatment was 23.0% higher when compared with
that for free CDDP. Thus, this higher retention of CDDP by the
tumor and

the higher AUC obtained through SpHL-CDDP treatment may
lead to a high CDDP concentration in this tissue, and
consequently, to an enhanced antitumoral efficacy.

Conclusion

In conclusion, the SpHL-CDDP administration in the
solid Ehrlich tumor-bearing mice model showed that this
delivery system can be an interesting strategy to
improve the bioavailability of the CDDP in the tumor.
Furthermore, the lower retention of SpHL-CDDP by the
kidney indicates the potential of this carrier to decrease the
CDDP toxicity. These results point toward a product that
could be more effective, opening up the possibility of
applying higher dosages as it is more tolerable and may
prove to be useful for patients who have difficulty dealing
with the toxicity of free CDDP.
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Abstract

We encapsulated cisplatin into stealth pH-sensitive liposomes and
studied their stability, cytotoxicity and accumulation in a human
small-cell lung carcinoma cell line (GLC4) and its resistant subline
(GLC4/CDDP). Since reduced cellular drug accumulation has been
shown to be the main mechanism responsible for resistance in the
GLC4/CDDP subline, we evaluated the ability of this new delivery
system to improve cellular uptake. The liposomes were composed of
dioleoylphosphatidylethanolamine (DOPE), cholesteryl hemisuccinate
(CHEMS), and distearoylphosphatidylethanolamine-polyethylenegly-
col 2000 (DSPE-PEGy) and were characterized by determining the
encapsulation percentage as a function of lipid concentration. Among
the different formulations, DOPE/CHEMS/DSPE-PEG liposomes (li-
pid concentration equal to 40 mM) encapsulated cisplatin more effi-
ciently than other concentrations of liposomes (about 20.0%, mean
diameter of 174 nm). These liposomes presented good stability in
mouse plasma which was obtained using a 0.24-M EDTA solution
(70% cisplatin was retained inside the liposomes after 30 min of
incubation). Concerning cytotoxic effects, they are more effective
(1.34-fold) than free cisplatin for growth inhibition of the human lung
cancer cell line A459. The study of cytotoxicity to GLC4 and GLC4/
CDDP cell lines showed similar ICs, values (approximately 1.4 pM),
i.e., cisplatin-resistant cells were sensitive to this cisplatin formula-
tion. Platinum accumulation in both sensitive and resistant cell lines
followed the same pattern, i.e., approximately the same intracellular
platinum concentration (4.0 x 10! mol/cell) yielded the same cyto-
toxic effect. These results indicate that long-circulating pH-sensitive
liposomes, also termed as stealth pH-sensitive liposomes, may present
apromising delivery system for cisplatin-based cancer treatment. This
liposome system proved to be able to circumvent the cisplatin resis-
tance, whereas it was not observed when using non-long-circulating
liposomes composed of phosphatidylcholine, phosphatidylserine, and
cholesterol.
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Introduction

cis-Diamminedichloroplatinum (II)
(CDDP) or cisplatin is one of the most effec-
tive chemotherapeutic agents used for the
treatment of ovary, lung, testicle, head, and
neck carcinoma (1-5). However, its use pre-
sents some inconveniences, such as devel-
opment of resistance in human ovarian cell
line A2780, cervical cancer cell line ME180
and colon carcinoma cell line LoVo; side
effects, principally nephrotoxicity, and chem-
ical incompatibility with other drugs used
simultaneously in polychemotherapy, such
as etoposide and thiotepa (6,7). The appear-
ance of resistance during therapy is an im-
portant limitation to the use of CDDP, lead-
ing to treatment failure (8-11). The use of
higher doses of CDDP is not desirable due to
the toxicity of the drug to multiple organs,
such as damage to the kidneys and bone
marrow, intractable vomiting, peripheral
neuropathy, deafness, seizures, and blind-
ness (12-14). The reasons for resistance to
cisplatin have been reported to be multifac-
torial. Four main events accompany it in
most cases: 1) decreased accumulation of
drug concentration (to below that necessary
for cytotoxic activity), ii) increased levels of
sulfur-containing molecules such as gluta-
thione or metallothionein (which could play
arole in metal detoxification), iii) enhanced
repair of DNA damage caused by CDDP-
DNA adducts by nucleotide excision repair
proteins such as ERCCI1, XPA, and XPB
which can remove DNA adducts produced
by CDDP, and iv) increased tolerance to
CDDP-DNA adducts as a consequence of
deficiencies in the mismatch repair system
and enhanced replication bypass (15-18).
Among the various resistance mechanisms
involved, decreased cellular accumulation
of CDDP has been demonstrated in most
cases (19-24). Reduced intracellular CDDP
concentration results in decreased DNA
platination, which leads to CDDP resistance.
The mechanism by which CDDP enters cells
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is not known. It has been postulated that
cellular uptake of CDDP occurs by passive
diffusion; however, some reports support a
protein-mediated transport (21,24-26).
Thus, the employment of new delivery
systems of CDDP such as stealth pH-sensi-
tive liposomes can be a strategy to overcome
these limitations. The encapsulation of CDDP
into pH-sensitive liposomes can improve its
entry into cells, can lead to an another phar-
macokinetics profile, reducing or eliminat-
ing the side effects, and can allow the asso-
ciation with other drugs without the appear-
ance of degradation products. These lipo-
somes are generally taken up by the cells
through an endocytosis process. The release
of CDDP into the cytoplasm results from the
ability of these liposomes to cross the endo-
somal membrane. Inside endosomes, the
stealth pH-sensitive liposomes are exposed
to an acidic medium, pH 5.5-6.5, which
provokes their fusion with and the destabili-
zation of the endosome membrane. Then,
the encapsulated content is delivered into
the cytoplasm (27,28). Therefore, in the pres-
ent study, we investigated the encapsulation
of CDDP into stealth pH-sensitive liposomes,
the cytotoxic activity of the preparation, and
its ability to circumvent CDDP resistance
using A549, A431, BHK-21, and GLCH4,
GLC4/CDDP cell lines, respectively.

Material and Methods
Material

Cisplatin was supplied by Quiral Quimi-
ca do Brasil S.A. (Juiz de Fora, MG, Brazil).
Distearoylphosphatidylethanolamine-poly-
ethyleneglycol (DSPE-PEG) and dioleoyl-
phosphatidylethanolamine (DOPE) were
supplied by Lipoid GmBh (Ludwigshafen,
Germany). Cholesteryl hemisuccinate
(CHEMS) was purchased from Sigma (St.
Louis, MO, USA), and sodium chloride was
purchased from Merck (Rio de Janeiro, RJ,
Brazil).

www.bjournal.com.br
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Preparation of liposomes

Initially, DOPE, CHEMS, and DSPE-
PEG,, were dissolved in chloroform (lipid
concentration 20, 30, and 40 mM; molar
ratio 5.7:3.8:0.5) and were transferred to a
round bottom flask and submitted to evapo-
ration. The lipid film obtained was dissolved
in ethyl ether and then added to the 2 mg/mL
CDDP solution prepared in 0.9% NaCl. The
ratio of the aqueous to ether phase was 1:3.
The resulting mixture was submitted to fast
vortex agitation to produce a type of water/
oil emulsion. Next, ethyl ether was evapo-
rated, with the resulting formation of lipo-
somes. These liposomes were submitted or
not to filtration through 0.4-pm and 0.2-um
polycarbonate membranes (5 cycles each)
and the unencapsulated CDDP was elimi-
nated by ultracentrifugation with a Sorvall
Ultra 80 ultracentrifuge (Albertville, MN,
USA) at 150,000 g at 10°C for 60 min.

Characterization of liposomes

The liposomes were characterized on the
basis of their encapsulation percentage, size
and zeta potential. The encapsulation per-
centage of CDDP into liposomes was deter-
mined by high-performance liquid chroma-
tography. The chromatographic apparatus
consisted of a Model 515 pump (Waters
Instruments, Milford, MA, USA), a Model
717 Plus auto-injector (Waters Instruments)
and a Model 2487 variable wavelength UV
detector (Waters Instruments) connected to
the Millennium software. Separations were
done using Lichrospher® 100 NH2 guard
column, 4 x 4 mm, 5 pm (Merck, Darmstadt,
Germany) connected to a 25 cm x 4 mm
Lichrospher® 100 NH2 column, 10-um par-
ticles (Merck). The eluent system was com-
posed of methanol/ethyl acetate/N,N-dimeth-
ylformamide/water, 4:4:1:1, and the flow
rate was 1.0 mL/min. Samples (20 pL) were
injected and the eluate absorbance was moni-
tored at 310 nm. The amount of CDDP was

www.bjournal.com.br

determined in the stock solution employed
for the preparation of liposomes and in the
supernatant. The encapsulation percentage
(EP) was calculated as:

EP = [CDDp]liposomes before ultracentrifugation ~
[CDDP]Supematant X 100

[CDDP] liposomes before ultracentrifugation

The loading capacity was assessed by
measuring inorganic phosphorus (29). The
mean diameter of the liposomes-containing
CDDP was determined by the quasi-elastic
light scattering, at 25°C and at an angle of
90°. The zeta potential was evaluated by the
determination of electrophoretic mobility at
the 90° angle. The measurements were per-
formed in triplicate using the 3000 HS Zeta-
sizer equipment (Malvern Instruments,
Worcestershire, England). The samples were
diluted with a 0.9% NaCl.

Liposome stability

Stealth pH-sensitive liposomes contain-
ing CDDP were diluted 10-fold in 0.9%
NaCl, pH 6.5, or mouse plasma, pH 7.4, and
incubated at 37°C for 30 min. The platinum
released from liposomes containing CDDP
was separated and determined by ultracen-
trifugation at 150,000 g, 10°C, for 60 min
followed by graphite furnace atomic absorp-
tion spectrometry (Springvale, Victoria,
Australia).

Cytotoxicity assay

The human lung cancer cell line A459
and human cervix squamous carcinoma cell
line A431 were cultured in modified DEMEN
medium supplemented with 10% fetal bo-
vine serum. The Baby Hamster Kidney cell
line (BHK-21) was grown in RPMI 1640
medium supplemented with 10% fetal bo-
vine serum. All cell lines were maintained at
36.5°C in a humidified 2.5% CO, atmos-
phere. An aliquot containing 4 x 10> BHK
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cells, 5x 10° A549 or A431 cells was distrib-
uted in 96-well plates. After 24 h of growth,
the cells were submitted to treatment with
free CDDP, stealth pH-sensitive liposomes
containing CDDP and empty stealth pH-
sensitive liposomes. The CDDP concentra-
tion employed was 79.4 nM, 3.7 and 0.46
uM for the A431, A549 and BHK cells,
respectively. These concentrations corre-
spond to the ICs, of CDDP for each cell line.
The treatment was performed on three con-
secutive days, with a change of the culture
medium for each new treatment. Seventy-
two hours after the initial treatment, cell
viability was assessed by 3-[4,5-dimethyl-
thiazol-2yl]-diphenyltetrazolium bromide
(MTT) reduction. First, 10 pL of a 5-mg/mL
tetrazolium salt solution was added to each
well of the plate. After 4 h, MTT crystals
were solubilized in 150 pL dimethylsulfox-
ide. Absorbance readings were performed at
600 nm using a Stat Fax 2100 spectropho-
tometer (Awareness Technology, Inc., Palm
City, FL, USA). Data were analyzed by two-
way ANOVA and the means were compared
by applying the Bonferroni test (P < 0.05)
using the GraphPad Prism, version 4.0, soft-
ware.

Evaluation of resistance of cisplatin

The GLC4 cell line was derived from the
pleural effusion of a patient with small cell
lung carcinoma in the laboratories of Prof.
E.G.E. de Vries (Department of Internal
Medicine, University Hospital, Groningen,
The Netherlands). The GLC4/CDDP sub-
line was obtained by continuous exposure to
CDDP. The cell lines were cultured in RPMI
1640 medium supplemented with 10% fetal
calf serum at 37°C in a humidified 5% CO,
atmosphere. Cultures were initiated at 103
cells/mL and grew exponentially to about
10¢ cells/mL within three days. Cell viability
was checked by Trypan blue exclusion. The
number of cells was determined by Coulter
counter analysis. For the long-term growth
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inhibition 1 x 10° cells/mL were cultured for
72 h in the presence and absence of different
concentrations of CDDP encapsulated or not
into stealth pH-sensitive liposomes. The sen-
sitivity to the drug was evaluated by the ICj,
i.e., the drug concentration needed to inhibit
cell growth by 50%. A resistance factor (RF)
was obtained by dividing the ICs, of resis-
tant cells by the ICy, of sensitive cells. RF is
equal to 6.3 for CDDP and CDDP resistance
is stable for at least 8 months (24).

Determination of cellular platinum
concentrations

Cells were incubated with different con-
centrations of CDDP or CDDP containing
stealth pH-sensitive liposomes for 3 days.
After incubation, an aliquot was taken and
washed twice with ice-cold PBS and the
pellet was resuspended in 65% HNO;. Plat-
inum concentration was determined by
atomic absorption spectroscopy using a
Varian model Zeeman 220 spectrophotom-
eter (Mulgrave, Victoria, Australia) equipped
with a graphite tube atomizer and an
autosampler.

Results and Discussion

Preparation of stealth pH-sensitive liposomes
containing CDDP

Formulation studies showed that the en-
capsulation of CDDP was significantly im-
proved by increasing the amount of lipids
used. Percent CDDP entrapment ranged from
6.6 to 18.6% depending on the lipid concen-
tration (Table 1). The loading capacity of
liposomes also increased when the lipid con-
centration varied only from 30 to 40 mM
(Table 1). However, these liposomes showed
a heterogeneous size distribution (444.5 nm,
polydispersity index equal to 0.6) that could
induce the destabilization of the vesicles,
provoking the release of CDDP. Thus, these
liposomes were submitted to extrusion
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against 0.4- and 0.2-com polycarbonate mem-
branes before purification by ultracentrifu-
gation. However, the size reduction did not
alter the entrapment percentage (20.0%), but
produced a vesicle suspension of homoge-
neous diameter (174 nm, polydispersity in-
dex equal to 0.03) and a zeta potential equal
to 1.6 mV. The liposomes containing the
largest amount of CDDP were chosen for the
evaluation of cytotoxicity and resistance.

Liposome stability

Stealth pH-sensitive liposomes contain-
ing CDDP showed good stability in protein-
rich medium such as mouse plasma. Ap-
proximately 70% CDDP remained inside
the liposomes after their incubation in this
medium. The leakage of CDDP from the
liposomes exposed to 0.9% NaCl was simi-
lar, with no significant difference (P <0.05).
Probably, the release of CDDP from lipo-
somes was due to heating (37°C) and not to
the destabilization provoked by interactions
with plasma proteins.

Cytotoxicity

Figure 1 illustrates the cytotoxic effects
of CDDP encapsulated or not into stealth
pH-sensitive liposomes on normal and tu-
mor cell lines. The cytotoxic activity of stealth
pH-sensitive liposomes containing CDDP
was higher than that of free CDDP against
the A549 cell line (P <0.05). However, these
liposomes did not prove to be more effective
against the A431 cell line. Cell growth inhi-
bition was lower with the encapsulation of
CDDP into stealth pH-sensitive liposomes.
The same effect was observed for the GLC4
cell line (Table 2). The cellular sensitivity to
CDDP encapsulated into stealth pH-sensi-
tive liposomes was lower than for free CDDP,
as revealed by the determination of the ICj,
These findings suggest that the cytotoxic
activity of these liposomes containing CDDP
is dependent on the cell line type. Statistical

www.bjournal.com.br

analysis indicated the influence of cell type
on the response to treatment with free CDDP
or with stealth pH-sensitive liposomes con-
taining CDDP. The A459 cells showed higher
sensitivity to treatment with stealth pH-sen-
sitive liposomes containing CDDP than A431
cells (P = 0.0006). Perhaps, the cell line-
associated differences in the efficacy of
stealth pH-sensitive liposomes containing
CDDP are related to the uptake mechanisms
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Table 1. Effect of lipid concentration on the encapsulation of CDDP into stealth pH-

sensitive liposomes.

Lipid concentration during
preparation of liposomes

Entrapment (%)

Loading capacity
(mg CDDP/nmol lipid)

20 mM 6.95 + 0.32
30 mM 8.80 + 0.29
40 mM 18.60 + 1.26

10.96 = 0.35
10.20 + 0.92

14.32 + 0.81

Data are reported as means + SD for three determinations. CDDP = cis-diam-

minedichloroplatinum (II) (cisplatin).

-

Csll grawth Inhibition (%)
c5883883888

Figure 1. Cytotoxic activity of
free CDDP (open bars) and of
stealth pH-sensitive liposomes
containing CDDP (filled bars).
Data are reported as means *
SD and were obtained from six
experiments. CDDP = cis-diam-
minedichloroplatinum (1) (cis-
platin); A549 = human lung can-
cer cell line; A431 = human cer-
vix squamous carcinoma cell
line; BHK-21 = Baby Hamster
Kidney cell line.

Table 2. ICsq, resistance factor (RF) and intracellular platinum concentrations after 3

days of incubation with CDDP or liposomal CDDP.

Compound Cell line ICs50 (ULM) RF [Pt]; x 1017 (mol/cell)
CDDP GLC4 0.40 + 0.05 9.8
CDDP GLC4/CDDP 2.50 + 0.20 6.3 10.7
Liposomal CDDP GLC4 1.32 £ 0.10 4.0
Liposomal CDDP GLC4/CDDP 1.45 + 0.15 1.1 4.0

IC5q is the CDDP concentration required to inhibit cell growth by 50%. The resistance
factor (RF) is the ICsq of the resistant cells divided by the IC5q of the sensitive cells.
[Pt]; is the intracellular platinum concentration. Data are reported as the mean + SD of
triplicate determinations. CDDP = cis-diamminedichloroplatinum (II) (cisplatin).
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involved in each cell line. Lim et al. (30)
demonstrated different levels of liposomal
mitoxantrone accumulation in LS180 hu-
man colon carcinoma tumors compared to

N ' t
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Figure 2. Dose-response curves of GLC4 and GLC4/CDDP cells for stealth pH-sensitive
liposomes of CDDP obtained after 3 days of incubation. Data are reported as means + SD
for three experiments. GLC4 = human small-cell lung carcinoma cell line; CDDP = cis-
diamminedichloroplatinum (Il) (cisplatin).
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Figure 3. Cell survival as a function of intracellular platinum concentration after equitoxic
drug exposure for 3 days. Data are reported as means + SD for three independent
experiments. GLC4 = human small-cell lung carcinoma cell line; CDDP = cis-diam-
minedichloroplatinum (Il) (cisplatin).
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A431 tumors. This finding has been attrib-
uted to the more rapid liposome uptake in
the LS180 cell line. The cytotoxicity of free
or liposome-encapsulated CDDP on the BHK
cell line was identical. This cell line was
chosen for the assay due to the renal toxicity
induced by the use of CDDP. In spite of this
finding, it should be pointed out that the
biodistribution behavior of the free drug and
of the drug encapsulated into nanostructured
systems is not the same. Junior et al. (31) and
Newman et al. (32) obtained different phar-
macokinetics profiles from administration
of liposomal formulations containing CDDP
in comparison with free CDDP. In both stud-
ies, a lower renal accumulation of CDDP
from liposomal CDDP treatment was ob-
served than that from free CDDP. Thus, the
in vivo toxicologic response to stealth pH-
sensitive liposomes containing CDDP can
be modified, avoiding the occurrence of kid-
ney failure. No cell growth inhibition was
observed with empty stealth pH-sensitive
liposomes.

Drug sensitivity

The effect of stealth pH-sensitive lipo-
somes containing CDDP on the growth of
the GLC4 and GLC4/CDDP cell lines is
shown in Figure 2. One can observe that the
response of both cell lines to a given dose of
this new cisplatin formulation was compa-
rable. Table 2 shows the drug concentration
that inhibits cell growth by 50% and the RF
obtained. For the sake of comparison, CDDP
data are also shown. Intriguingly, the cyto-
toxic activity of stealth pH-sensitive lipo-
somes containing CDDP on the sensitive
cell line was inferior to that of free CDDP.
This fact is probably related to different
uptake mechanisms of the free and the en-
capsulated CDDP.

Drug accumulation after equitoxic exposure

The percentage of growth inhibition ver-
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sus the content of platinum within the cell
determined in GLC4 and in GLC4/CDDP is
plotted in Figure 3. Comparing platinum
accumulation in the two cell lines, one no-
tices that almost the same levels of platinum
are necessary to produce a certain cytotoxic
effect. For example, incubation of CDDP
with stealth pH-sensitive liposomes at 1Cj,
doses yielded a comparable [Pt]; for both
sensitive and resistant cells of about 4 x 10
7 mol/cell. We have previously shown that
the accumulation of CDDP in both GLC4
and GLC4/CDDP cell lines follows the same
pattern, i.e., incubation with equitoxic doses
yields practically the same intracellular plat-
inum levels. For example, incubation with
CDDP at ICs, doses (glc4 = 0.4 pmol/L and
glcd/cddp = 2.5 umol/L) yielded compa-
rable [Pt]; of 10 x 107 mol/cell for both
sensitive and resistant cells. These results
show the importance of transport as a mech-
anism of resistance to CDDP exhibited by
GLC4/CDDP cells. In the case of free CDDP,
it was necessary to use a higher dose to force
its uptake by GLC4/CDDP cells, a fact that
was not observed with the use of stealth pH-
sensitive liposomes containing CDDP.
CDDP encapsulated into stealth pH-sensi-
tive liposomes enters sensitive cells as easily
as resistant cells. The liposomal formulation
exhibited the same efficacy against CDDP-
sensitive and CDDP-resistant cells, with an
RF equal to 1.1 (Table 2). This factor is
much lower than that for non-encapsulated
CDDP, which is equal to 6.3 (24). Thus,
these liposomes were able to overcome the
resistance mechanisms. In addition, the lower
intracellular platinum concentration detected
when the cells were incubated with an
equitoxic CDDP concentration (ICs) sug-
gests the occurrence of a different transport
mechanism for stealth pH-sensitive lipo-
somes. Aqueous formulations of CDDP are
solutions of the native and hydrated forms of
the drug in equilibrium, which is dependent
on the pH and Cl- concentrations. Chloride
ions can be replaced with water molecules,

www.bjournal.com.br

which in turn can be hydrolyzed, yielding
hydroxy species. The most important prod-
uct, the monohydrated species, [Pt(NH;),
(OH,)CIY", is formed by the following reac-
tion:

cis-[Pt(NH3),CL] + H,0  cis-[Pt(NH;),(OH,)CI]* + CI-

We have previously proposed that CDDP
uptake by sensitive GLC4 cells is the sum of
two components: an energy-dependent path-
way and passive diffusion. The active com-
ponent is deficient in the GLC4/CDDP sub-
line. The actively transported species is hy-
dro-derivative, probably [Pt(NH,),(H,O)
OH]" or [Pt(NH;),(H,O)CI]* (24). Cationic
aquated species are more reactive with DNA,
producing intra- and inter-strand adducts and,
consequently, the cytotoxic effects. There-
fore, one can speculate that the CDDP deliv-
ery by stealth pH-sensitive liposomes favors
the formation of hydrated species. It is known
that CDDP is almost completely converted
to the monohydro species at pH 6.0 (80%)
(33). As the stealth pH-sensitive liposomes
enter the cells by endocytosis, the release of
CDDP might occur as a consequence of the
acidification process inside the endosomes,
as explained above. Inside late endosomes
the pH ranges from 5.5 to 6.0, and conse-
quently, the main species present is the
aquohydroxy-derivative. This could explain
the achievement of a similar cytotoxicity
level with the presence of a lower intracellu-
lar platinum concentration.

Finally, it is noteworthy that the stealth
pH-sensitive liposomes might offer advan-
tages over conventional liposomes due to
their ability to deliver their contents into the
cytoplasm. These liposomes can be an alter-
native to solve the clinical failure observed
with the use of stealth liposomes in the treat-
ment of neck and head carcinoma (34). The
authors believe that the clinical inefficacy
results from the low release of CDDP. To
solve this problem would be appropriate to
improve liposome composition. Thus, the
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the same level of CDDP into resistant and
sensitive cells after incubation with equal
CDDP concentrations.
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Abstract

This work presents the preparation of radiolabelled cis-dichlorodiammineplatinum (II), CDDP*, sealed in a
cadmium capsule. The irradiation of CDDP covered by cadmium, employing exposure times longer than 2h,
demonstrated good chemical purity and high specific activity. This finding allowed a better detection of in vivo CDDP*
and suggests that it may be a good tool for studies of long-term biodistribution of pharmaceutical formulations

containing this drug.
r- 2005 Elsevier Ltd. All rights reserved.

Keywords: Radiolabelled cisplatin; TRIGA research reactor; Neutron activation

1. Introduction

The cis-diamminedichloroplatinum (II) (CDDP) is
one of the most effective chemotherapeutical agents in
the treatment of ovary, lungs, testicle, head and neck
carcinoma (Le Chevalier et al., 1994; Guillot et al., 1992;
Shirazi et al., 1996; Williams and Einhorn, 1985).
However, its use presents some inconveniences such as
resistance development, side effects (principally nephro-
toxicity), and incompatibility with other drugs used
simultaneously in polychemotherapy. Investigations of

Corresponding author. Tel./fax: +553134993308.
E-mail address: asleal@cdtn.br (A.S. Leal).

new formulations containing CDDP are being devel-
oped to eliminate these difficulties related to the use of
CDDP (Harrington et al., 2000; Vaage et al., 1999). In
addition, numerous studies are being carried out in
order to elucidate the pharmacokinetics of CDDP,
especially its distribution in the kidney, to try to
establish a way to circumvent its toxicity (Newman et
al.,, 1999; Peleg-Shulman et al.,, 2001). Hence, it is
important to have the analytical techniques that allow
the quantification of CDDP in studies performed both
in vitro and in vivo. Atomic absorption spectrometry is
frequently employed for the determination of platinum
in many biological evaluations. However, this method
requires laborious sample treatment (sample digestion

0969-8043/$ - see front matter ¥~ 2005 Elsevier Ltd. All rights reserved.
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and evaluation of the influence of the matrix of all
tissues over the analysis method) and consequently,
longer time for the analysis. The employment of
radioactive labels has been an alternative to the CDDP
quantification into biological medium. This labelled
form, CDDP*, can be obtained by the activation of the
precursor species, K,PtCl;, or the metallic platinum
itself followed by its synthesis (Hoeschelle et al., 1982;
Kawai et al. 1989; Sykes et al., 1986). This approach can
lead to a high specific activity and chemical purity but
involves time for the radiochemical synthesis in addition
to the costs of platinum isotopes. Another approach is
the direct irradiation of the CDDP. Sykes et al., 1986
obtained CDDP* employing this strategy. However,
use of this method resulted in a low specific activity
(o 38,0kBqmg ') and led to the disassociation of the
molecule after 2 h of direct irradiation. In this study, we
investigated the preparation of CDDP* by the CDDP
direct irradiation, with and without encapsulation, with
a cadmium capsule using the TRIGA MARK I IPR R-1
research reactor. In addition, we evaluated the CDDP*
biodistribution in mice affected by Ehrlich tumours. The
results of this work was submitted to be published
elsewhere.

2. Material and methods
2.1. Irradiation of CDDP

Each CDDP sample containing 2.0 mg of CDDP were
prepared both with and without a cadmium capsule that
had a thickness of 1.0 mm. The samples were irradiated
in an average thermal and epithermal neutrons flux of
6.4 10" and4.4 10" neutronscm *s !, respectively,
at 100kW (Manual do TRIGA, 2000). The irradiation
times were 2 and 4 h for the bare sample and 8 h for the
cadmium-covered sample. The CDDP* gamma spectra
was obtained using an HPGe detector with 15%
nominal efficiency and 1.85keV FWHM for the
1332keV peak of ®°Co. The calibration of energy and
the efficiency curve for several distances from the
detector were fitted using the suitable point sources as
0Co, %57n, 1°Cd, 137Cs, 1% Au, 2°Hg, *' Am and >*Eu
(Smodiset al., 1988). The irradiated samples were
measured at 5.0cm from the detector. The software
used for the data acquisition and spectrum analysis was
GENIE 2000 (CANBERRA).

2.2. Determination of chemical purity

Determination of chemical purity was performed
using high performance liquid chromatography
(HPLC). The chromatographic apparatus consisted of
a Model 515 pump (Waters Instruments, Milford, MA,
USA), a Model 717 Plus auto-injector (Waters Instru-

ments, Milford, MA, USA) and a Model 2487 variable
wavelength UV detector (Waters Instruments, Milford,
MA, USA) connected to the Millenium software.
Separations were done using LichrospherS 100 NH,
guard column, 4 4mm, Smm (Merck, Darmstadt,
Germany) connected to LichrospherS 100 NH , column,
25cm  4mm, 10mm (Merck, Darmstadt, Germany).
The eluent system was composed of methanol/ethyl
acetate/N,N-dimethylformamide/water 4:4:1:1 and the
flow rate was of 1.0mLmin '. Samples (20mL) were
injected and the eluate absorbance was monitored at
310 nm.

3. Results and discussion
3.1. Irradiation of CDDP

The final specific activity for CDDP* was of
approximately 40.0 and 57.0Bqmg ' for the bare and
cadmium-covered samples, respectively, after 24h of
decay. These results can be considered similar to those
obtained by Sykes et al. (1986). According to these
authors, this is the highest specific activity obtainable
without decomposition of the sample—due to the
Szillard—Chalmers effect—which occurs during long
irradiation times or high flux. However, the irradiation
of the cadmium-covered sample showed that it is
possible to get greater specific activity when irradiating
the samples for up to 8 h. The higher activity obtained
using the CDDP encapsulated in cadmium can be
explained in terms of the data presented in Table 1
concerning the irradiation conditions and of energies
involved in the neutron—molecules interactions. The
probability of the disruption of the CDDP molecule
depends mainly on the recoil energy of the activated
nucleus emitting a gamma ray and, secondarily, on the
collision with epithermal and fast neutrons (Friedlander
et al., 1981). The recoil energies of **Cl atoms emitting
gamma rays with energies 1.64 and 2.17MeV are
equivalent to 38.0 and 67.0 MeV, respectively, which is
enough to break the Pt—-NH; and Pt—Cl bonds having
energies of 1.82 and 3.73 MeV, respectively (Ferreira
and Cdar, 2004). The thermal/epithermal activity
ratio, Agyepi, for the 38Cl atoms is around 19, which
according to the parameters in Table 1, can explain the
higher degree of degradation of the CDDP molecules in
the bare sample. However, for all the Pt isotopes the
contribution for the dissociation of the molecule is not
expected to be so relevant due to the low energy of the
gamma photons (O 0.6 MeV), corresponding to a recoil
energy of approximately 1.0 MeV, which is not enough
to break the Pt—NH; and Pt—Cl bonds.

In Fig. 1, the gamma spectra of the bare sample (after
2h of irradiation) and the cadmium-covered samples
are shown. It can be observed that both spectra are
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3.2. Determination of chemical purity
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E E .3 == The irradiation of unencapsulated CDDP up to 2h
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did not result in the molecule degradation (chemical
yield equal to the 99%). However, in the case of
irradiation time of 4 h, a darkening of the samples was
observed. The percentage intact CDDP detected by
& F F & E; F HPLC was only 65%. The coveri.ng of CDDP with the

U cadmium capsule allowed longer irradiations, up to 8 h,
without the decomposition of the molecule. In the
Fig. 2, the chromatographic profiles of irradiated and
unirradiated CDDPs are shown. The retention time

:-'_I : E E (3.5min) and the concentration of both solutions were

= similar, indicating that the cadmium capsule is able to
prevent degradation of the molecule.

LR
:_:' mEe e 4. Conclusion
The encapsulation of CDDP in cadmium allowed its

direct irradiation for a greater length of time by
maintaining the integrity of the molecule. The specific
activity obtained was enough to carry out the biodis-

- tribution study of CDDP in mice until 24 h after the

L= N | .. . . . . . .

S oy e administration. This finding is relevant because it will be

a useful tool for the evaluation of the in vivo behaviour
of new formulations of CDDP developed in our research
group. Finally, in order to obtain a higher specific
activity it will be interesting to verify the influence of the
FELEEr : i i
| use of an higher neutron flux in future studies.
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2 minutes 4

Fig. 2. Determination of CDDP chemical purity using the
HPLC: (A) Non radiolabelled CDDP solution; (B) Radio-
labelled CDDP obtained from irradiation time of 8 h.
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ABSTRACT

This work presents the preparation of radiolabelled cis-dichlorodiammineplatinum (1), CDDP*, from its direct
irradiation into a cadmium capsule, using the TRIGA MARK | IPR R-1 research reactor of the CDTN. The ability to
detect CDDP* in Ehrlich tumour-bearing mice after administration via an intravenous route was evaluated. After
24 hours, blood and some organs were collected to determine the incorporated activity. The CDDP* showed a greai
chemical purity and high specific activity that resulted in an optimum in vivo detection. The CDDP* was taken ug
principally by liver, spleen and kidney. The CDDP* obtained from this condition was shown to be a good tool for
biodistribution studies.

Key words: Radiolabelled cisplatin, biodistribution, TRIGA research reactor

INTRODUCTION

Cis-Diamminedichloroplatinum (II) (CDDP) or
cisplatin has become one of the most widely used
anti-cancer drugs in treating a variety of solid
tumors, including testicular, head and neck, ovary
and lung tumors (Jakupec et al., 2003; Muggia and
Fojo, 2004; Le Chevalier et al., 1994; Guillot
et al., 1992). However, its clinical employment has
been limited by its toxicity as well as the
appearance of resistance (Newman et al., 1999;
Deraco et al., 2003; Wernyj and Morin, 2004). The
CDDP therapy is particularly restricted by severe
nephrotoxicity. It is known that CDDP induces

N
Author for correspondence

marked focal necrosis in the proximal and distal
tubules and damage occurs mainly in the region of
the proximal tubule (Singh, G., 1989). Several
strategies have been implemented to overcome
CDDP related toxicity, such as the synthesis of
platinum analogues and the development of new
CDDP formulations (Elias et al,, 2003; Harrington
et al., 2000). In addition, numerous studies are
being carried out in order to elucidate the
pharmacokinetics of CDDP, especially its
distribution in the kidney, to establish the way tc
circumvent its toxicity [7-8]. In order to monitor
the efficacy and safety of new treatment, it is
important to determine the concentration of CDDP
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in several organs. For this reason, it is essential to
have an adequate analytical method to quantify the
CDDP in studies performed in vivo. Atomic
absorption spectrometry is frequently employed in
this sort of experiment. However, this method
requires laborious sample treatment (sample
digestion and evaluation of the influence of the
matrix of all tissues over the analysis method), and
consequently, longer time for the analysis. The
employment of labeled compound has been an
alternative to the CDDP quantification in
biological medium. Sykes et al. (1986) prepared
radiolabeled CDDP, CDDP*, by its direct
irradiation, but the specific activity was low (<
38.0kBg/mg) and the decomposition of the
molecule occurred after 2 hours of bombardment.
Thus, CDDP* has been prepared using a cadmium
capsule to allow the irradiation of CDDP for a
longer time without its degradation. The
irradiation was performed at TRIGA MARK I IPR
R-1 research reactor. In addition, we were
interested in evaluating the detection level of
CDDP* after its administration in mice affected by
Ehrlich tumour.

MATERIALS AND METHODS

Irradiation of CDDP

A sample of CDDP (2.0 mg) was placed inside a
cadmium capsule of 1 mm thickness. It was
irradiated in the TRIGA MARK I IPR R-1 reactor,
employing an average thermal and epithermal
neutron flux of 6.4 x 10" and 4.4 x 10"
neutrons.cm™s”, respectively, at 100 kW. The
irradiation time was 8 hours. The chemical purity
was determined using high performance liquid
chromatography. A 20-uL aliquot of CDDP*
solution prepared in 0.9% w/v NaCl solution was
injected onto the Lichrospher® 100 NH2 guard
column, 4X4 mm, 5 um (Merck, Darmstadt,
Germany) connected to a Lichrospher® 100 NH2
column, 25 cmX4 mm, 10 um (Merck, Darmstadt,
Germany). The elution was performed with
methanol/ethylacetate/N,N-
dimethylformamide/water 4:4:1:1; the flow rate
was of 1.0 mL.min" and the eluate was monitored

at 310 nm.

Ehrlich tumour model
Ehrlich tumor was grown in female Swiss mice.
The mice were kept in an area maintained on a

127

standardised light/dark cycle and had free access
to food and water. The Ehrlich cell line was kindly
supplied by Dr. Jorge Luiz Pesquero (Department
of Physiology and Biophysics, Biological Sciences
Institute, Federal University of Minas Gerais, Belo
Horizonte, MG, Brazil). = Tumour cells were
inoculated intraperitoneally into mice and the
tumor was harvested after eight days. A viable
tumor cell suspension was then prepared at a
density of 5.0 x 10° cells/mL. Tumours were
transplanted subcutaneously in the right flank of
20-25 g female Swiss mice (Faculty of Pharmacy,
Federal University of Minas Gerais, Belo
Horizonte, Brazil).  Tumours were allowed to
grow until all inoculated mice had palpable
tumours (20 days postimplantation). All protocols
were approved by the ethics committee for animal
experiments of the Federal University of Minas
Gerais and comply with the guide for the care and
use of laboratory animals recommended by
Institute of Laboratory Animal Resources.

Biodistribution study

After 8 hours of irradiation, the CDDP* was
allowed to cool for 24 hours inside the TRIGA
MARK I IPR R-1 research reactor. The CDDP*
obtained was injected by an intravenous route intc
Ehrlich tumor-bearing Swiss mice (n=3) at a dosc
of 4 mg/kg. After 24 hours, the mice were
anesthetized with a mixture of xylazine (7.5
mg/Kg) and ketamine (60 mg/Kg). Blood samples
were collected and some organs, such as liver,
kidney and spleen were excised. The organs were
washed with distilled water, dried with filter paper
and weighed. The radioactivity of the organs and
blood was measured by an automatic scintillation
apparatus covering an energy window of 70-210 or
50-150 keV (ANSR-Abott, USA). The counting
times were of 2 and 4 min, respectively, for each
energy window. The results were expressed as
cpm/g of tissue. The data were statistically
analyzed by ANOVA.

RESULTS AND DISCUSSION

By covering the CDDP with a cadmium capsule a

higher specific activity (57.0 Bqg.mg 1) was
obtained than for the bare samples (40.0 Bq.mg™),
without the rupture of the molecule, as shown by
Leal et al. (in press, Appl. Radiat. Isot.). However,
it is important to investigate whether this level of
specific activity is sufficient to follow the
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distribution of the drug in vivo. The CDDP*
biodistribution results are shown in Fig. 1. The
radioactivity was counted using an energy window
of 70-210 KeV and 50-150 KeV, including or not
photopeaks of '’Au, respectively. In both cases,
the CDDP* was observed to be taken up

15000 -
10000 -

5000 -

Liver Spleen

BI8

principally by the spleen, liver and kidneys. The
results did not show statistically significative
differences in the CDDP uptake between liver and
spleen when the radioactivity was determined in
the energy window of 70-210 KeV (p>0.05).

Kidney Blood

Figure 1 - Biodistribution of CDDP* after 24 hous of its administration in Ehrlich tumour
bearing mice and measured at [ ]70-210 keV and Il 50-150 keV. Values are

expressed as mean =+ sd (n = 3).

The same results were observed at 50-150 KeV
(p > 0.05). On the other hand, the kidney showed
an uptake of CDDP* lower than liver for both
counting systems. These preliminary results
suggest that the quantification of radioactivity in
the organs, including the '”’Au counting, does not
affect the biodistribution of CDDP, and, thus, it
would not be necessary to remove this nuclide.
Furthermore, the detection of radioactivity with
the '*’Au inclusion can contribute with a reduction
in counting time of each sample, and
consequently, it would not be necessary to make
the data corrections considering the half-life of the
195mpt - This biodistribution profile is in good
agreement with the results obtained by Newman et
co-workers (1999), who used graphite furnace
atomic absorption spectrophotometry for the
CDDP quantification. It leads one to suppose that
the radiochemical purity obtained wask
satisfactory, such as that obtained by Sykes et al.
(1986). In addition, it is noteworthy that the
greater specific activity of CDDP allowed optimal
radioactivity detection for the performance of
biodistribution studies. Certainly, this fact will
became more significant when a biodistribution
evaluation in a time interval greater than 24 hours
is required. Hence, the production of CDDP*

using the cadmium capsule showed it can be a
useful tool for the evaluation of the in vivo
behavior of new formulations of CDDP.
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RESUMO

O presente trabalho refere-se a obtencdo de cis-
diclorodiaminoplatina (II) radiomarcada, CDDP¥*,
a partir de sua irradiagdo direta numa capsula de
cadmio. A irradiacdo foi realizada no reator de
pesquisa TRIGA MARK I IPR R-1. Em seguida,
foi avaliada a capacidade de deteccdo da
radioatividade emitida por CDDP* apds sua
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administragdo intravenosa em camundongos
acometidos por tumor de Ehrlich. Apos 24 horas,
fez-se a coleta de amostras de sangue e de alguns
orgdos, a fim de se avaliar o nivel de
radioatividade presente nos mesmos. A CDDP#*
obtida apresentou uma Otima pureza quimica ¢
elevada atividade especifica que permitiu um
excelente nivel de deteccdo. A CDDP*

foi captada principalmente pelo figado, bago ¢
rins. Portanto, a CDDP* obtida na condi¢ao de
bombardeamento supracitada mostrou ser uma
ferramenta util para a realizagdo de estudos de
biodistribuicao.
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