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Aqueles que dedicam horas inumerdveis 4 pesquisa, se
alimentam de curiosidades e ainda se surpreendem com a
simplicidade absolutamente complexa da vida

Construi antes de areia, depois construi de pedra.
Como a pedra desabasse,

Ndo construi de mais nada.

Depois voltei muitas vezes a construir

de areia e pedra, conforme tinha aprendido....

E aprendi muitas coisas,

e percorri caminhos Unicos,

por vezes tortuosos, por vezes lineares,
outras vezes proficuos, outras sem sentido

E quando achava o que procurava,
mais tinha a caminhar. ..

E digo sempre: sé a sepultura

Ndo terd nada mais a me ensinar.

{Bertold Brecht- adaptacdo)
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RPE = ressonancia paramagnética eletronica
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TFP = triflucperazina
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y 4 = razdo molar droga neutra/protonada
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RESUMO

O presente trabalho reporta um estudo da interag8o do antipsicético trifluoperazina
(TFP), do anestésico local dibucaina (DBC) e do antihelmintico praziquantel (PZQ)
com membranas bioldgicas e sintéticas. A interagdo droga-membrana foi estudada
através da determinacao do coeficiente de particdo das drogas entre varios sistemas
de membrana e agua, e também pela monitoragdo da atividade hemolitica
(determinagao das razbes efetivas drogas/lipidio para protegdo e indug@o de lise,
determinacdo do efeito térmice envolvido na hemdlise, andlise morfologica e
determinacdo do perfil de eluicdo de lipidios). Além do estudo da contribuicdo do
grau de ionizagdo da TFP e da DBC na interagdo com membranas. A TFP
apresentou o maior coeficiente de particdo em todas as membranas e a melhor
eficacia hemolitica, seguida pela DBC e pelo PZQ. A maior particdo da TFP em
relagdo a DBC deve-se as interagbes especificas com as proteinas da membrana
bem como a contribuicdo da maior conceniracdo da forma neutra em pH 74. A
protecdo induzida pelos xenobidticos em condigbes hiposmoticas esta diretamente
relacionada a hidrofobicidade dos composios e € produzida pela inser¢do das
formas monomericas na membrana em concentracGes inferiores as de saturagéo da
membrana. A razdo efetiva droga/lipidio para a hemdlise isosmotica induzida pela
TFP ocorre muito antes de uma real saturagdo da membrana, enquanto gue as
razfes efetivas drogal/lipidio para DBC e PZQ refletem uma real satura¢do da
membrana. A hidrofobicidade parece ser um fator determinante na lise isosmotica
induzida pelos xenobidticos embora fatores como a propriedade de agregacéo da
TFP e a baixa solubilidade do PZQ tenham sido fundamentais para a indugdo ou
inibicgo da hemdlise. A hemodlise induzida pela TFP e pela DBC s&o processos
predominantemente entalpicos onde os eventos que mais contribuem s&o: a
interagdo especifica com proteinas da membrana e a formagéo de micelas mistas,
no caso da TFP, e, a intercalacdo do monémerc na membrana, no caso da DBC.
Todos os xenobibticos estudados induziram estomatocitose e promoveram eiuigéo
de fosfolipidios e colesterol, no entantc a saida de lipidios n3o esta
proporcionalmente relacionada a hemdlise. Os resultados obtidos sugerem que
distintos mecanismos celulares de interagdo com a membrana sao responsaveis
pelos mecanismos de citotoxicidade de cada droga e revelam a multiplicidade de
fatores (hidrofobicidade, solubilidade, grau de ionizagdo, propriedades de
agregacdo, afinidade especifica por determinado componente da membrana e
efeitos estéricos) que devem ser considerados na interpretagdo do fendmeno

hemolitico ou, de uma maneira mais genérica, da interacdo de anfifilicos com
membranas biolégicas.
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ABSTRACT

The present work reports a study of the interaction of the antipsychotic
trifluoperazine (TFP), the local anesthetic dibucaine (DBC) and the
antihelminthic praziquantel (PZQ) with biological and synthetic membranes.
The drug-membrane interaction was studied by the determination of the
partition coefficient of the drugs between various membrane systems and
water, and by monitoring the hemolytic activity (determination of drug/lipid
ratios for protection and lysis), determination of the thermal effect involved in
hemolysis, morphological analysis and determination of the release of
membrane lipids). In addition the study of TFP and DBC ionization contribution
to membrane interaction was performed. TFP presented the higher partition
coefficient in all studied membranes and the higher hemolytic efficacy,
followed by DBC and PZQ. The higher partition of TFP in relation to DBC is
due to the specific interaction with membrane proteins and to the greater
contribution of the neutral form at pH 7.4. The protection induced by the drugs
in hyposmotic conditions is directly related to the compounds’ hydrophobicity
and it is triggered by the monomeric drug partition info membrane, in lower
concentrations than those required for membrane saturation. The effective
drug/lipid ratio in the isosmotic hemolysis induced by TFP occurs before
membrane saturation while for DBC and PZQ the lytic drug/lipid ratio reflect a
real membrane saturation. The hydrofobicity seems to be a determinant factor
in the induced lysis although factors as TFP aggregative property and the iow
solubility of PZQ have became incisive to the induction or inhibition of
hemolysis. The TFP and DBC induced lysis are primarily enthalpyc process in
which the events that more effectively contribute are the specific membrane
protein interaction and micelle-mixed formation in case of TFP, and the
monomer intercalation into membrane, for DBC. All the studied drugs induced
stomatocytosis. The phospholipid and cholesterol release induced by the
drugs are not directly related to hemolysis. The resuits presented suggest that
distinct pathways are responsible for the lytic effect induced for each drug and
reveal the plurality of factors (hydrofobicity, solubility, ionization degree,
aggregative properties, specific affinity for membrane components and steric
effects) that must be considered in the interpretation of the hemolytic
phenomenon of, in a more general view, the interaction of amphiphiles with
biological membranes.

iv
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ACAO DE XENOBIOTICOS EM MEMBRANAS BIOLOGICAS E
SINTETICAS

1. INTRODUCAO

Estima-se que atualmente os organismos vivos estejam expostos a um
nimero exorbitante de composto quimicos ndo enddgenos {(xenobibticos) que
foram sintetizados pelo préprio homem, entre eles podemos citar os
medicamentos, corantes, conservantes, flavorizantes da inddstria alimenticia,
poluentes industriais que contaminam o ar, agua, o solo, efc. A interacao dos
xenobidticos com o organismo vivo pode ser evidenciada pela atividade
terapéutica dos medicamentos, ou ainda pelas reagbes adversas
(intoxicagdo) promovidas por muitas substancias quimicas que interagem
com os sistemas bioldgicos. O efeitc da maioria das drogas sobre o
organismo resulta de suas interagbes com macromoléculas, muitas dos quais
componentes da membrana plasmatica (Benet et al., 1996). Alem do mais, a
capacidade de um composto quimico interagir com as membranas biolégicas
é o passo determinante para a sua absorgdo, distribuigéo, biotransformacéo,
excrecdo, bem como, para o estabelecimento de sua atividade bioldgica.

1.1. Membrana do Eritrécito

O eritrocito, a célula vermelha do sangue, € uma ceélula anucleada de
forma discoide bicdncava, que contém hemoglobina em concentraco elevada
(cerca de 5 mMicélula) (Bull et al, 19890). Para cumprir a funcdo de
transportar a hemoglobina e levar oxigénio a todas as células, o eritrocito
percorre todos os vasos sanglineos do organismo aproximadamente 500.000
vezes, durante sua vida média de 120 dias (Buli et al, 1990) e € capaz de
transpor capilares e sinusbides de didmetros de 3 a 4 micras, que
correspondem a metade do seu prépric diametro (7 a 9 micras) (Schrier,
1985; Bull ef al, 1990). Tais fendmenos s6 sdo possiveis gragas a extrema
resisténcia e deformabilidade da membrana do eritrécito {Lux, 1988).

Ja que o eritrocito é uma célula anucleada e ndo contém organelas a
membrana plasmatica eritrocitaria fornou-se o mais conhecido e estudado
modelc de membrana biolégica n&do s6 pela facilidade de obtengdo e
isolamento (puncdo venosa e lise hiposmética) como fambém pela facilidade
de monitoragdo da desorganizacdo da membrana pela liberagdo da
hemoglobina (Elgsaeter & Mikkelsen, 1991; Laurialt & O’brien, 1991).

A membrana eritrocitaria € composta por uma bicamada lipidica que
contém vérias proteinas integrais, uma rede proteica (o citoesqueleto
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proteico), e uma pequena porcio de carboidratos ligados as proteinas
(glicoproteinas) e aos lipidios (glicolipidios) (Gratzer, 1981), formando o
glicocalix, uma estrutura que chega a medir dez vezes ¢ diametro da propria
bicamada (Lehninger et al., 1993).

Todos os lipidios das células vermelhas estio na membrana. A
composicao lipidica da membrana eritrocitaria é em peso: fosfolipidios (47,5
%), colesterol (25 %), esfingomielina (17,5 %), e glicolipidios (10 %) (Storch &
Kieinfeid, 1985).

Os fosfolipidios distribuem-se assimetricamente entre as monocamadas
interna e externa da membrana eritrocitiria. As regides polares dos
fosfolipidios, chamadas cabegas polares, estdo expostas ao meio aquoso. A
distribuicBo assimetrica nas duas monocamadas lipidicas & praticamente
absoluta para a fosfatidilserina (PS) com 96 % das moléculas na camada
interna, bem como para a fosfatidiletanolamina (PE), onde a maior parte das
moléculas (80 — 85 %) estdo na monocamada interna. Por outro lado a
fosfatidilcolina (PC) (65 - 75 %) e a esfingomielina (mais de 85 %),
preferencialmente localizam-se na camada externa. A distribuicéio preferencial
dos fosfatidilinositdis também foi estabelecida: 100 % de fosfatidilinositol-4-
fosfato, e 80 % de fosfatidilinositol e seu derivado 4,5-bifosfato estio
localizados na monocamada interna, bem como 80 % do &cido fosfatidico {ver
Zachowski, 1993, para reviséo de assimetria lipidica).

Diferentes mecanismos foram propostos para a manutencdo da
assimetria: i) a interagio do esqueleto da membrana, principaimente da
espectrina, com os amino-fosfolipidios, fixando esses compostos na
monocamada interna (Haest, 1982; Middelkoop et al, 1988) e ity uma
translocacao especifica ATP-dependente dos aminofosfolipidios da camada
externa para a camada interna (Seigneuret & Devaux, 1984). No entanto,
varios trabalhos t8m demonstrade que o primeiro mecanismo proposto
contribut muito pouco para a manutencdo do perfil de assimetria apresentado
peta membrana erifrocitaria (Maksymiw ef al, 1987; Seigneuret et al., 1984;
Gudi ef al, 1980), enquanto que o segundo mecanismo vem sendo
intensivamente estudado e aceitv (Devaux, 199t; Schreier et al, 1992;
Zachowski, 1993; Chen & Huestis, 1997).

Cada uma das duas monocamadas, apesar de assimétricas, sio
praticamente iguais em famanho e acopladas pelas interagBes hidrofobicas,
de modo que um desequilibrioc ou uma intercatacio de moléculas em um dos
folhetos. ir& causar uma ondulagdo na membrana. Isto explica porque a
intercalago de moléculas anfipaticas no folheto externo é suficiente para
causar uma expansdo de 0,6 a 1,0 %, o que iréd produzir uma saliéncia ou
evaginacdo no folheto externo, promovendo equinocitose. Do mesmo modo,
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se uma motécula anfipatica for mcorporada na monocamada interna, resultara
em invaginacdo da membrana, promovendo estomatocitose (Schreier ef al,
1992).

As proteinas de membrana de erifrécitos estdo subdivididas em duas
classes: as proteinas periféricas e as integrais. As proteinas integrais tém
uma porgao hidrofébica que interage com os lipidios. A principal proteina
integral transmembranar em eritrécitos humanos, a banda 3, desempenha
varias fungbes como o fransporte anidnico e a interagéo do citoesqueleto com
proteinas citossdlicas (hemoglobina e determinadas enzimas glicoliticas).
Essa interacdo é mediada pelo extenso dominio citopfasmatico da banda 3
que se extende da bicamada até o citoplasma (Clari & Moret, 1989). A maioria
das proteinas periféricas da membrana eritrocitaria parece estar envolvida na
formacgdo de um extenso reticulo submembranar, o citoesqueleto eritrocitario
que esta representado na FIGURA 1. As proteinas do citoesqueleto da
membrana eritrocitaria sdo responsaveis pela manutencdo da forma, da
estabilidade e da deformabilidade do eritrécito (Gallagher & Forget, 1993). Os
principais componentes do citoesqueleto eritrocitario s@o a espectrina, a
actina e a proteina 4.1. A conecgéio entre as proteinas integrais e a espectrina
do citoesqueleto é feita por uma familia de proteinas denominadas anquirinas.
Essa interacdo protege a integridade da célula na circulacdo (Platt of af,
1993). A interagdo da membrana com a espectrina tem sido exaustivamente
pesquisada (Reinhart ef al, 1986; Kahana ef al, 1991, Streichman ef al.,
1991; Yang, 1993). Recentemente tem sido discutido o papel das interagbes
elefrostaticas nessa interac@o (Kahana ef af., 1991); além disso a exisiéncia
de regides hidrofébicas na molécula de espectrina e na bicamada lipidica,
sugerem que as interacdes hidrofébicas podem também ser importantes para
a manutencdo da forma do eritrdcito (Streichman ef af., 1991).
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FIGURA 1: DIAGRAMA ESQUEMATICO DA MEMBRANA ERITROCITARIA.
(Voet & Voet, 1895}
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1.2. Microssomas

O microssoma é um artefato de preparacado onde as cisternas e ttbulos
do reticulc endoplasméticoc sdo rompidos e reconstituidos sob a forma de
vesiculas menores, mantendo no enfanto, as relacBes topoildgicas normais
entre a membrana, a luz e os ribossomas. Existem dois tipos de reticulos: o
reticulo endoplasmatico rugoso e o reticulo endoplasmatico fiso. A distingio
morfolégica entre essas categorias reside na presenca de ribossomas que se
ligam ao reticulo endoplasmatico rugoso (Karp, 1984).

No figado, o reticulo endoplasmatico liso & a porcdo responsavel pela
biossintese de acidos graxos e fosfolipidios (Darnell et alf, 1990), e pela
biotransformacdo de uma grande variedade de compostos organicos. Além
das enzimas citocromo P450, citocromo b5, citocromo P450 redutase e
citocromo b5 redutase, que parlicipam na biotransformacdo de drogas, ©
reticulo endoplasmatico liso possui de 30 a 40 enzimas que se inserem na
membrana (Karp, 1984).

Os microssomas podem ser utilizados como modelo de membrana
biologica rica em proteinas ja que sdo compostos, em peso, por 70 % de
proteina, 20% de RNA e somente 10 % de lipidios (Hird et af., 1964).

1.3. Membranas Sintéticas

Além do estudo em membranas bioldgicas, como as de eritrocitos e
microssomas, estudos feitos em membranas sintélicas ou sistemas. modelo.
podem trazer informacbes mais detalhadas sobre a interagdic de
determinados agentes com constifuintes lipidicos especificos das membranas.

As membranas sintéticas podem ser formadas gracas & estrutura dos
fosfolipidios. que sao constituidos de uma porgdo polar (cabeca polar) e de
uma porcdo hidrofobica (cadeias acila). As interacbes hidrofébicas entre as
cadeias alifiticas, as interacGes eletrostdticas na regifio da cabeca polar
{entre dois lipidios vizinhos e entre a cabeca polar e a 4gua) e as forcas de
van der Waals favorecem o empacotamento dos fosfolipidios estabilizando a
estrutura final da bicamada (Hiemenz, 1986).

Vesicutas uni e multitamelares sdo um grupo de estruturas de
vesfculas compostas de fosfolipidios s&o chamadas de lipossomos e
possuindo um (unitamelar) ou mais (multitamelares) compartimentos aquosos
intermos. A simples agitacio do fosfolipidio anidro em agua é suficiente para
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formar multibicamadas (MLV), que podem ter de 20 nm a ‘%G um de diametro
(Huang, 1969; Prasad, 1996). Existem varios métodos de obtencdo de
vesiculas unilamelares pequenas (SUV) e grandes (LUV) (Prasad, 1996).

Estudos sobre a transicdo de fase, permeabilidade, dinamica molecular
(como movimentos transversais e laterais no plano da bicamada) e
movimentos intramoleculares dos fosfolipidios, incorporagdo de proteinas,
resposta osmética a alteracdo da fase aquosa, efeito da composicdo da
membrana, efeito do colesterol, entre outros foram conduzidos em bicamadas
sintéticas (Warren, 1987). Além disso, lipossomos podem carrear moléculas
hidrofilicas - que ficam encapsuladas no interior da vesicula, ou hidrofébicas -
que se incorporam na fase lipidica, ou ainda anfifilicas - que compartitham os
dois ambientes (aquoso e lipidico), tornando-se uma importante ferramenta na
administracdo de xenobidticos aos organismos vivos (Desormeaux &
Bergeron, 1988; Lasic, 1998; Takagi et a/,, 1 998).

1.4. Hemodlise Induzida por Xenobiéticos

O fenbmeno de hemdlise induzida por compostos quimicos vem sendo
estudado desde 1908 (Traube, 1908). Em 1966, Seeman & Weinstein
descreveram o efeito bifasico de varias substancias (alcoois, anestésicos,
acidos graxos, esterdides, detergentes, antipsicoticos) sobre a hemétlise.
Estas substancias, dependendo da concentragido utilizada, poderiam proteger
eritrocitos de lise hiposmotica ou induzir hemolise, em condicio isosmética.

1.4.1. Lise Hiposmética

A lise hiposmoéfica das céluias vermelhas leva a uma perda de ions e da
hemoglobina e outras proteinas citoplasmaticas através de poros que se
formam na membrana plasmatica. Esses poros resultam de rupturas criadas
quando a pressao interna gerada pela rapida osmose torna-se muito alta para
ser suportada pela membrana (Chasis & Shohet, 1987). Medidas cinéticas da
lise de eritrocitos humanos utilizando pulsos elétricos sugerem que a rupiura
da membrana acontece em etapas consecutivas: i) vazamento dos ions,
ocasionando um desbalanceamento osméfico, que consegiieniemente leva 3
ity hemnolise coloidat da membrana, isto &, a ruptura por entrada de dgua. e &
it} formagdo de poros que tem um diametro médio de menos que 500 A {(Lee
et al., 1985).

Schrier e colaboradores (1992a), ufilizando marcadores de spin
derivados dos glicerofosfotipidios, observaram que z lise hiposmoética &
acompanhada por uma redistribuicio dos fosfolipidios. A mudanca na forma
das linhas dos espectros de ressonancia paramagnética eletrénica (RPE)
mostrou que, apos a hemdlise, a monocamada mais rigida (a mais externa)
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torna-se mais fivida, enquanto o inverso ocorre cam a monocamada interna.
Eles observaram também que apds a resselagem das membranas, na
presenca de Mg'>-ATP, a assimetria transmembranar dos fosfolipidios foi
reestabelecida, o gque evidencia a atividade de uma aminofosfolipidio
transiocase (flippase) na manutencio da assimetria lipidica.

A natureza do efeifo protetor na hemdlise hiposmdtica causada por
anfifiticos fot primeiramente descrita por Seeman e colaboradores (Machieidt
ef al, 1972; Seeman, 1972) que sugeriram que ao infercalar-se nas
membranas bioldgicas, os anfifilicos promoveriam um aumento de moléculas
na bicamada. favorecendo sua resisténcia mecénica. Mais recentemente, em
1991, Hagerstrand & isomaa sugeriram que o efeito protetor promovido pelos
agentes quimicos em concentragfes subliticas deve-se. a rearranjos da
organizacdo da membrana que se seguiriam & intercalagdo dos mesmos. A
intercalagdo destes compostos, promoveria um rapido rearranjo na bicamada
ao qual estaria associado um aumento na permeabilidade da membrana, de
modo que um rapido efluxo de fons diminuiria a pressio osmética entre o
meio intracelular e o tampdo isotbnico, protegendo a célula da lise
(Hagerstrand & lsomaa, 1991).

1.4.2. Lise Isasmdtica

A primeira fentativa de elucidar o fendmeno de hemdlise isosmotica
induzida por xenobidticos data de 1966 quando Seeman, classificou os
agenies hemolificos--em- dois grupos: as--hemolisinas-especificas e as nio
especificas. As primeiras induziriam hemodlise mesmo em pequenas
concentracbes ligando-se especificamente & componentes (receptor ou
composto especifico}) da membrana. SZo exemplos de hemolisinas
especificas a digitonina, saponina, holoturina A, entre oufras. As hemolisinas -
nao especificas, por sua vez, séo as que protegem eritrécitos contra hemdlise
hiposmética em pequenas concentractes, mas que induzem hemglise quando
em- altas concenfracbes. Sao exemplos de-hemolisinas ndoc especificas:
alcogis, vitamina A, . lecitinas, &acido estearico, detergentes, agentes
fenotiazinicos; antiinflamatérios, enfre oufros. O método preposto por Seeman -
para distinguir entre agentes que atuam ou ndo em componentes especificos
de membrana ndo. permite a. elucidacio de questdes. importantes sobre o-
assunto, tais como: o modo de interagcdo enfre a droga e a membrana
eritrocitaria e com quali(ais} componente(s) especificos da membrana a droga
interage 7

Apds a teoria proposta por Seeman (1966), outros autores vém.
tentando elucidar-os processos que-acompanham a hemdlise induzida por
xenobioticos. De acordo com Sheetz & Singer (1974) as drogas catidnicas
interagem preferencialmente com os fosfolipidios carregados negativamente
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da monocamada interna, como. a fosfatidilserina, induzindo invaginagéo
(internalizag@o da-membrana), enquanto que as drogas anidnicas interagem
preferencialmente com a monocamada externa por repelirse do campo
negativo gerado por este fosfolipidio, promovendo evaginacéo
(externalizagc&o) da monocamada externa. Enquanto a intercalagdo
preferencial de drogas catibnicas na monocamada interna prové uma
explicaco satisfatoria para a inducdo da estomatocitose (invaginacdo da
membrana), oulros efeitos de membrana t&m sido investigados. como
possiveis  coadjuvantes neste processe, como por exemplo, a inducdo de
redistribuicéo dos fosfalipidios promovida pelos fenotiazinicos (Schrier ef af,
1992b; Chen & Huestis, 1997).

Tem sido sugerido que na hemdlise isosmatica induzida por um grande
nimerc de composios, como a lisofosfatidiicolina (Weltzien, 1979), a
clorpromazina (Lieber ef af, 1984), a gramicidina (Katsu et al, 1988) e o
etanol (Chi & Wu, 1991) a lise ocorreria pela perda da permeabilidade seletiva
da membrana. Este fato pode ser demonstrado pela saida de potassio que
precede a saida da hemoglobina, sugerindo que a lise ocorreria em fungdo da
formagdo de pequenos poros na membrana (Chi & Wu, 1991). Este
mecanismo € conhecido como coloidosmético, isto é, os pequenos poros
permitiriam o equilibrio entre jons, porém a retengéio da hemogiocbina e seus
contra-ions” dentro da célula levariam a um desequilibrio osmético,
responsavel pela entrada de agua e conseqiiente ruptura total da membrana.

Hagerstrand & Isomaa (1989) descreveram o fenémeno hemolitico que
acompanha a. particdo de moléculas anfipaticas em membranas naturais e
artificiais de modo -bastante interessante: consideram que a membrana de
eritrocitos pode incorporar uma grande quantidade de anfifilicos sem perder
sua integridade e propriedades de barreira. A intercalacédo de anfifilicos nas
membranas €, no entanto, associada com grandes rearranjos no interior da
bicamada lipidica. Quande intercalam-se nas membranas, os anfifilicos
disparam o desenvolvimento de uma fase transiente decorrente de uma
redistribuicdo rapida das moléculas do anfifilico bem como dos lipidios da
bicamada. Em concentragBes subliticas altas ocorre um processo adicional
envolvendo a liberag&o de vesiculas (“budding”). Aceita-se que uma mudanca
na forma dos eritrécitos para a forma equinocitica ou estomatocitica seja um
pré-requisito para ocorrer, respectivamente, uma exo ou endovesiculagéo. Em
concentracbes ainda mais elevadas de anfifilicos a estrutura da bicamada
colapsa e a célula é lisada.

Aki & Yamamoto (1990) demonstraram- que a- hemolise induzida por
compostos hemoliticos potentes, como os fenotiazinicos, resuita na producéo
de um efeito térmico bastante diferente da lise induzida por outros compostos
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menos potentes como antinflamatérios, que resultam em valores de AH de
heméblise pouco negativos. Os experimentos de Aki & Yamamoto (1990 e
1991) sdo interessantes do ponto de vista da utilizagdo da microcalorimetria
como uma ferramenta analitica na discriminacdo de diferentes mecanismos
de acgdo na interacdo de compostos quimicos com biomembranas, porém,
mostram resultados contraditoérios entre si, os quais serdo discutidos
posteriormente.

Tem-se demonstrado gue um ndmero imenso de compostos quimicos
pode induzir- hemolise em condigdes isosmoticas. Assim, a agdo de alcoois
(Seeman et al, 1970; Osdrio e Castro et al, 1990; Chi & Wu, 1990),
detergentes (Helenius & Simons, 1975; Isomaa et al. 1986; Galembeck ef al,
1998), peptideos (Ramalingam & Bello, 1992), sais de silica (Machab &
Harington, 1967), ciclodextrinas (Weisz ef al, 1993) e agentes oxidantes
(Cohen & Hochstein, 1964; Goldberg & Stern, 1976; Koga ef al., 1998) sobre
eritrocitos tém sido objeto de estudo na tentativa de elucidar o mecanismo de
indugéo de hemdlise.

Estudos utilizando alcoois com comprimentos de caudas alifaticas
variados mostraram a importancia da hidrofobicidade na indugdo da hemblise.
Segundo Osorio e Castro. e colaboradores (1990), a hemdlise induzida por
alcoois depende do comprimento da cadeia hidrofébica, e resulta da
introdugdo da cauda alifatica dos alcoois longos na regido hidrofébica da
membrana eritrocitaria. Da mesma forma as propriedades liticas da melitina
(principal polipeptideo isolado do veneno da abelha) estdo relacionadas a
interacdo de um segmento largamente hidrofébico com a porgdo hidrofébica
da membrana eritrocitaria (Ramalingam & Bello, 1992).

O efeito hemolitico bifasico induzido por detergentes é bastante
conhecido na literatura (Helenius & Simons, 1975; lsomaa et al, 1986;
Tranger & Csordas, 1987; Requero ef al., 1995; Galembeck ef al., 1998) e
mosira como a concentracao e propriedades de agregacao destes compostos
influenciam a atividade hemolitica. Tem se verificado que a agdo do
detergente na membrana depende da estrutura do mesmo: caracteristicas da
porcéo polar e apolar, presenca ou nio de cargas, natureza dos substituintes
na estrutura, etc. (Attwood & Florence, 1983). Helenius & Simons (1975)
propuseram um mecanismo de acdo de detergentes na solubilizacdo de
membranas que envolve trés estagios distintos: (i) a ligag&o do detergente; (i)
a formacgdo de micelas mistas e ruptura da membrana e (iii) a separacédo de
lipidios e proteinas da membrana. Este modelo prevé ainda que a ruptura da
membrana coincidente com a solubilizacdo de componentes da membrana
(estagio i) somente ocorre em concentragGes de detergente superiores &
concentracdo micelar critica. E interessante notar gue o modelo proposto por
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Helenius & Simons (1975) continua fornencendo  subsidios para
interpretacbes bastante recentes da agfio de detergentes sobre membranas
biolégicas, como por exemplo no trabatho de Galembeck ef al., (1998), o qual
descreve que o detergente nao idnico polioxietileno (9,5) noniifenol, na forma
monomerica, protege eritrocitos contra hemolise hiposmética. Provavelmente
porque quando as caudas apolares inserem-se na membrana eritrocitaria, as
cabegas polares circundam a célula contribuindo para a diminuigdo da
pressdo osmdtica na soluggo adjacente a membrana celular. Por esta razao,
as cabegas polares destes detergentes protegeriam as células do choque
hiposmético quando as mesmas fossem introduzidas num meio hipotdnico. No
entanto, estes detergentes ao atingirem a CMC, formam um ambiente
hidrofébico (micelas) de alta afinidade para os fosfolipidios da membrana,
provocando a eluicdo dos mesmos para o ambiente micelar, resultando na
formagéo de micelas mistas e induzindo assim, a lise eritrocitaria mesmo em
condigbes isosméticas.

Outro fator determinante de hemolise é a capacidade oxidante que
muitos compostos quimicos apresentam. Drogas hemoliticas como a aspirina,
analina, acetanalida, fenacetina, sulfanilamidas e os agentes antimalaricos
primaquina, pamagquina, e pentaquina (Cohen & Hochstein, 1964: Goldberg &
Stern, 1976) sao convertidas, “in vivo”, em derivados auto oxidaveis, o que
poderia justificar sua agéo hemolitica. Estes compostos favoreceriam reacbes
oxidativas que elevam os niveis celulares do &nion superdxido e do perdxido
de hidrogénio que disparariam uma série de processos (oxidacdo da
hemoglobina, peroxidagéo lipidica e inibigdo da glicélise) culminando na lise
do eritrocito (Goldberg & Stern, 1976; Thornalley ef al., 1983).

Além da hidrofobicidade, da capacidade de agregacdo e do poder
oxidativo, o grau de ionizagdo de compostos quimicos pode influenciar sua
interagéio com membranas lipidicas. Drogas na forma neutra interagem mais
eficientemente com a membrana do que na forma protonada, assim, drogas
que possuem grupamentos ionizaveis tem sua interagciio com a membrana
fortemente influenciada pela sua constante de ionizacgo (K) e peio ambiente
da membrana ja que compostos carregados serzio atraidos por fosfolipidios e
grupamentos de proteinas de carga oposta e repelidos por constituintes
membranares de mesma carga ou zwuiteridnicos (Miyazaki et af., 1992: Lee &
Schreler, 1993; Borissevitch et a/, 1995; Yushumanov & Tabak, 1995; de
Paula & Schreier, 1896).

Neste trabalho, realizamos um estudo comparativo da interacéo de trés
xenobidticos (trifluoperazina, dibucaina e praziquantel) com membranas
biolégicas e sintéticas. As substancias escolhidas atuam respectivamente
como antipsicotico, anestésico local e antiparasitario. Pretendemos analisar o
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modo peio qual as diferenciadas propriedades fisico-quimicas (solubiiidade
aquosa, hidrofobicidade, capacidade de agregacio e graus de ionizagdo)
destes compostos influenciam a interagdo droga-membrana.

1.5. Antipsicéticos Fenotiazinicos

Dentre os compostos antipsicéticos mais eficazes estéo as fenotiazinas,
os tioxantenos, as dibenzazepinas, as butirofenonas, e as indolonas. Os
agentes antipsicdticos s&o prescritos basicamente para pacientes com
distirbios psicoticos e outras enfermidades psiquidtricas graves,
principalmente  esquizofrenias. Entretanto, podem apresentar outras
propriedades importantes, incluindo efeitos antieméticos, antinauseantes e
anti-histaminicos e a capacidade de potencializar analgésicos, sedativos e
anestésicos gerais (Baidessarini, 1996).

As fenotiazinas provocam parkinsonismo € outros efeitos extra-
piramidais, agbes sobre o sistema cardiovascular, o sistemma nervoso
autdbnomo e fungbes endbcerinas. Sua acdo no sistema nervoso central da-se
por antagonismo da dopamina nos ganglios da base e nas regides limbicas do
prosencéfalo, mais especificamente nos receptores dopaminérgicos do tipo D,
(Meltzer & Nash, 1991; Froimowitz & Cody, 1993). A trifluoperazina (TFP) (10-
[3-(4-metil-1-piperazinil)propil}-2-trifluormetilfenotiazina) (FIGURA 2) &
considerada um dos antipsicéticos fenotiazinicos mais potentes.

A interagéo dos agentes antipsicéticos fenotiazinicos com a membrana
de eritrocitos tem sido exaustivamente estudada. Em concentragbes menores
que 0,1 mM, fenotiazinicos estabilizam células contra hemélise hiposmética
(Seeman & Weinstein, 1966), enquanto que acima de 0,3 mM, produzem
poros na membrana (Lieber ef al., 1984) e promovem fusdo célular (Lang et
al., 1984). Em resultados obtidos por ressonancia paramagnética eletrdnica,
eritrocitos tratados com concentracdes subliticas de fenotiazinicos mostraram
um aumento na liberdade de movimento de marcadores de spins do tipo acido
estearico inseridos na bicamada, interpretado como um aumento de fluidez de
membrana (Suda ef al., 1981).

Fenotiazinicos, assim como outros compostos catidnicos, em
concentracoes subliticas promovem invaginagces na membrana de eritrocitos
(Deuticke, 1968; Fujii ef al., 1979).

Minetti & Di Stasi (1987) mostraram que os fenotiazinicos afetam o
esqueleto submembranar no nivel de interagdc com a proteina 4.1 (FIGURA
1) e seus sitios de ligagdo na membrana. Estes mesmos autores sugerem
assim, que a desestabilizacdo da membrana do eritrécito seja resultado de
uma interagdo destas drogas com o esqueleto proteice do eritrécito. Esta
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hipétese esta de acordo com o trabalho de Ruggierc & Meirelies (1998) que
mostraram por estudos de fluorescéncia, que o fenotiazinico trifluoperazina
(FIGURA 2) interage com constituintes proteicos da membrana eritrocitaria
levandoc a um rearranjo no ambiente lipidico circunvizinho e,
consequentemente, a uma alteragao local da organizagc&o da membrana.
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FIGURA 2: TRIFLUOPERAZINA (TFP)

1.6. Anestésicos Locais

Anestésicos locais (Al) compreendem um grande nimero de moléculas
de diferentes estruturas quimicas (amino-ésteres, amino-carbamatos, amino-
cetonas, amidas, alcoois, tio-ésteres, tio-éteres, tio-amidas, derivados de
uréia, ésteres fosfdricos, poliéteres e aminas simples) capazes de bloquear a
condugéo do estimulo nervoso (Gupta, 1991).

Fisiologicamente, a excitacdo da membrana nervosa causa ativacdo da
proteina canal de sédio que se abre, fazendo com que haja influxo de sédio e
conseqtiente despolarizagdo da membrana. Dessa forma o impulso nervoso é

produzido e o sinal elétrico é transmitido ao longo do axdnio,
unidirecionalmente.

Por serem moléculas anfifilicas, os AL tém grande afinidade pela
membrana celular. Em membranas excitaveis do sistema nervoso, atuam
diminuindo a velocidade de despolarizagdo pela inativacdo dos canais de
sodio, impedindo ¢ influxo de ions necessario a despolarizagdo da membrana
(Covino & Vassalo, 1985).

Dentre algumas teorias propostas para explicar 0s mecanismos de acao
dos anestésicos locais, podemos destacar:

i) 0s AL interagiriam com a proteina canal de sédio alterando sua
conformacé&o e fechando o canal (Strichartz & Ritchie, 1987);

i) a teoria conhecida como “hipétese do lipidio”, na gual considera-
se a interacdo dos AL com os lipidios da membrana. Isto acarretaria
alteracBes das propriedades estruturais e dinamicas da matriz lipidica
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(separagdo lateral de fases, aumento da fluidez), promovendo mudancas
conformacionais na proteina canal de sédio, causando sua inativacgo (Lee,
1976a).

Em quaisquer das teorias hoje aceitas sobre o mecanismo de ag&o dos
AL, considera-se que o mesmo deva passar por uma interagcdo com a
bicamada lipidica.

Um grande nimero de experimentos demonstraram a interacdo dos AL
com lipidios através da observagdo de propriedades de membrana como
variagdo da temperatura de transicéo de fases (Lee, 1976b), segregacio
lateral de fosfolipidios (Homby & Cullis, 1981), alterag&o de fluidez (Boulanger
ef al., 1980; Bianconi et a/., 1988), enire outros (de Paula & Schreier, 1998).
Estes estudos revelaram uma correlacdo direta entre a hidrofobicidade,
poténcia e duragdo anestésica (Covino & Vassalo, 1985), atestando a
importancia da interagéo Al-fase lipidica membranar.

Skou (1954) foi quem primeiro demonstrou que a incorporacdo de AL
(cocaina, procaina e tetracaina) causava a expansdo de monocamadas
compostas de lipidios extraidos de nervo de sapo. Semelhantemente, Seelig
(1987) observou aumento da area de monocamadas de palmitoil-oleil-
fosfatidilcolina (POPC), por agdo da dibucaina (DBC). Em membranas de
eritrocito, Seeman (1972) mostrou que a incorporacio de anestésicos locais e
gerais em doses clinicas também causava expans&ao da area de superficie em
até 2%.

Dentre os anestésicos locais, escolhemos para nossos testes de
interagdo com a membrana eritrocitaria a dibucaina (2-butoxi-N-[(2-
dietilamino)etil]-4-quinolina carboxamina) por ser amplamente utilizada e
possuir uma das maiores poténcias anestésicas descritas (Strichartz &
Ritchie, 1987). A FIGURA 3 mostra a estrutura quimica da dibucaina. Devido
ao grande anel quinolinico e ac grupamento butila (em ligagéo éter no anel), o
coeficiente de particdo da DBC é alto em relacéo a outros AL. Seu anel rigido
e volumoso impde restricdes a4 molécula e deve modular sua intercalagdo em
membranas.
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FIGURA 3: DIBUCAINA
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O efeito protetor em hemdlise hiposmética de varios anestésicos iocais
e gerais, inclusive da DBC, foi descrito por Seeman (1966) e Roth & Seeman
(1972). Fujii ef al, (1979), demonstraram que a DBC, bem como outros
compostos catidnicos, tem a capacidade de induzir estomatocitose.
Hégerstrand & Isomaa (1991) mostraram que a protegdo induzida pela DBC
era coincidente com a inducdo de estomatocitose.

A interacédo da DBC com membranas modelos e micelas tém sido
investigada por varias técnicas biofisicas: ressonancia magnética nuclear e
eletrbnica (Kuroda & Fujiwwara, 1987, de Paula & Schreier, 1995),
espectroscopia de fluorescéncia (Mertz & Lin, 1991; Barghouthi & Eftink,
1993; Louro ef al, 1994), microeletroferese (Ohki, 1984) e procedimentos
para investigar o equilibrio de ligacdo, como por exemplo, equilibric de dialise
(Huang & Charlton, 1972; Barghouthi et al, 1993). Apesar dos trabalhos
acima utilizarem uma variedade bastante grande de modelos de membranas
parece consenso que a DBC, por encontrar-se em pH fisioldgico tanto na
forma neutra como protonada, pode causar profundas modificacbes na
organizagdo da bicamada lipidica, resultantes da combinacdo de interacdes
hidrofobicas e eletrostaticas (Singer, 1977; Mertz & Lin, 1991; Barghouthi ef
al., 1993; Louro ef al., 1994).

Uma andlise termodindmica desta interagdo mostrou que a afinidade
intrinseca da DBC por vesiculas fosfolipidicas é fraca e grandemente
influenciada pelas interacbes eletrostaticas, as quais incluem repulsso de
cargas entre as moléculas de DBC ligadas e atracdo entre a DBC catidnica e
os grupos carregados negativamente das cabegas polares do fosfatidilglicerol
(Barghouthi & Eftink, 1993). Cullis & Verkieij (1979) mostraram que a DBC
protonada compete com o Ca™ pela interacdo com grupamentos fosfato da
cabega polar e, por esse mecanismo estabilizaria a fase lamelar lipidica, ja
que o Ca”" induz a formagéio de fase hexagonal (Hornby & Cuillis, 1981).

1.7. Antihelminticos

O praziquantel (PZQ) (2-(ciciohexilcarbonil)-1,2,3,8,7,11b-hexahidro-4H-
pirazino(2,1-a)isoquinolina~4-ona) (PZQ) & um antihelmintico de amplo
espectro de ac&o, ativo contra a grande maioria dos platelmintos, incluindc os
vermes adultos do Schistosoma mansoni (Lima et. al, 1994). Considerando
que a esquistossomose ainda € uma parasitose que atinge grandes
proporgbes nos paises tropicais e que nenhuma vacina tem-se mostrado
efetiva para humanos, os estudos que visam esclarecer 0 modo de agdo e a
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possivel toxicidade deste composto sdo de relevante importancia (Redman et
al., 1996).

O praziquante! &€ absorvido pelo verme adulto por difuséc simples e é a
molécula original a responséavel pelos efeitos primarios observados no verme:
contragdo tetanica (Pax et al, 1978), vacuolizacdo e rompimento do
tegumento (Bricker ef al., 1983; Andrews, 1985). A absorcdo via tegumento
parece ser essencial para a atividade biolégica e acredita-se que a
lipofilicidade do praziquantei facilitaria a sua incorporagéo pelo verme através
da membrana. Outros nematédeos, como a Fasciola e o Paragonimus, que
possuem uma cuticula mais espessa, sdo refratarios a agdo da droga (Coles,
1979; Becker ef a/., 1980).

0O PZQ atua no tegumento e nas células musculares do Schistosoma
mansoni. A estrutura do tegumento apresenta-se como uma complexa
bicamada, na qual lipidios e proteinas organizam-se em dominios de
diferentes propriedades e composicdo. Tem-se observado diferencas na
composicdo da membrana dos parasitas relacionadas a variagbes de idade,
espécie e sexo (Shaw & Erasmus, 1983; Andrews, 1985; Sabah, 1986;
Rumjanek, 1987; Flisser et al., 1989; Modha ef al., 1990). Bem como tem sido
descrito que existem variagdes individuais na susceptibilidade a agédo do PZQ,
sugerindo que a composicdo da membrana seja um fator importante no dano
induzido pelo PZQ (Vial, 1985; Rumjanek, 1987; Lima ef al., 1994),

As contragdes induzidas pelo praziquantel no esquistossoma s@o
dependentes de ions caicio, porém, o fendmenc ndo envolve a
despolarizagdo da membrana do misculo liso do parasita (Bricker, 1982; Pax
et al., 1983). O praziquantel aumenta a taxa de absorgdo de ions caicio (Pax
et al, 1979), diminui o contelido de fons sodio (Wolde Mussie & Bennet,
1982), causa um influxo de ions magnésio (Fetterer ef al., 1980) e reduz a
absorgédo de ions potassio (Pax ef al., 1979).

O agente anti-helmintico praziquantel apresenta uma acédc peculiar
sobre a membrana externa dos trematddios Schistosoma mansoni. O
praziquantel insere-se no tegumento do parasita que passa a expor
determinantes antigénicos na superficie do verme, resultando na ativagédo do
sistema imunoldgico do hospedeiro que passa a ser aitamente efetivo contra o

esquistossoma (Brindley & Sher, 1987; Doenhoff ef al,, 1987, Modha ef al,
1990; Lima ef al., 1994).
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FIGURA 4: PRAZIQUANTEL

A relagéo entre 0 PZQ e o influxo de Ca** poderia sugerir que os sitios
de agdo do PZQ séo canais permedveis aos ions calcio na membrana do
tegumento e células musculares (Blair ef al,, 1992). Estes canais devem ser
farmacologicamente distintos dos canais de caicic do hospedeiro, de outra
maneira o PZQ seria toxico e néo terapeuticamente eficiente (Redman ef af,
1996).

Um mecanismo proposto para a eliminagdo do esquistossoma pelo
praziquantel envolveria a perda da capacidade de aderéncia 3 parede de
vasos sanguineos, decorrente da paralisia induzida pela droga, € o seu
deslocamento passivo para o figado, onde seria retido e destruido por
granulécitos, entre 4 a 18 dias apés o tratamento (Mehlhom ef af, 1981). E
evidente, portanto, a acdo sinérgica entre droga e o sistema imune do
hospedeiro.

Permanece por ser definido o sitio especifico, no nivel molecular, com o
qual a droga interage. Lima e colaboradores (1994) demonstraram gue o
enantidmero dextro-rotatoric possui maior atividade que o levo-rotatério, e
ainda que este Ultimo é capaz de induzir uma reducdo maior da difusdo lateral
de moléculas lipidicas, indicando diferentes maneiras de insercio de um e de
outro enantibmero no tegumentc do verme adulto. Schepers e colaboradores
(1988) utilizando vesiculas lipidicas unilamelares pequenas com uma
composicao lipidica semelhante 4 de membrana de Schistosoma mansoni e
técnicas espectroscopicas (infra-vermelho e fluorescéncia) mostraram que a
desestabilizagéo promovida pela inser¢do do PZQ deve-se ao espagamento
do arranjo lipidico pré-existente, devido ao grande volume ocupado por esta
molécula.
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1.8. Microcalorimetria Bioidgica

Calorimetros sdo utilizados para determinacéo direta de quantidades de
calor (g) e taxas de produgdc de calor ou fluxo de calor (dg/dt). O fluxo de
calor produzide em um processo & proporcional a velocidade do mesmo, ¢
que permite que os calorimetros, principalmente os microcalorimetros,
também sejam usados como instrumentos para estudos cinéticos. Esta
propriedade é muito freqlientemente utilizada em trabalhos envolvendo
sistemas de natureza biolégica (Wads6, 1987).

Microcalorimetros s&o usualmente empregados em ftrabalhos com
sistemas celulares e o termo microcalorimetria normalmente implica a
presenga de um instrumento muito sensivel requerendo quantidades muito
pequenas de amostra. Por exemplo, um microcalorimetro pode ser usado
para detectar quantidades de calor na ordem de grandeza de milijoule (mJ) e
a sensibilidade do fluxc de calor da ordem de grandeza de microwatt (u\W).

A maioria dos microcalorimetros modernos s&do isotérmicos e
diferenciais do tipo “tween” de conducdo de calor. Estes instrumentos
possuem uma cela calorimétrica contendo o sistema de reagdo e outra o
material inativo. Se a diferenca de sinal é registrada, espera-se que as
contribuicdes individuais advindas de flutuagdes de temperatura do sistema
sejam canceladas. Esta propriedade ¢ de especial importancia nos casos
onde o experimento é conduzido por periodos muito longos de tempo.

Os microcalorimetros isotérmicos de condugd@o de calor utilizam
termopilhas como sensores térmicos e sdo os mais sensiveis nas medidas do
efeito térmico em sistemas celulares. Em condigcdes ideais, no
microcalorimetro isotérmico de condugdo de calor, o calor liberado é
quantitativamente transferido da cela de reagdo para o trocador de calor,
usualmente um bloco metalico onde a capacidade calorifica € muitas vezes
maior que a capacidade calorifica da cela de reagdo o que propicia a
condugédo isotérmica.

Normaimente o fluxc de calor € registrado pela termopilha (ou pares
desta) posicionada entre a cela de reagdo e o bloco trocador de calor. Um
esquema grafico mais detalhado do calorimetro encontra-se no Anexo 1.

O sinal do instrumento é a voltagem (mV) produzida na termopilha, que
em situago ideal pode ser descrita pela equacgéo de Tian (Wadsé, 1987):

P=g¢ (V + tdV/di) (1)
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Onde P & o fluxo de calor, ¢ & uma constante determinada pela
calibragcdo do experimento, © & a constante de tempo para o instrumento e
dV /dt e o tempo derivative do sinal de voltagem. O valor de 1 é proporcional
a condutividade {érmica da termopilha. Se um fluxo de calor constante &
produzido, V ira atingir um valor constante, Vs. O fluxo de calor liberado na
cela & entdo quantitativamente balanceado pela liberagiio de caior para o
ambiente e a equacic 1 pede ser reduzida a:

P =3gVs (2)

Isto &, o fluxo de calor € diretamente proporcional ao sinal da termopiha.

Para uma boa aproximacgdo, a equagio 2 pode ser aplicada a
processos onde P varia muito lentamente para tempos constantes, o que
ocorre freqlientemente nos processos gque envolvem células vivas.

A integracao das equagles 1 e 2 enitre t1 e t2 resulta em (Wadsd,
1987):

12

g=cln Vdt] (3) ou |g=sA | (4

Onde A ¢ a area sobre a curva tempo-voltagem. Se a integracdo &
estendida ao tempo onde o sinal retorna & linha base, n3o & necessario
conhecer a constante de tempo para determinar q.

A relacao entre o efeito térmico (g) e a variacdo da entalpia de reacdo
{AH) & dada peia equagdo 5 (Wadss, 1987):

g=nAH (5)

Onde n = numero de moles do reagente ou do produto formado. A
variagdo de entalpia (AM) da reagdc ou interac8o & obtida a partir do
coeficiente angular da reta somatéria do efeito térmico x nGmero de moles do
reagente ou produto.
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1.8.1. Aplicacdes da Microcalorimetria Biolbgica

A interacdo de compostos apolares como peptidios hidrofébicos ou
drogas com biomembranas € usualmente descrita pelo efeito hidrofébico que
pressupde que os residuos hidrofdbicos destas moléculas tenham a tendéncia
de evitar o contato com o ambiente aquoso e penetrar no ambiente
hidrofébico da membrana lipidica (Seelig & Ganz, 1991).

Uma abordagem interessante permitida pela técnica microcalorimétrica
é a deteccd@o da entalpia de transferéncia de moléculas anfifilicas da fase
aquosa para membranas lipidicas permitindo assim uma interpretacéo
termodinamica do efeito hidrofébico (Privalov & Gill, 1989; Seelig & Ganz,
1991). E comum considerar o efeito hidrofébico como sendo um fendémeno
entropico, isto &, que a forca promotora (“driving force”) da associagdo da
molécula com a bicamada é a liberagdo das moléculas de agua altamente
organizadas ao redor da superficie apolar do soluto (Tanford, 1980). E como
se as molécuias neutras em agua produzissem um ordenamento das
moléculas de agua em torno de si mesmas de modo que a perturbacgéo do
padrdo de pontes de hidrogénio da agua estivesse minimizado. E justamente
o ordenamento das moléculas de &agua pelas regides hidrofébicas de
moléculas apolares gue explica a aita entropia negativa de transferéncia.

No entanto, mais recentemente, tem sido descritc que as forgas de
atracdo de van der Waals, que se estabelecem entre os residuos hidrofébicos
de alguns compostos € 0 ambiente hidrofobico das membranas, confeririam
ao efeito hidrofébico uma contribuicdo prevalentememente entalpica (Privalov
& Gill, 1989; Seelig & Ganz, 1991, Seelig, 1997). Segundo o modelo proposto
por Seelig & Ganz (1991), a intercalagéo do anfifilico entre os lipidios induziria
uma maior mobilidade das cadeias de hidrocarbonetos de modo que haveria
uma expanséo da bicamada por aumento da area ocupada por cada lipidio.
Esta expansdo da superficie da membrana requereria uma superficie de
hidratacdo adicional. Isto sugere que o aumenio da entropia devido a
liberagdo de moléculas de agua do solufc € compensada por uma igual ou

maior perda de entropia devido & ligacdo das moléculas de agua a superficie
da membrana.

Uma outra abordagem interessante permitida pela técnica
microcalorimétrica é a caracterizagdo termodinamica da hemélise induzida por
drogas, embora os Unicos dois trabalhos {Aki & Yamamoto, 1990, 1991) que
utilizam a microcalorimetria para descrever a interagdo de drogas com a
membrana do eritrocito apresentem algumas contradicSes conceituais que
serdo posteriormente discutidas. |
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2. PUBLICACOES CIENTIFICAS INTERNACIONAIS

Durante o desenvolvimento desta tese de Doutoramento foram
elaborados os seguintes seguintes artigos cientificos:

- Meirelies, N.C., Malheiros, S.V.P., Ruggiero, A.C., & Degierev, |.A. Mouse
liver microsomes (MLM) protect erythrocytes against trifluoperazine (TFP)
induced and mechanical hemolysis which are due to the action of one
unidentified microsomal factor (UF). Eur. J. Drug Metab. Pharmacokinet. 19
{(4): 349-357, 1994.

- Malheiros, S.V.P., Meirelles, N.C., Ruggiero, A.C., Tatarskaya, A.E.,
Zaikov, A.E. & Degterev, LA. Protection of erythrocytes by mouse liver
microsomes and unidentified water-soluble factor against trifuoperazine (TFP)
induced hemolysis. Pharm. Chem. J. 30 (11): 6-9, 1996.

- Malheiros, S.V.P., Meirelles, N.C., Yushmanov, V.E., Tabak, M.: Degterev,
.A., Marangoni, S. & Toyama, M. Water soluble components of mouse liver
cells protects red blood celis (RBC) against spontaneous and TFP-induced
. lysis. FASEB J. Abstracts. 11 (9): 758, 1997.

- Malheiros, S.V.P., Meirelles, N.C.; Tatarskaya, N.K.: Zaikov, AE. &
Degterev, |.A. Biological membranes and liposomes protect red blood celis
(RBC) against trifluoperazine-induced hemolysis. Oxidation Comm. 21 {1):
127-133, 1998.

Os quatro primeiros artigos referem-se ao projeto de Mestrado e,
portanto, ndo serdo aqui discutidos, embora eventuaimente sejam citados.
Os artigos seguintes cujos contelidos referem-se a esta Tese de Doutorado
serdo apresentados a seguir e posteriormente discutidos:

a-) Malheiros, S.V.P., de Paula, E. & Meirelles, N.C. Contribution of

trifluoperazine/lipid ratio and drug ionization to hemolysis. Biochim. Biophys.
Acta. 1373: 332-340, 1998.
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b-) Malheiros, S.V.P., Meirelies, N.C. & Volpe, P.L.O. A critical analysis of

microcalorimetric methodology for drug induced hemolysis. Thermochimica
Acta ("in press’).

¢c-) Malheiros, 8.V.P., de Paula, E. & Meirelles, N.C. Pathways involved in
trifluoperazine, dibucaine and praziquantel induced hemolysis. Biochim.
Biophys. Acta (submetido em novembro de 1998).

d-) Malheiros, S.V.P., Brito, M.A., Brites, D. & Meirelles, N.C. Effects of
trifluperazine, dibucaine and praziquantel on erythrocyte cytotoxicity. Toxicol.
Appl. Pharmacol. (submetido em novembro de 1998).

Obs: As letras de a-) a d-) atribuidas pela ordem cronoldgica de elaboracio
dos artigos cientificos serdo utilizadas para identifica-los no item Discussao
desta tese.
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2.1. Contribution of Trifluoperazine/Lipid Ratio and Dmg lonization to
Hemolysis

Resumo

A interagdo do antipsicético fenotiazinico trifluoperazina (TFP) com
membranas foi investigada em termos da perturbacdo da fase lipidica. O
coeficiente de particdo (P) da TFP entre octanol/agua e membranas
modelo/agua foi medido por separagio de fases. O perfii encontrado dos
valores de P em pH 7,4 foi: microssomas (7172+1229) > lipossomas (1916 +
341) > “ghosts” de eritrocito (1380+429) > octanol (452+55). Os experimentos
hemoliticos mostraram um efeito  bifasico, protetor (em baixas
concentragdes) e litico acima da CMC (42 yM em pH 7,4} do fenoctiazinico.
Aplicando um tratamento classico para compostos surfactantes as curvas
hemoliticas, pudemos calcular valores de P para o eritrocito integro. A
ligacao preferencial da TFP neutra & membranas em reiagdo a ligacao da
TFP carregada foi comparada, ja que resulta em uma diferente constante de
ionizacao (pKapp) em relacdo a observada na fase aquosa em auséncia de
membrana (pK). A constante de ionizag&o da TFP diminuiu de 8,1 {em agua)
para 7,62 em presenca de membranas e quase a mesma razio da formas
carregada/nédo carregada de TFP estavam presentes no pH fisiolégico.
Levando em conta o ApK, calculamos o coeficiente de particdo médio entre
lipossomas de fosfatidilcolina de ovo e agua, em pH 7,4 (Pmédio = 1432), o}
qual se correlacionou bem com o determinado experimentalmente (P-* =
1916). Pmédio € altamente influenciado pela forma neutra da TFP e discute-

se a importancia da razéo real base/acido sob condicdes fisiologicas para a
atividade biol6gica deste composto.
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ELSEVIE Biochimica et Biophy ‘ca Acta 1372 (1998) 332-340

Contribution of trifluoperazine/lipid ratio and drug ionization
to hemolysis

Sonia Valéria Pinheiro Malheiros, Eneida de Paula, Nilce Correa Meirellcs *

Departmeni of Biochemistry, Institute of Biology, State University of Campinas {UNICAMP), P.O. Box 6109, CEP 13083-970,
Campinas, SP, Brazil

Received 4 May 1998; accepted 20 May 1998

Abstract

The interaction of the antipsychotic drug trifluoperazine (TFP) with membranes was investigated in terms ¢! lipid phase
perturbation. TFFP partition cocfficients (P} were measured by phase separation betwsen octanolwater and model
membranes/water. The profile of P values at pH 7.4 was: microsomes (7172£1229) > Iposomes (1916 £341) > eryth-
rocyte ghosts (13801429) > octanol {452 55). Hemolytic experiments showed a biphasic, protective {at lower
concentrations) and hemolytic effect above the CMC (42 uM at pH 7.4) of the phenothiazine. By applying classical
treatments for surface active compounds to the hemolytic curves, we could calculate P values in whole erythrocyte cells. The
preferential binding of uncharged to charged TFP in the membrane was discussed, since it results in a jonizaticn constant
(pKapp) different from that observed in the aqueous phase (pK). The TFP ionization constant was decreased from 8.1 (in
water) to 7.62 in the presence of membranes and almost the same ratio of chargedfuncharged TFP species is present at
physiologic pH. Taking into account the ApK, we calculated the average TFP partition coefficient between egg
phosphatidylcholine liposomes and water, at pH 7.4 (Piierage = 1432), which was well correlated with the measured one
(P = 19186). Paverage 15 highly influenced by the uncharged TFP species and the real basefacid ratio under physiologic
conditions was discussed in terms of its possible role in the biological activity of TFP. © 1998 Elsevier Science B.V. All
rights reserved.

Keyweords: Triffuoperazine; Erythrocyte; Hemolysis; Membrane solubilization; pX shift

1. Introduction phenothiazine derivative, is a widely used calmodulin
antagonist and one of the most effective antipsy-
Phencthiazines are known as newrolcptics and chotic agents [2).

antihistaminic agents [1]. Trifluoperazine (TFP), a

Abbreviatiens: CMC, critical miccllar concentration; CPZ, chlorpromazine; Ce, solute concentration for the onsct of hemolysis; Co,
sclute concentration for total lysis; EPC, egg phosphatidylcholine; EPR, clectron paramagastic resonance; P, parlition cocfficient; PC,
phosphatidy] choline; pK| ionization constant in water; pKayp lonization constant measured in woter but in the presence of a membrane;
R, soluteflipid molar ratio; TFP, tofluoperazine; TFP+, charged form; TFP:, noutral form

* Corresp.a.ang suthor, Fax: +55 (15) 289-3124.

0005-2736/98/8 — see front matter © 1998 Elscvier Scicnce B.V. All rights reserved,
Pil: S0005-2736(58)00080-X
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6 > 4 containing both TFP and erythrocyte phospholipids.

7 S 3 Tk release of membrane lipids induces the collapse
2 of the membrane (unpublished data). We quantita-

8 CFa tively studied TFP and erythrocyte membrane inter-
N0 2 g action, to determine the eflective TEP/lipid ratio for

I 1 4 membrane activily {protection and lysis). Finally,

(CHa)s—N N—CHjs consideringz that hydrophobic differences between

charged and uncharged forms of TFP are determi-

nant factors in TFP membrane interaction and that

Trifluoperazine both forms are present at physiologic pH, we ana-

The interaction between phenothiazines and eryth-
rocyte membranes has been extensively studied. Sce-
man {3} described the biphasic effect of TFP on he-
molysis: at micromolar concentration, it protects
erythrocytes agamst hypotonic tysis, whereas at high-
er concentrations { > 0.1 mM) it produces hemolysis.
Another phenothiazine, chlorpromazine (CPZ), pro-
duces small holes in the membrane, suggesting a
colloid-osmotic lytic mechanism [4]. A sublytic
CPZ concentration also imposes an inward curvature
on red cell membranes [5], an effect that could be
attributed to the preferential partition of phenothia-
zines into the negatively charged cytoplasm leaflet
of the bilayer [6,7]. Suda et al. [8], using electron
paramagnetic resonance {(EPR), observed that CPZ
produces an increase in the rotational motion of
stearic acid spin labels. In a similar way, previous
resuits from our laboratory [9] employing EPR
showed an increased erythrocyte membrane fluidity
upon TFP addition, accompanied by changes in the
lipid—protein interactions, as seen by fuorescence.
EPR studies on erythrocyte ghosts revealed that
CPZ binds preferentially to ghost proteins rather
than to hipids [10] and phenothiazines have been re-
ported to interact specifically with erythrocyte mem-
brane proteins, such as cytoskeleton protein 4.1 [11],
aminophospholipid flippase {12] and acetylcholines-
terase [13].

We have previously shown that TFP, an amphi-
philic molecule whose protonated species form mi-
celles, is able to protect erythrocytes against mechan-
ical hemolysis under isosmotic conditions [14] below
its critical micellar concentration (CMC). Here we
report further data about TFP-induced hemolysis.
Incubation of erythrocytes with TFP (above its
CMC) at pH 7.4 induces mixed micelle formation

lyzed the contribution of cach TFP species to isos-
motic hemolysis.

2. Materials and methods

TFP hydrochloride (MW 480.4) and egg phospha-
tidylcholine (EPC) were obtained from Sigma, St
Louis, MO.

2.1, Membrane preparation

Mouse liver microsomes were prepared as de-
scribed previously [14]. EPC multilamellar vesicles
were prepared by evaporating stock chloroform
EPC solutions under a stream of wet nitrogen. The
samples were left under vacuum for at jeast 2 h.
Vesicles were obtained by the addition of phos-
phate-buffered saline, PBS (5 mM phosphate, pH
7.4, 150 mM NaCl), and vortexing for 5 min.

2.2. Erythrocytes

Freshly obtained mouse blood was collected into
Alstver’s solution (27 mM sodium citrate/72 mM
NaCl/114 mM glucose/2.6 mM citric acid) and
washed three times in PBS. Erythrocyte ghost mem-
branes were prepared as described by [15].

2.3. Protein determination

Total pro'sin concentration was measured 116] us-
ing bovine szrum albumin as 2 standard.

2.4. Phospllipid determination

Membrane phospholipid concentration was deter-
muined according to {17].
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2.5 Partition coefficient (P} determination by phase
separation

Membranes were prepared as described ubove and
kept in PBS. A known amount of TFP was incu-
bated with the membranes for 10 min at room tem-
perature. The drug concentration remamning in the
;upemalant after centrifugation at 105000 g for
1 h was optically detected at 256 nm (gm =23 500,
[18]) against the respective controi (membrane in
PBS). For red blood cells, we used ghosts rather
than whole erythrocytes because hemoglobin released
during the experiment overlapped the TFP optical
specira, proventing the precise determination of
TFP in the supernatant. The amount of drug bound
to the lipid phase was obtained by subtracting the
supernatant concentration from the total drug con-
centration measured before phase mixing. The parti-
tion coeflicient, P, was determined according 10 Eq. |
[19]:

() Vi
)/ Vs

where: s denotes the solute (TFP), » is the number of
moles of solute, = volume and the subscripts m and
w refer to the membrane and aqueous phase, respec-
tively. For erythrocytes, ghosts and microsomes, the
apolar phase volume (V) was calculated assuming a
lipid density of 1 g/ml [20,21]. For EPC multilameliar
vesicles, P was determined after four freeze-thawing
cycles, increasing the incubation time up to 30 min.

(1

2.6, Octanoliwater P determination

PBS and n-octanol solutions were pre-equilibrated
overnight; after TFP addition the mixture was vor-
texed for 5 min and incubated for 10 min before
centrifugation at 260X g for 5 min. P was optically
determined .as described for the phase separation ex-
periments.

2.7. Hemolytic assay under hypotonic conditions

Erythrocytes (0.14% hematocrit) were incubated in
hypotonic PBS (5 mM sodium phosphate, pH 7.4,
66 mM NaCl) that induced 50% hemolysis. TEP in
the 1-125 uM range was added and the samples were
incubated for 10, 30 and 60 min. After centrifugation

at 260 X g for 3 min, released hemoglobin was meas-
ured in the supernztant at 412 nm. Results are ex-
pressed on a relative absorbance {(RA) scale ranging
from <1 (protection against) to > 1 (hemolysis).
RA=1 mdicates 50% hemolysis obtained for the
66 mM szline control. The data were analyzed with
the SAS statistical program {22]. PROC GLM pro-
grams were used for analysis of variance, with drug
concentration and incubation time set as independent
variables and RA as the variable answer. Means
were compared by Duncan’s multiple range test.
Each RA value represcnts the mean of 15 independ-
ent experiments.

2.8, Isptonic hemolytic assay

TFP (1-200 uM) was prepared in isotonic PBS
solution. Erythrocytes (hematocrits ranging from
0.04 to 0.14%) were added and the samples kept at
room temperature (22-25°C) for 10 min. before cen-
trifugation at 260X g for 3 min. Hemoglobin released
into the supernatant was detected at 412 nm (for
iower hematocrits) and 540 nm (0.14% hematocrit).

The hemolytic effect, measured as perceni relative
hemolysis (RH), was determined on the basis of re-
teased hemoglobin, according to the foliowing for-
mula:

Asg—Ae

H =57
R Ac?,—'Acl (2)

where A is the absorbance, S the sample, ¢l the
mechanical hemolysis control (erythrocytes in PBS),
and cZ the 100% hemolysis {(erythrocytes in water)
control

2.9 Coun Coor and TFPHipid ratio (R,) calculation

Cer (solute concentration needed to start hemoly-
sis) and Cy, (sohute concentration for total lysis) [23—
25] were graphically obtained for each hematocrit
assayed. Plots of Cy and (o as a function of lipid
concentration aliowed R, (solute/lipid molar ratio)
determination for initial (membrane saturation) and
total hemolysis {solubilization), respectively. R, was
obtained from the slope of the resuliing straight
lines, as described in Ec. 3 [23-25]:

Dy = Re[L + 1/Kyp{Re -+ 1)] (3)
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According to these authors, there is a Hrear rela-
tionship between the total solute concentration ()
producing e onset of complietion of solubilization
and the lipic. concentration {L) in the system. The y
mntercept corresponds to the concentration of free
solute, D, equivalent to its CMC [23.25]. K,
{M™!) describes the solute binding to membranes in
terms of equilibrium:

§ - 1= Sh

where 5 represents the solule and sm the membrane.
associated species. Binding constants (Ky) and parti-
tion coeflicients (P) are related through the partial
molar volume, V, of the lipid phase [27,28].

Kp = Py (4}

For erythrocytes, V was calculated as 0.658 I/fmol,
the average molecular weight of phospholipids,
sphingolipids and cholesterol, according to the lipid
composition of crythrocyte membranes described in

1151,
2.10. Determination of CMC

CMC was determined with a K12 Kriiss tensiom-
eter. We measured the surface tension of TFP solu-
tions ranging from 0.1 to 100 UM at room temper-
ature using PBS buffer.

3. Results and discussion

Trifluoperazine, a rather scluble piperazine deriv-
ative (water solubility at pH 74 is I M according to
[18]), has an ionizable amine group with a pX of 8.1
[18] so that, as discussed further in this paper, both
charged (TFP+) and uncharged (TFP:) forms are
present at physiologic pH. TFP+ has a CMC of
42 uM (experimental data determined in PBS, pH

7.4), indicating that both monomer and aggregate
forms could be found in the concentration range em-
ployed here in the hemolytic experiments.

3.1 TFP partitioning between membranes and water

Table 1 shows TFP partition coefficients P} be-
tween membrane (microsomes, erythrocyte ghosts,
liposomes) and water and octanolfwater systems,
We can see that TFP partition into the membranes
was higher than in the isotropic octanol phase and
depended on  membrane composition, so thai:
Pmic = plip ~, Pghm{.

The P°% value obtained here is of the same order
of magnitude as that found for TFP partition be-
tween hexane/water (PBS, pH 7.4)= 193 i29]. Abso-
lute P values determined between organic phases {oc-
tanol) and water were lower than P values between
membranes and water (Table 1) as also reported by
other authors [29,30], revealing that P values be-
tween organic solvents and water are to be used care-
fully since they provide only poor estimates of the
relative magnitude of the partition coefficients of the
drugs in biomembranes [21,31-33).

The stronger binding of TFP to microsomes may
reflect some TFP protein interaction, as the protein
content of liver microsomes is higher (ca. 70% of the
total membrane weight, [34]) than that of ghost
membranes (55%, {35]). Besides, if we consider the
fluidity of the ghost membranes we realize that the
high cholesterol content (30%) of erythrocyte mem-
branes [36] and the cytoskeleton [9] imposes 2 rigidity
that could restrict TFP partition into them, explain-
ing the rather small PEASt value, In fact PEhost wwao
slightly lower than PP, an unexpected result since
tiposomes lack proteins. It seems that the reduced
hydrocarbon chain dynamics [36} and increased bi-
layer bending [37] triggered by cholesterol, added to
cytoskeleton rigidity, compensate for any TFP/pro-
tein interaction in ghosts.

Table 1 _ |
Partition coefficients® for TFP between microsomes (P7icy, erythrocyte ghosts (P83}, liposomes (P**) actanel (P and water (5 mM
PBS, pH 7.4)

e Pghcsl p!ip b Pml

7172£1229 13802429 1916+ 341 452+ 55

"Bach P value represents the mean+S.E. of nine cxperiments. Incubation time = 10 min at reom lemperature.
For PP wo used four frecze-thawing cycles, increasing the incubation time to ncarly 30 min.
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Fig. [. TFP protection under hypotenic conditions. Hematocerit
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3.2. Studies on TEP induced hemolysis and TFPilipid
ratio determination

Phenothiazine stabilizes erythrocyies against hypo-
tonic hemolysis at low concentration [3,37]. The bi-
phasic TFP hemolytic curve under hypotonic condi-
tions can be seen in Fig. 1, which shows that TFP at
concentrations up to 17 uM protects erythrocytes
(H, =0.14%) against hypotonic lysis, while at higher
concentrations its action on membranes is lytic (up-
ward curve). The maximal protective concentration
of TFP occurs in the 10-17 uM range, i.e. with TFP
in its monomer form. The data obtained are in agree-
ment with [3] who reported a maximal TFP protec-
tive concentration of 10 uM at pH 7.0, with a 0.2%
hematocrit. Using the maximal protection average
concentration we calculated the protective TFP/lipid
ratio (RP™') presented in Table 2.

Experiments like that iliustrated in Fig. 1 {10 mm

Table 2
Effective drug/lipid molar ratios and related parameters in the
protection and lysis of erythrocytes by trifluoperazing

Rpret 2 .16
Rt 0.43
REOI 1.435
Dy (M) 59

Ky (M™H 4783

al3ctermined under hyposmotic conditions (Fig. 1)
bTaken from the saturation curve (Fig. 3).
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Fig. 2. TFP-induced isotonic hemolysis. Hematocrit =0.14% in
isotonic PBS. Incubation time: 10 min al room temperature.
Con and Gy {sce ioxt) determinalion are shown.

incubation) were also performed with TP pre-incu-
bated for 30 and 60 min. The results obtained (data
not shown) presented non-significant differences by
the Duncan test, indicating that TFP equilibrium be-
tween the aqueous phase and the erythrocyte mem-
brane was reached in less than 10 min.

Fig. 2 shows the hemolytic effect of TFP on eryth-
rocytes under isotonic condition. No lytic effect was
observed below 75 pM; up to this concentration the
membrane incorporates TFP without losing its integ-
rity. Beyond 75 pM, lysis increased quickly with TFP
concentration due to the co-operative effect of the
lipid bilayer. Membrane disruption occurs as lipids
are released to the forming mixed-micelles.

We used hemolytic curves to obtain Cy; and C
values, 1.e. TEP concentration for the onset and com-
plete solubilization of erythrocyte membranes (Fig,
2). In Fig. 3, we plotted these values as a function
of lipid concentration (experiments ranging from
0.15 to 1.5% hematocrit) to obtain the straight lines
predicted by Eq. 3. The corresponding TFP to lipid
molar ratio, R., (Table 2) was readily calculated
from the saturation and solubilization lines in Fig. 3.

Theoretically [23], both straight lines in Fig. 3
should intercept the y axis at D,,, the free TFP con-
centration in water corresponding to the CMC of the

. amphiphilic molecule in the presence of membranes.

The Dy values obiained (59 and 94 uM) closely re-
semble the CMC delermined for TFP in water
(42 pM at pH 7.4). Differences may be due to exper-
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Fig. 3. Effective TFP/Aipid molar ratio for membrane saturation
and solubilization, Gy {8} and Cy {a) are plotted as a func.
tion of crythrocyte lipid concentration. R, valucs are taken
from the slope of the straight lines,

imental errors, since the CMC value is very small, in
the 1073 M range.

This colloidal behavior of TFP to form micelles
classifies it as a surface active compound [38). Its
CMC is lower than that of surfactants such as Triton
X-100 (3.7x107 M), SDS (83x107% M) or
CHAPS (3.5x107* M) [39,40], an indication of the
high degree of intermolecular TFP hydrophobic in-
teractions. In fact, TFP is among the most hydro-
phobic phenothiazines {29}, as also shown in the
present study by the very low concentration of
TFP monomers i the water phase (small D,,) at
pH 74.

Table 2 presenis several parameters derived {rom
the biphasic hemolytic expermments. At low TFP con-
centrations and under hyposmotic conditions a max-
imum protective effect was observed at 0.16:1 TFP/
lipid molar ratio (RE™, determined from Fig. 1).
Under isotonic conditions, R¥ showed that a ratio
of 0.43:1 TFP/lipid is necessary to reach membrane
saturation. Higher ratios produced hemolysis, until
complete membrane solubilization at ca. 1.5:1 TFp/
lipid molar ratio {R®). Hemolytic phenomena is
then a consequence of the erythrocyte membrane
phospholipids migration to the hydrophobic micelle
environment. Effective  detergent/lipid ratios  for
phospholipid leakage calculated for many other sur-
fuce active drugs are in agreement with the values
observed f{or TFP. For examplc, egg phosphatidyl-

choline bilayers are able to incornorate ~riton X-100
up to 0.71:1 detergent/lipid molar ratios; above 3:1
molar ratios all phospholipid is converted into mixed
micclles [24,411. In phosphatidyicholine vesicles, pal-
mitoylcarnitine reaches membrane saturation and
solubilization at 0.8:1 and 2:! molar ratios, respec-
tively [25].

Assuming ideal mixing of lipid and TFP in dilute
aqueous media [26], the binding constant (K) for
TEP distribution between bilayer and water could
be obtained (rom the saturation straight line in Fig.
3, according to Eq. 5 [23,261:

R = KD ) (1= KDy (5)

The K;, value obtained for TFP between erythro-
cytes/water was 4.8 X 10° M~ {Table 2) and, accord-
ing to Eq. 4, it corresponds to a partition coefficient
of 7268. Even considering the different methodolo-
gies emploved and the well known variability in P
values, this rather high partition, comparable to pme
{Table 1), cannot be completely explained. It reflects,
besides TFP hydrophobicity, some non-specific pro-
tein binding as, in fact, TFP specifically interacts
with erythrocyte membrane proteins f11-13] and
with bemoglobin [9], protecting the latter against
H2O; induced oxidation.

Using this partition coefficient, we can go back to
RE¥ and R values in order to determine the real
TFP/lipid molar ratio inside the membrane. For a
Hi=0.15% (7.9 ug/ml lipid) just 5.4% of the TFP
would be partitioned in the bilayer (Eq. 1) and the
moiar ratio for saturation and solubilization would -
be 2:100 and 8:100 TFEP/lipid, respectively, This
rather small ratio indicates that hemolysis is not n-
duced by real saturation of the membrane, but is 2
complex response for both TFP partition into the
membrane (Cg, Ci increase according to mem-
brane concentration, Fig. 3), and aggregation (mi-
celle formation). In this case TFP micellar aggrega-
tion could play a synergistic effect on the drug—
membrane interaction, explaining the high partition
coefficient assigned from Fig. 3.

3.3. Further investigation of the reai TFP
chargedluncharged ratios for the hemol viic effect

at physiclogical pli

In a previous study, we reviewed the effect of dif-
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Tabie 3

Puriition coclficicats for charged and uacharged TFP specics
and jonizatio: constant in water {(pk}; calculations of ioniza-
tion constant i the presence of membrane (pARlLg) and average
partition coofficient al PH 7.4 (Pyveryz:F* according to phlps

plie Iy & PK:\pp ° P average
TEP+Y TFP:C
812 24063 8.1 7.62 1432

acaiculated by the Haonderson-Hasselbalch cquation, but using
pRupp (real lonization vonstant under the assay condition) in-
stead of pk (sco toxt).

bDetermined in 20 mM acctate buller, pH 3.0

“Determined with 20 mM carbonate buffer, at pH 10.5.
daccordiog to [18].

eCalculated us in Eq. 6 for a hematocrit = 0.1 5%.

fercnt partitioning of ionizable local anesthetics at
their jonization constant [28]. It was shown that
whenever the binding of charged/uncharged forms
is different it will imply a pK shift of the partitioning
compound. Tetracaine, for example, has its ioniza-
tion constant down-shifted from 8.5 to 7.0 in the
presence of egg PC muitilamellar vesicles [42].

TFP shows quite different P values for its charged/
uncharged forms (Table 3), the neutral form binding
more strongly (P91 =2463) than the protonated, less
hydrophobic species (PP+=812). According to the
formalism described by [43], we calculated pKipp, the
apparent jonization constant in the presence of mem-
branes, from:

PKapp = PK—10g[(P Vi + Vi )/ (P Vi + Vil
(6)

pKaps was found to be 7.62 for TFP in the pres-
ence of 12 uM lipids (0.15% hematocrit, Table 3},
revealing a down-shift of ca. 0.5 pH units in the
presence of membranes. At higher phospholipid con-
centrations, calculated pKypp was the same.

Using pKapp in the Henderson-Hasselbaich equa-
tion {Eq. 7). one can see that the neutral (TFP:) to
charged (TFP+) molar ratio at pH 7.4 s 1:1.5, in-
stead of 1:4 as it would be expecied if the p&X shift
was neglected. As a conseguence, there is no predom-
inant form of TFP in the hemoiytic experiments de-
scribed before (pH 7.4}

pH = pK + loglbase]/facid] ™

An average partition cocflicient can be calculated
as shown by Eq. 8, tuking into account the real
TFP/TTFP+ ratio at pif 7.4 (using pXKyy, values).
We call this Paeerage (alter Lee and Schreier [43], sec
below).
Pavcr:zgc = %ﬁ (8)
where Z is the [base}/facid] molar ratio at pH 7.4,

in fact, Lee and Schreier [43] described a similar
equation for the calculation of Pyverage that also con-
sider the differences in pK and pK.p,. We prefer to
use Eq. & because it permits fust comparison of
Piverages corrected or not, by changing the vaiues of
the [base]facid] ratio {or pK.pp and pK, respectively.
The calcuiated values of Fyugage obtained from the
partition coeflicients of the charged and uncharged
TFP forms {measured at pH 5.0 and 10.0, respec-
tively) between liposomes and water arc lisied in Ta-
ble 3.

For TFP in multilameilar liposomes, the expected
P value without considering ApK, would be 1086.
Paverage 15 1432, reflecting the contribution of the un-
charged and charged forms of TFP to ifs partition at
pH 7.4, and is in good correlation with the experi-
mental value (P* =1916, Table 1).

Piverage indicates that partitioning is higher than
one would expect by ignoring the pK shift, so that
hydrophobic membrane interaction is important for
the hemoiytic effect of trifluoperazine. These results
explain the direct correlation between the hydropho-
bicity and biologic effects of phenothiazine com-
pounds [3,7,29,44].

4. Conclusion

This work gquantitatively describes the biphasic
(protective/inductive) effect of TFP on mouse eryth-
rocyte hemeolysis. TFP protective effect seems to be
related to its monomer insertion mto the membrane,
which occurs quickly at concentrations below those
for membrane saturation (0.43:1, TFP/lipid molar
ralios).

Above CMC, trifiuoperazine sclubilizes mem-
branes. The resuits described shou'! be of help in
the understanding of the molecular mechanisms of

hemolysis, because TFP acts as a surfactant on the
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membrane system. Applying classical treatments for
the interaction of surface active compounds with lip-
id vesicies 23] to the hemolytic curves it was possible
to calculaie THFP/lipid melar ratios for the onset of
hemolysis (R%') and for complete membrane solubi-
lization (R}, This approach seems to be quite ad-
eguaic for the system as R. values keep a good cor-
relation with those determined [or other surlactant
molecules, and it zlso permitted the calculation of P
valucs from the hemolytic curves, Le. between whole
erythrocytes and water.

Using the calculated partition coeflicient, we deter-
mined rather small TFP/Aipid molar ratios inside the
membrance for saturation and selubilization what in-
dicates that hemolysis is not induced by real mem-
brane saturation, but also by TFP micelle formation
that occurs in the concentration range used in the
hemeolytic cxperiments.

The amount of charged and uncharged TFP spe-
cies in the hemolytic experiments was also analyzed
taking into account the differences between TFP+
and TFP: binding to membranes and its effect on
the real ionization constant, pK,p, [28,42]. Paverages
the mean partition coefficient at pH 7.4 was estj-
mated and presented a good agreement with the
data obtained. Payerapge réceives an important contri-
bution of TFP:, the uncharged species that is present
in almost the same proportion as TFP+ at pH 7.4,
and which stronger binding is committed to the real
membrane saturation.
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2.2. A Critical Analysis of Microcalorimetric Methodology for Drug-
Induced Haemolysis

Resumo

O presente artige descreve um estudo da interacéio de trés drogas;
trifluoperazina (TFP), dibucaina (DBC) e praziquantel (PZQ) com a
membrana eritrocitaria. A interag8o droga-membrana foi estudada através da
determinag&o do coeficiente de partigédo das drogas entre varios sistemas de
membrana e agua, e também pela monitoracdo da atividade hemolitica. A
técnica microcalorimétrica foi empregada para analisar a hemdlise induzida
por drogas. A TFP apresentou o maior coeficiente de particio em todas as
membranas e a melhor eficacia hemolitica, seguida pela DBC e pelo PZQ. O
efeito térmico da hemdlise induzida por drogas foi obtido utilizando-se o
microcalorimetro Thermal Activity Monitor (TAM) e os valores obtidos foram:
-18.2 pJ/céluia e -3.6 pJ/célula, para a TFP e DBC, respectivamente. O efeito
térmico para a hemolise induzida pelo PZQ n#&o pode ser obtido. Os
diferentes valores de efeito térmico indicam que mecanismos diferenciados
estéo envolvidos no estabelecimento da hemélise provocada pela TFP e pela
DBC. Interpretacdes errbneas a respeito do efeito hemolitico induzido por
drogas, encontrados recentemente na literatura, nos levaram a apresentar
uma analise critica da metodologia microcalorimétrica e uma comparagao
entre os valores de efeito térmico aqui apresentados com os disponiveis na
literatura.
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Abstract

The present work reports a study of the interaction of three drugs,
trifluoperazine (TFP), dibucaine (DBC) and praziquantel (PZQ), with
erythrocyte membranes. Drug-erythrocyte interaction was studied by
measuring the drug partition coefficient between membrane and water, and
aiso by monitoring their haemolytic activity. Microcalorimetric techniques
were employed to study drug-induced haemolysis. TFP presented the
highest membrane partition and best haemolytic efficacy, followed by DBC
and PZQ. The heat effects of drug-induced haemolysis obtained by using a
Thermal Activity Monitor {TAM) were: -18.2 pJ/cell and - 3.6 pJ/cell, for TFP
and DBC, respectively. We were unable {o obtain heat effect values for
PZQ-induced haemolysis. The discrepancy in heat effect values of drug-
induced lysis indicates that different pathways are involved in haemolysis
establishment. Misunderstandings concerning the effect of drug-induced
haemolysis, found in the recent literature, lead us to present a critical
analysis concerning microcalorimetric methodology and a comparison

between the heat effect values obtained in this work with the values
available in literature.
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1. Introduction

The erythrocyte (red blood cell) membrane is the most studied
biological membrane since it can be copiously obtained by venous
puncturing and also easily isolated by low speed centrifugation.
Consequently, the erythrocyte membrane has become the most used

model for drug membrane interaction and has provided a large quantity of
information of clinical interest.

Haemolysis is the disruption of the red blood cell which can be
caused by the interaction of chemical compounds with the membrane.
Many substances have been described as haemolytic agents, including

important groups such as anaesthetics, anti-inflammatory and neuroleptic
drugs [1,2].

The effect of a drug on the erythrocyte membrane can be attributed to
two main steps: (i) the entrance into the bilayer and (ii) the intensity of the
membrane-perturbing action of the molecule once incorporated [3]. Some
factors are considered determinant in haemolysis establishment the

compound’s hydrophobicity, the presence of an ionizable group and the
size of the compound.

Although drug-induced haemolysis has been studied since 1937 [41,
the nature of drug-membrane interaction is not clearly elucidated. We have
been studying haemolysis caused by drugs in order to discriminate the
possible different pathways that culminate in cell lysis [5-7]. The
comparative analysis of drug partition coefficients between different
environments can discriminate possible drug interaction with specific
components of the membrane (lipid or protein).

In the present report, we have used a pure lipid phase (liposomes), a
membrane which has a high content of protein (70 %) (microsomes) and
the erythrocyte membrane to compare the drug partition coefficients
between them and water. We also have investigated the different drug
membrane interaction by monitoring their haemolytic activity. The chosen
drugs are trifluoperazine (TFP), a potent antipsychotic agent, dibucaine

(DBC), a local anesthetic, and praziquantel (PZQ), an antihelmintic
compound.

Microcalorimetry is a useful tool that has been increasingly employed
in medical and biological areas [8]. In this work we observed significant
differences between heat effect values of drug-induced lysis. These
differences indicate that different pathways are invoived in haemolysis
establishment, which are consistent with other haemolytic parameters
(kinetic, Iytic efficacy and partition coefficient).
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However, besides erythrocyie metabolism (basal erythrocyte heat
production), which has been calorimetrically studied by certain research
groups [9-14] there are very few reports in the literature describing
thermodynamic parameters in drug-erythrocyte interactions. These few
published results present some conceptual contradictions: Aki and
Yamamotio, 1990 [15], caiorimetrically measured the drug-erythrocyte
interaction denoting the endothermic heat effect obtained as enthalpy of
haemoglobin released from one cell (AH hemol), while in their next article
[16], they call the same process as heat effect of haemoglobin. Aithough, in
module, the heat effect values presented in this report are equal to Aki and
Yamamoto, 1991 [16] the signal is the opposite (exothermic). Since our
results are not in agreement with some recent literature data cited above,
[15,16], we also present some methodological considerations based on our
experimental work that can be useful for subsequent work.

2. Materials and Methods

TFP hydrochioride, DBC dihydrochloride and egg phosphatidylcholine
(EPC) were obtained from Sigma Chemical Co., St Louis, MO. PZQ was
donated by MERCK S.A. Indistrias Quimicas, RJ, Brazil.

2.1. Membrane preparation.

Mouse liver microsomes were prepared as described previously in
ref. [5].

EPC multiamellar vesicles were prepared by evaporating stock
chioroform EPC solutions under a stream of wet nitrogen. The samples
were left under vacuum for at ieast 2 h. Vesicles were obtained by the
addition of phosphate buffered saline, PBS (0.15 M NaCl, 5 mM phosphate,
pH 7.4), and vortexing for 5 min.

Erythrocytes. Freshly obtained mouse blood was collected into
Alsever's soiution (27 mM sodium citrate / 72 mM NaCl / 114 mM giucose /
2.6 mM citric acid) and washed three times in PBS.

Erythrocyte ghost membranes were prepared as described in ref.
[17].

Protein determination. Membrane protein conceniration was
measured as in ref. [18], using bovine serum albumin as a standard.

Phospholipid determination. Membrane phospholipid concentration
was determined according to ref. [19].
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2.2. Partition coefficient (P) determination by phase separation

Membranes were prepared as described above and kept in PBS. A
known amount of drug was incubated with the membranes for 10 min at
room temperature. The drug concentration remaining in the supernatant
after centrifugation at 105 000 X g for 1 h was optically detected against the
respective control (membrane in PBS). The drug absorbance was
performed at 256 nm (ey= 23500) for TFP [19], at 324 nm (emw=
3770) for DBC [experimental data] and 260 nm (ey= 320) for PZQ
[experimental data]. For erythrocytes, we used ghosts rather than whoie
cells because haemoglobin released during the experiment overlapped the
optical spectra of the drugs, preventing their precise determination in the
supernatant. The amount of drug bound to the apolar phase was obtained
by subtracting the supernatant concentration from the total drug

concentration, measured before phase mixing. The partition coefficient, P,
was determined according to equation 1 [21]:

P (S)/V,,
P - n, (s)/V, (1)

where s denotes the solute (TFP, DBC or PZQ), n is the number of moles of
solute, V = volume and the subscripts m and w refer to the membrane and
aqueous phase, respectively. For erythrocytes, ghosts and microsomes, the
apolar phase volume (Vm) was calculated assuming a lipid density of 1
g/mL [22-24]. For EPC multilamellar vesicles, P was determined after four
freeze-thawing cycles, increasing the incubation time up to 30 min.

2.3. Flaemolytic assay

TFP (1-400 uM) and PZQ (0.01-20 mM, previously dissolved in
dimethyisulphoxide, DMSO, with a maximal DMSO concentration of 5 %,
were prepared in PBS, pH 7.4. DBC (0.1-10 mM) was dissolved in PBS, pH
6.8, in order fo increase its solubility. Erythrocytes (1 % haematocrit) were
added and the samples kept at room temperature (22-25°C) until total lysis
occurred. The incubation time was 10 min for TFP, 30 min for DBC and 90
min for PZQ. The samples were then centrifuged at 260 X g for 3 min and
the haemoglobin reiease into the supernatant was detected at 540 nm.

The haemolytic effect, measured as percent reiative haemolysis
(RH), was determined on the basis of released haemoglobin, according to
the following formula:

As = Acl

RH="—"""0Yx
Ac—Ad @
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where A means absorbance, S denotes the sample, ¢1, the mechanical

haemolysis control (erythrocytes in PBS) and ¢2, the 100 % haemolysis
(erythrocytes in water).

2.4. Microcalorimetric assay

Heat of interaction between drugs and erythrocyte membranes were
carried out in a model 2277 Thermal Activity Monitor (TAM) system
(Thermometric AB, Sweden), which consists of four independent
isothermal heat-conduction microcalorimeters [25]. The heat flow signal
(dgidf) in pW was monitored as a function of time. The TAM
microcalorimeter was previously calibrated using the protonation reaction of
tris-(hydroxymethyl)aminomethane (Tris) solution with HCl solution as
recommended by [26]. The heat effect of drug dilution (Qg) and of drug-
erythrocyte membrane reaction (Qeact) Were obtained by integrating the
heat flow curve over the reaction time. All experiments were performed at
25 °C using a stirring speed of 120 rpm. Two mL of erythrocyte suspension
(1.14 10% cell/mL) in isotonic PBS, pH 7.4, were introduced into the
calorimeter titration vessel and kept until the base line was stable.
Subsequently, the drug solution was added in a concentration sufficient to
induce total iysis (250 uM TFP and 6 mM DBC). DBC addition was divided
into two successive steps, 3 mM in each, in order to reduce the heat dilution
signal to less than the working scale (30 uW). Drug solutions were
introduced at equal flow rates (1 ul/sec) into the reaction vessel using a
two channel peristaltic pump (model 612 Lund Syringe Pump 2, from
Thermometric AB). The heat effect of drug dilution (Qqi) into the same
isotonic buffer was measured separately and subtracted from the heat

effect obtained in the reaction where cells were present (Qeact), in order to

obtain the interaction heat {Quem), Which corresponds to the heat effect of
drug-induced haemoiysis.

3. Resuits and Discussion
3.1. Drug Partitioning between membranes and water

Table | shows TFP, DBC and PZQ partition coefficients (F) between
membranes {microsomes, erythrocyte ghosts, liposomes) and water. TFP
partition into membranes, in all cases, was higher than those of DBC and
PZQ, except in liposomes when TFP and DBC P values are similar,
revealing that TFP has a greater affinity for the membranes than the other
drugs. This affinity difference indicates the specificity of the interaction
pathway of drugs into membranes. There is evidence that other
phenothiazines bind to erythrocyle membrane protein [27-28]. Ruggiero,

5
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1994, [29], using ESR, showed that TFP, specifically, binds to erythrocyte
membrane protein and triggers changes in the protein structural
arrangement. Moreover, some authors [30-32], using phospholipid vesicles,
obtained evidence that DBC interacts in the interface between water and
the external monolayer.

The stronger binding of TFP to microsomes may reflect some TFP
protein interaction, as the protein content of liver microsomes is higher (ca.
70% of the total membrane weight [33]) than that of ghost membranes (55
% [34]). In addition, if we consider the fluidity of the ghost membranes we
realize that the cytoskeleton [29] and the high cholesterol content [35]
impose rigidity, restricting TFP partition into them, that can explain the
rather small P"°%7 value. In fact P°"°5" was siightly lower than P an
unexpected result since liposomes lack proteins. This fact suggests that

cytoskeleton rigidity compensates for any TFPIprotein interaction in ghost
membranes.

3.2. Haemolytic curve

Fig. 1 shows a sigmoidal curve characteristic of the haemolytic effect.
No lytic effect was observed below 108 pM TFP, a range in which the
membrane incorporates TFP without loosing integrity. Beyond 108 uM lysis
increases quickly with TFP concentration due to the co-operative effect of
the lipid bilayer. We used haemolytic curves to obtain Csat and Csof values,

i.e., the drug concentration for (i) the onset and (it) complete solubilization
of erythrocyte membrane (Fig.1).

Table Il presents Csaf and Csol of TFP, DBC and PZQ obtained from

their respective haemolytic curves (see procedures described in Materials
and Methods).

Comparing the haemolytic activity of these three drugs at the 1 %
haematocrit, we can see that the total lysis induced by TFP {Csor) occurs at
a very low concentration (184 uM) with a short incubation time, 10 min,
while DBC, fo induce the same effect, needs a concentration twenty times
greater, 4 mM, and an incubation time equal to 30 min. For PZQ, the

concentration needed for total lysis is 14.2 mM with an incubation time of 90
min.

According to ref. [3], the haemolytic properties are related to the
partition properties into erythrocyte membrane. TFP, the drug that best
interacts with erythrocyte membrane has a higher P value and is the most
effective haemolytic drug, followed by DBC and PZQ.

38
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3.3. Microcalorimetric assay

Fig. 2 (for TFP) and Fig. 3 (for DBC), show the heat effect of drug
dilution in the absence of red blood cells (A) and the heat effect of drug-
induced haemolysis (B). Table Ill summarizes the heat effect of TFP and

DBC dilution {Qqy), the fotal system heat effect of drug-induced haemolysis
{Qreact) (Without subtraction of (Qgy)) and the heat effect of drug-induced
haemolysis (Qnem). In both cases, we can see that drug dilution is

endothermic while drug-induced haemolysis culminates in an exothermic
process.

Fig. 2 shows that the heat of TFP-induced haemolysis is exothermic
(B) while the TFP dilution process is endothermic (A). These results are not
in agreement with AKi & YAMAMOTO [15], who reported the heat effect of
TFP-induced haemolysis as an endothermic enthalpy (4H = 19.6 + 1.9, in
pJicell), mistaking the concept and the unit of enthalpy. However,
considering the absolute values, the results of the study of heat effect for
TFP-induced lysis are similar (in this work, 18.2 + 0.9 pJ/cell and in ref.
[15], 19.6 + 1.9 pJ/cell). In a later publication [16], the same authors report

a large negative value of AH for TFP-induced haemolysis, contradicting
themselves.

The heat of DBC-induced haemolysis (-3.6 pJ/cell) (Table Ill) is about
four times less than the value for TFP. Even using a much higher DBC
concentration to reach complete haemolysis, the heat of DBC-induced lysis
was lower indicating that its affinity for the membrane is smaller, in
agreement with the P values obtained. This fact indicates that the specific
interaction of DBC with the erythrocyte membrane is weak, as previously
described in ref. [30,31], while TFP shows a stronger interaction (high P
values, high haemolytic efficacy and exothermic heat of induced
haemolysis). Unfortunately, the very high exothermic dilution heat effect of
PZQ has hidden its weak induced lysis thermal activity.

3.4. Critical methodological analysis

There is but a few literature references concerning microcalorimetric
studies of drug-induced haemolysis. The available data for this process has
been interpreted as to the enthalpy change of the haemoglobin released
from one red cell {AHpemo [15]. In another report, however, the same
authors consider this process as occurring in two parts: first, an exothermic
process, arising from drug binding to erythrocyte and, second, an
endothermic one, corresponding to the heat of dilution of haemogiobin
released from erythrocyte [16]. The haemolytic phenomena should be
considered as a result of a series of events (loss of drug hydration sheli,

7
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drug specific membrane interaction, structural membrane rearrangement,
haemoglobin and cell content release) that might occur simultaneously or
not. Since calorimetry is a non-specific technique, the observed heat effect

can not identify any particular event and shows the overall outcome of
these process.

The experience achieved during this work lead us to avoid the
calorimetric titration procedure described by [16]. Since the drug membrane
interaction occurred partially in each drug addition, the weak calorimetric
responses of this interaction were always superposed by the much more
expressive drug dilution effect. In addition, we noted that erythrocytes
sediment during the long period demanded by the titration technique. Due
to the above considerations, we present the described protocol, in which
drug is added once or, in the case of DBC, in two portions, which favors
membrane interaction sign determination and reduces the total
experimental time.

4. Conclusion

The erythrocyte membrane interaction of the drugs TFP, DBC and
PZQ studied in this work showed a strong correlation between the drug
membrane partition (P) and the disruption of the red blood cell membrane
(haemolysis). Since the drug membrane exothermic heat effect of
haemolysis (Qhem), which reflects the totality of events that cuiminates in
haemolysis, is directly correlated with the partition coefficients, it suggests

that (Qnem) is mainly reflecting drug erythrocyte membrane interaction.

The proposed protocol to study drug erythrocyte membrane
interaction by calorimetry provides precise and confident results.
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Fig. 1: TFP-EN!‘DUCED‘ ISOTONIC HAEMOLYIS. Haematocrit = 1 % in 5 mM
PBS, pH 7.4, incubation time = 10 min at room temperature. Csat and Csol
(see text) are shown.
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Fig. 2. HEAT EFFECT OF TFP DILUTION AND OF TFP-INDUCED
HAEMOLYSIS. A) TFP, 250 uM dilution in PBS, pH 7.4 B) TFP, 250 uM
dilution in erythrocyte suspension (haematocrit = 1 %).
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Fig. 3: HEAT EFFECT OF DBC DILUTION AND OF DBC-INDUCED
HAEMOLYSIS. A) two step 6 mM DBC dilution in PBS, pH 6.8 B) two step 6
mM DBC dilution in erythrocyte suspension (haematocrit = 1 %).
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TABLE 1. Partition coefficients® for TFP, DBC and PZQ between microsomes
(PM©), erythrocyte ghosts (P°"9°T) and liposomes (P") vs water (PBS)
PMIC

PGHOST PL!PC
TFP 7172+ 1229 1380 + 429 1916 + 341
DBC ? 793 + 119 375+ 62 2219 + 436
PZQ 488 + 179 210 + 52 7 .

? Each P value represents the mean + SEM of nine experiments; samples in PBS,
pH 7.4, incubation time 10 min, room temperature. ® For DBC experiments, pH 6.8
PBS, was used. ° For P*, we used four freeze-thawing cycles which increased
the incubation time to nearly 30 min. ¢ P*F values for PZQ were not obtained due
tc high scattering that overlaid PZQ absorbance (A = 324).

14
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TABLE {l: Haemolytic concentrations of TFP, DBC and PZQ

Csat (uM) Csol (uM)
TFP® 108 184
DBC? 2300 4000
PZQ*® 2570 14200

4 Samples in PBS, pH 7.4, incubation time of 10 and 90 min for TFP and PZQ,
respectively, at room temperature. b For DBC experiments, PBS, pH 6.8, an
incubation time of 30 min and room temperature were used.

i3
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TABLE lll: Heat effect” of drugs dilution (Qgy), drug erythrocyte total
reaction (Qreact) and drug-induced haemolysis (Qnem)®

Qi (MJ) Qreact (MJ) Qhem (mJ) Qnem(pJicell)
TFP 3.83+0.33 -0.28 £ 0.08 -41+0.2 -18.2+0.89
DBC 15.66 + 0.05 14.83 +0.03 -0.83+0.04 -3.6+0.01

® Each Q value represents the mean + SEM of at least four experiments.
® Qnem corresponds to Qreact - Q.

i6
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2.3. Pathways Involved in Trifluoperazine-, Dibucaine- and Praziquantei-
Induced Hemolysis

Resumeo

A interacdo do antipsicético trifluoperazina (TFP), do anestésico local
dibucaina (DBC) e do antiheimintico praziquantel (PZQ) com membranas de
eritrocito foi analisada a fim de interpretar o efeito hemolitico destes
compostos. Coeficientes de particdo (P) detes compostos entre n-octanol e
membranas modelo/agua, em pH 7,4, foram determinados. O perfil foi P77 >
PPEC > PPZQ em todos os sistemas estudados (microssomas, lipossomas,
“ghosts”™ de eritrécito e n-octanolfagua). A contribuicdo das formas
carregada/ndo carregada da TFP e DBC foi analisada, desde que resulta em
maiores valores de P para a TFP em pH 7.4. A hemdlise foi bifasica em
todos os casos, i.e., inicialmente protetora, e litica para concentraces de
droga mais altas. A concentracdo hemolitica de TFP foi coincidente com sua
CMC. Aplicando as curvas hemoliticas um tratamento classico para
compostos surfactantes, calculamos as raztes molares efetivas dro%ailipidio
para o inicio (Re®"") e completa solubilizagio da membrana (Re®%%). Este
tratamento aparentemente somente prestou-se bem para a TFP.
Alternativamente, uma anadlise quantitativa utilizando nossos valores de P
forneceu resultados mais razoaveis: Re>'" e ReS°" foram 0,06 e 0,09 para
TFP, 0,34 e 0,69 para DBC e 0,25 e 1,89 para o PZQ, indicando que a taxa
de remoc&o dos lipidios da bicamada é determinante para a hemolise e que
a micelizagdo da TFP facilita o efeito hemolitico enquanto uma real saturagio
da membrana ocorre no caso da DBC e do PZQ.
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Summary

The interaction of the antipsychotic trifluoperazine (TFP), the iocal
anesthetic dibucaine (DBC) and the antihelminthic praziquantel (PZQ) with
erythrocyte membranes was analyzed to interpret the hemolytic effect of
these agents. Their partition coefficients (P) were measured at pH 7.4
between n-octanol and model membranes/water. The profile was PF* >
PPEC > PPZQ in all studied systems (microsomes, liposomes, erythrocyte
ghosts and n-octanol/water). The contribution of charged/uncharged forms
of TFP and DBC was analyzed, since it results in higher P values for TFP
at pH 7.4. Hemolysis was always biphasic, i.e., initially protective and then
lytic, at higher drug concentrations. The hemolytic concentration of TFP
was coincident with its CMC. By applying classical surface-active
compound treatment to the hemolytic curves, we calculated the effective
drug:lipid molar ratios for the onset (Re®"’) and complete membrane
solubilization (ReS°"). The approach apparently fitted well just for TFP.
Alternatively, a quantitative analysis using our P values gave more
reasonable results: Re™ and Re %" were 0.06 and 0.09 for TFP, 0.34 and
0.69 for DBC and 0.25 and 1.88 for PZQ, indicating that the rate of lipid
removal from the bilayers is determinant for hemolysis and TFP

micellization facilitates its hemolytic effect while real membrane saturation
is reached for DBC and PZQ.
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1. introduction

Erythrocyte membranes have been extensively studied since the cells
can be copiously obtained by venous puncture and the membranes are
easily isolated by low-speed centrifugation [1]. Consequently, erythrocytes
have become a good model for drug-membrane interaction, providing
information concerning, for instance, changes in lipid composition or in
cytoskeleton [2], enzymes [3] or other membrane proteins [4].

The information obtained using erythrocytes as a model is especially
important when the drugs under study have their site of action at the
membrane level, such as antipsychotic agents [5-7] and local anesthetics

(8},

Hemolysis is the disruption of the red blood cell which can be caused
by the interaction of chemical compounds with the membrane. The
hemolytic activity of many amphiphilic substances, including anesthetic,
antiinflammatory and neuroleptic drugs have been described by Seeman
early in 1966 [9]. According to Kanaho and coworkers [10], the effect of a
drug on the erythrocyte membrane can be attributed to two main
phenomena: its insertion into the membrane and the intensity of the
membrane-perturbing action of the molecule once incorporated. Once
inside the membrane, the drug can occupy specific (protein) and/or
nonspecific (lipid) binding(s) site(s). Some factors are considered
determinant in hemolysis establishment. the hydrophobicity of the
compound and the presence of an ionizable group [11].

We have recently published a quantitative study of the interaction of
the phenothiazinic antipsychotic agent trifluoperazine (TFP) with the
erythrocyte membrane in which we determined the TFP/ipid ratio for
erythrocyte membrane protection or lysis [12]. In the present study we
report the interaction of three different drugs with erythrocyte membranes
by measuring their partition coefficients between membrane and water and
by monitoring their hemoilytic activity (protection or lysis). The comparison
of these drugs takes into account the drug/lipid molar ratio to achieve the
membrane protection and disruption, as well as the contribution of
partitioning, drug miceilization and ionization to the hemolytic process. The
chosen drugs were TFP, the local anesthetic dibucaine (DBC) and
praziquantel (PZQ), an antiheimintic compound (Fig. 1). It is interesting to
note that while the interaction of TFP [3,9,11-20] and DBC [9,13,15,17] with
erythrocytes has been extensively studied, this is - to our knowledge - the
first report concerning PZQ.
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2. Material and Methods

TFP hydrochloride, DBC hydrochloride and egg phbsphatidyicholine
(EPC) were obtained from Sigma Chemical Co., St Louis, MO. Praziquantel
was kindly donated by Merck S.A. IndUstrias Quimicas, S&o Paulo, SP .

Membrane preparation. Mouse liver microsomes [20], EPC
muitilameliar vesicles and mouse erythrocyte membranes were prepared as

described previously [12]. Erythrocyte ghost membranes were prepared as
described by [21].

Protein and phospholipid concentrations were determined according
to [22,23].

Partition coefficient (P) determination by phase separation. A known
amount of drug was incubated for 10 min. with the membranes, Keptin PBS
(150 mM NaCl, 5§ mM sodium phosphate, pH 7.4) at room temperature (22-
25°C). The drug concentration remaining in the supernatant after
centrifugation at 105 000 x g for 1 h was optically detected at 256 nm for
TFP (ey= 23500), at 324 nm (gy= 3770) for DBC and at 260 nm (em= 320)
for PZQ against the respective control (membrane in PBS). Ghosts rather
than whole erythrocytes were used in partition coefficient determination
because the spectrum of hemoglobin released during the experiment
overlapped the optical spectra of the drugs, preventing their precise
determination in the supernatant. The amount of drug (solute) bound to the
apolar phase was obtained by subtracting the supernatant concentration
from the total solute concentration measured before phase mixing. The
partition coefficient, P, was caiculated according to Eq.1 [24]:

_ n, )V,
P= n (3)/V, (1)

where s denotes the solute compound, r is the number of moles of solute,
V = volume and the subscripts m and w refer to the membrane and
aqueous phase, respectively. The apolar phase volume (Vm) was
calculated assuming a lipid density of 1 g/mL for the membranes 121

Octanolfwater P determination. PBS and n-octanol solutions were
pre-equilibrated overnight; after drug addition the mixture was vortexed and
incubated for 10 min. before centrifugation at 260 x g, for 5 min. The drug
concentration is the water phase was optically determined and P was
calculated as described for the phase separation experiments.

Determination of critical micelle concentration (CMC). CMC was
determined with a K12 Kriiss tensiometer. The surface tension of TFP

3



Fublicagtes Cientificas

solutions ranging from 0.1 to 100 pM was measured using PBS buffer and
the surface tension of DBC solutions ranging from 0.5 to 30 mM was

measured using 50 mM phosphate buffer, pH 6.8, both at room
temperature.

Assay of protection against hemolysis. Erythrocytes (0.14%
hematocrit) were incubated in hypotonic condition (PBS buffer with 66 mM
NaCl, 5§ mM phosphate, pH 7.4) to induce 50% hemolysis. Each compound
was added in an appropriate concentration range (0.01-100 uM for TFP,
0.001-2.5 mM to DBC and 0.005-5§ mM to PZQ) and the samples were
incubated for 10, 30 and 60 min. After centrifugation at 260 x g for 3 min.,
released hemoglobin was measured in the supernatant at 412 nm. The
results were expressed on a relative absorbance (RA) scale, with statistical
analysis of variance conducted at the SAS program [25], as previously
described [12]. RA is the average value of 15 experiments.

Hemolytic assay. TFP (1-200 yM) and PZQ (0.05-10 mM) were
prepared in isotonic PBS. DBC (0.1-10 mM) was prepared in PBS adjusted
to pH 6.8. PZQ was dissolved in DMSO before PBS addition so that the
final DMSO concentration never exceeded 5% (viv). Erythrocytes
(hematocrits ranging from 0.04 to 0.14%) were added, and the samples
kept at room temperature, for 10 min. (TFP), 30 min. (DBC) and 90 min.
(PZQ) before centrifugation at 260 x g, for 3 min. The different incubation
times are due to discrepancies in the time required to induce the maximum
effect. Hemoglobin released into the supernatant was detected at 412 nm
(for lower hematocrits) and 540 nm (0.14% hematocrit).

The hemolytic effect, measured as percent relative hemolysis (RH),
was determined on the basis of released hemogiobin, subtracting the
hemolysis obtained for the control (erythrocytes in PBS) from the hemolysis
of samples.

Re (drug/lipid ratio) calculation. Lichtenberg defined C%*7 and C5°" as
the solute concentration needed for saturation and total membrane
solubilization, respectively [26]. These concentrations were determined in
the hemolytic experiments and plots of C*7 and C%° as a function of
erythrocyte membrane lipid concentration permitted the determination of
Re, the effective solutellipid molar ratic both for initiai (saturation) and total
hemolysis {solubilization), according to Eq. 2 [27,28] :

Dt =Re [L + 1/Kb (Re + 1)] 2)

where Dt is the totai solute (C%*7, C%%) and L the lipid concentration in the
system. Re is taken from the slope of the resulting straight line and the Y
4
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intercept cotresponds to Dw, the concentration of the free solute in water,

equivalent to its CMC [26,29]. Finally K, (M) describes the solute binding
to membranes in terms of equilibrium:

R sm » {Sm}
" [s]im]
where s is the free solute and sm is the membrane-forming compound.

Binding constants (K,) and partition coefficients (P) are related through the
partial molar volume, V; of the lipid phase, according to [8,30]:

S+m

Kb =P Vv (3)
for erythrocytes, V' was taken as 0.658 Limol [12].

3. Resuits and Discussion

Although the drug-induced hemolysis phenomenon has been studied
since 1937 [31], up o now the nature of drug-membrane interaction has not
been clearly elucidated. Many authors have described the interaction of
amphiphiles with the erythrocyte membranes, reporting the general
characteristics of this interaction. For instance, since 1966, Seeman has
established that tertiary amines like phenothiazine neuroleptics and local
anesthetics induce hemolysis in a biphasic manner [9]; Seeman and
coworkers [32,33] reported that many amphiphiles are able to protect
erythrocytes against hypotonic hemolysis by intercalating into the
membrane, increasing the membrane-areafvolume ratic of the cell and
thereby the critical hemolytic volume of the erythrocyte, Sheetz and Singer
[14] proposed that anionic drugs are echinocytogenic while cationic
compounds induce stomatocytosis. Aki and Yamamoto [18] suggested that
potent hemolytic drugs such as cationic phenothiazines trigger a thermal
effect differing from that of other hemolytic compounds, like anionic
antiinflammatories, which induce a slightly negative AH. In a recent report
we have used microcalorimetry to compare hemolysis induced by TFP,
DBC and PZQ. We showed that the heat effect of TFP is 4 times greater
than that of DBC, indicating putative different pathways in hemolytic activity
[34]. Since calorimetry is a nonspecific technigue, the observed heat effect

cannot discriminate between any particular events and shows the overall
outcome of the hemolytic phenomenon.

Here we intend o analyze the hemolysis caused by these three
compounds (TFP, DBC and PZQ) which probably use distinct mechanism 5
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for their membrane-disruption action. Table | shows some physicochemical
properties of the drugs studied. The phenothiazine derivative TFP and the
local anesthetic DBC have an ionizable amine group with a pK of 8.1 and
8.3, respectively [35,36], so that, as discussed further in this paper, both
charged (+) and uncharged (:) species are present at physiologic pH. Water
solubility is given for both species (Tablel). As amphiphilics, these
drugs have a surfactant behavior: they are able to form micelies at the CMC
values determined (Table 1). PZQ has a low water solubility and it does not
ionize or show any aggregate property.

Drug partitioning between membranes and water

Table |l shows TFP, DBC and PZQ partition coefficients (P) between
membrane (microsomes, erythrocyte ghosts, liposomes) and water and
octanol/water systems, determined at pH 7.4. It can be seen that TFP
partition into the membranes is higher than those of DBC and PZQ into any
of the membranes. This is curious because TFP is also highly water soluble
(see Sw for charged form in Table 1) and should not present the highest
partition into membranes at pH 7.4. Differences in ionization, ie.,
charged/uncharged drug ratios at physiologic pH, can explain these resulis.
A detailed look at the ionization properties reveais that at pH 7.4 and in the
presence of membranes TFP is ca. 40% in the uncharged form [12] while
DBC is just 16% uncharged (see later in discussion of Eq. 6). That is why
TFP becomes more hydrophobic than DBC at pH 7.4. But what about PZQ
? 1t does not ionize at all around physiologic pH. Why does PZQ show the
worst interaction with membranes (Table Il) and — as will be shown further
on in the hemolytic experiments — why does it need longer incubation
times than TFP and DBC to induce hemolysis ? It appears that the low
solubility of PZQ determines a non-ideal partitioning (defined by K. Sw < 2)
fimiting its entrance into the membrane, as described before for n-alcohol
series [37-39] and local anesthetics [40). In this case there is a restraint in
membrane partitioning related to the incompiete exclusion of the drugs from
the membrane — the “cutoff’ effect - once saturation of the water phase is
reached. This non-ideal partitioning of PZQ will also explain the large
amounts of the drug and iong incubation times required for the hemolytic
effect.

Anyway, the high affinity of TFP for biomembranes allows if fo easily
penetrate the central nervous system and thus to be one of the most potent
aniipsychotic agents. The stronger binding of TFP fo microsomes may

reflect some TFP-protein interaction, as discussed before [12]. Table |i also
shows that for each drug used the partition into ghost membranes is lower
than the partition into the other biiaTyers (microsomes and EPC liposomes).
To explain the rather small P57 yalues, we must consider the lower

&
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fluidity of the ghost membranes, related to their high cholesterol content

(30% in weight) [41] and to the cytoskeleton rigidity [42] that may restrict
drug partition into them.

The P values obtained for the drugs into different membranes show
that the partition varies greatly for each membrane studied. Absoiute P
values determined between the organic phase {(octanol) and water were
lower than P values between membranes and water (Table i1); as also
reported by other authors [11,13], P°°7 values rarely coincide with those
found in biomembranes and should be used with caution [12,43].

Even in real anisotropic systems like membranes, our data reveal
large differences in P values, depending on the composition of the bilayer
and membrane nature (EPC vesicles, microsomes or erythrocyte ghosts).
So, we wish io emphasize that when P is used as a hydrophobic parameter
it gives an approximate idea, but the nature of the membrane must be
always considered, for each apolar/polar partition system.

Hypo- and isotonic drug-induced hemolysis and drug/lipid ratio
determination

In a previous work we showed the hemolytic action of TFP under
hypo- and isotonic conditions [12]. A biphasic TFP hemolytic curve obtained
for Ht = 0.14% is shown in Fig. 2. TFP — at concentrations up to 17 puM -
stabilizes and protects erythrocytes against hypotonic lysis, while at higher
concentrations — above 17 uM —the upward curvature indicates iysis. The
maximal protective TFP concentration (C™") is 13 uM, with TFP in its
monomer form. The hypotonic curves were performed at three different
incubation times, i.e., 10, 30 and 60 min. with no significant differences with

increasing times, which means that 10 min. is enough for TFP to reach the
partition equilibrium.

Fig. 2 also shows the biphasic hemolytic effect under hypotonic
conditions for DBC and PZQ. The protective effect of DBC against
hemolysis (inward curvature) is maximum at ca. 120 OM and stabilises after
30 min. of incubation. For PZQ, the concentration and the lower incubation
time required to produce a stable protective effect were 1 mM and 60 min.,
respectively. The upward curvature in the DBC and PZQ curves (RA > 1,
Fig. 2) reveais the lytic effect of these drugs. C™7°7 values for the three
compounds are listed in Table 1I, as well as Re™°7, the effective drug/lipid
ratio in the membrane for maximal protection, calculated from P°HOST

values and Eq. 1; these ratios will be discussed later, on together with
hemolytic Re values.
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Fig. 3 presents the hemolytic curves obtained in isofonic medium
(150 mM NaCl in PBS buffer) for TFP, DBC and PZQ. At low drug
concentrations the membrane incorporates the amphiphiles without iosing
its integrity, and after membrane saturation the addition of a small of the
dru% quickly induces lysis. From the curves in Fig. 3 we obtained C%7 and
C5% values, ie., the drug concentration for the onset and complete
solubilization of erythrocyte membranes. We point out here the direct
correlation observed between P®7°ST and hemolytic activity (C*47, C5°- and
also C™*°7 in Fig. 2). As seen for protection, the most effective drug in
inducing lysis was TFP, which also had the higher partition coefficient, while
large amounts of PZQ, the drug with the lowest partition into ghosts, are
required to disrupt erythrocyte membranes. These data are in agreement
with Kanaho's theory that drug entrance into the bilayer is a major step in .
the hemoiytic process [10].

Hemolytic experiments with DBC were conducted at pH 6.8 to
prevent the low solubility of DBC at pH 7.4 from limiting its partitioning
inside the erythrocyte membranes. We will discuss further that DBC
partitioning was not very different at these two pH values.

C%4T and C°° are plotted as a function of lipid concentration in Fig. 4,
to give the straight lines predicted by Eq. 2. The corresponding drug-to-lipid
molar ratio in the membrane, Re, (Table {V) was readily calculated from the
saturation and solubilization lines in Fig. 4. As described above, the straight
lines in Fig. 4 (A, B and C) shouid intercept the y axis at Dw, the free drug
concentration in water that would correspond to the CMC of the amphiphilic
molecule in the presence of membranes. For TFP, the obtained Dw (59 and
94 uM ) closely resembie the CMC determined at pH 7.4 (42 uM, Table ).
For DBC at pH 6.8, Dw values (1.17 and 1.70 mM) were 10 times lower
than its CMC and far from its charged form’ water soiubility (Table 1). Dw
values came close to zero for PZQ, as if the drug concentration in the
aqueous environment were negligible.

TFP showed surfactant-like behavior [12] since its CMC was iow
(Table 1), indicating a high degree of intermolecular (TFP-TFP) hydrophobic
interactions. The aggregate properties of TFP corroborate to its Iytic activity
since erythrocyte lysis occurs as membrane phospholipids are released to
the forming mixed-micelles [12]. Keeping this consideration in mind, and
going back to DBC, we see that the Dw values (Table !I) are very different
from the CMC (10.7 mM at pH 6.8, Table 1) of the anesthetic, indicating that
the amphipathic DBC induces lysis in its monomer form. The antiheiminthic
PZQ is not a surfactant molecule and does not form micelles, but it forms
another (solid) phase in the system at concentrations above G,
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Table IV lists C**7, C5°, Re and Dw values, obtained for TFP, DBC
and PZQ. Re was determined for saturation (Re®T) and solubilization
(Re®°") experiments, according to [26-28] and they represent the effective

drug:lipid molar ratio in the membrane for the onset and completion of
membrane rupture.

We see that a 0.43:1 TFP:lipid ratio (Re®") leads to membrane
saturation. Above this point, erythrocyte phospholipids probably move to the
hydrophobic micelle environment, causing membrane disruption [12] and
complete membrane solubilization is achieved at ca. 1.5:1 TFP:lipid molar
ratio (Re®°"). These ratios are in good agreement with those obtained with
other amphiphilics’ like Triton X-100 (0.7:1 and 3:1) iytic effect on egg
phosphatid)rllchoiine vesicles [27, 44] and erythrocytes [45]. Concerning
DBC, Re® is 33:1 and Re%™" is 51:1. These very high drug:lipid ratios do
not represent a real situation since it is not possible to keep the membrane
arrangement with 33 or 51 DBC molecules per lipid molecule. From this
point of view, it seems to us that Lichtenberg's treatment [26] can be a
useful tool to describe the hemolytic activity of surfactant-like compounds
such as TFP, but not of DBC. The high CMC of dibucaine does not
characterize it as a surfactant. in the case of PZQ, whose behaviour is
much more distant from that of a surfactant, the values of ReS*” and Re O
are compietely unreasonable (163:1 and 765:1, respectively), at least
concerning drug:lipid molar ratios in the membrane (Re).

Following this approach a litle further, and assuming ideal
partitioning of lipid and drugs in dilute aqueous media [26,29], we can
obtain the drug-membrane binding constants (Kp) from the saturation
straight lines of Fig. 4 according to Eq. 4

Re™ = K, Dw / (1-K,.Dw) (4)

The K, value for TFP between erythrocytes/water was 4.8 x 10° M
(Table 1V). Since K, and P are related (Eq. 3), for trifluoperazine P = 7268.
The K, value obtained for DBC between erythrocytes/water was 8.9 x 102
M (Table IV) corresponding to a partition coefficient of 1356. For PZQ, the
K, obtained between erythrocytes/water was quite unreasonable (9.9 x.10°
M or P = 1.5 x10™), probably distorted by the very low Dw value, and non-

ideal partitioning [37], that does not allow PZQ to be studied by
Lichtenberg’s treatment.

The K, determined here for TFP and DBC give overestimated P
values in comparison to P%"°° (Table if) determined by phase-separation.
Nevertheless, the values for DBC showed better agreement than those for

9
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TFP. The hemolytic activity of DBC is mainly determined by its membrane
partitioning, while the activity of TFP reflects partition and aggregate

phenomena, leading to an overestimate of K, from the hemolytic
experiments (Table 1V).

if Lichtenberg’s approach seems inappropriate for the three drugs,
let us take another look at the drug:lipid ratios for hemolysis, applying
PEHOST and Eq. 1 to calculate Re>” and ReS°:. The calculated drug:lipid
molar ratio inside the membrane for saturation and solubilization, Re>*" and
Re®Ct, will be 0.06 and 0.09:1 for TFP in the experiment of Fig. 3, with an
Ht= 0.14%. The low ratios indicate that TFP-induced hemolysis is not the
result of membrane saturation with the drug but is caused by the
association of pariitioning with achievement of TFP critical micelle
concentration. Now for DBC Re®7” and Re°" will be 0.34 and 0.69:1,
respectively, and these ratios seem quite reasonable for true saturation of
the membrane phase [46]. Even PZQ, with its small water solubility and
non-ideal partitioning, reveals Re%*” and ReS°" values of 0.25 and 1.89:1,
indicative of real membrane saturation.

Our data indicate that Lichtenberg’s treatment is appropriate for
classic surfactant molecules, and only if the concentrations required for
hemolysis do not maich the CMC range of the surface active compound.
For the three drugs studied here the determination of P values by phase
separation and calculations of drug:lipid molar ratios give more reasonabie
results. It seems that hemolysis occurs with membrane destabilization due
to lipid sequestration from the bilayer caused by the amphiphilic exchange
between water (monomer), membrane and also micelle (in the case of TFP)
phases; this last exchange facilitates the process as it enhances lipid
sequestration from the bilayer, explaining the hemolytic action of TFP at
very low (0.06-0.09%) drug:lipid molar ratios. Moreover, the necessity for

significant exchange rates justifies the low hemoiytic efficiency of PZQ
despite its hydrophobic nature.

Protection against hypotonic hemolysis (Table 1ll) always occurred at
lower druglipid ratios than ReSA” and ReS°" calculated by this alternative

method, for the three drugs. Re™ °" values (Table Ili) strongly support the
accuracy of this analysis.

Real charged/uncharged ratios for TFP and DBC at physiologic pH

We have mentioned that the low water solubility of PZQ restricts its
partition into membranes, explaining the huge amounts of drugs required for
hemolysis. But how to explain the higher P values and hemolytic effect of
TFP compared to DBC?In previous studies we reviewed the effect of
different pariitioning of ionizable local anesthetics [8] and TFP [12] at their

10
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ionization constants. It was shown that whenever the binding of
charged/uncharged forms is different, it will imply a pK shift of the
partitioning compound. Trifluoperazine, for example, has its ionization
constant downshifted from 8.1 to 7.6 in the presence of egg PC
multilameliar vesicles [12].

Table V shows quite different P values for TFP charged/uncharged
species, with the neutral form partitioning better (P“": = 2463) than the
protonated, less hydrophobic species (P""+ = 812). For DBC, the P-P-
value was iess than two times greater than the P~F+ value (Table V) and

pKapp, the apparent ionization constant in the presence of membranes,
calculated according to [46]:

PRy, = pK-log|(P .7, +7,)/(P.. v, +7,)] (5)

was found to be 8.1 in the presence of 12 uM lipids (Ht = 0.14%, Table V),
revealing a downshift of ca. 0.2 pH units. At higher phospholipid
concentrations, calculated pKapp was the same.

Using pKapp in the Henderson-Hasselbaich equation (Eq. 8), one
can calculate the neutral (:) to charged (+) molar ratio at pH 7.4:

pH = pKapp + log [base] / [acid] (6)

The neutral/charged molar ratio (Z) for TFP and DBC at pH 7.4 is
0.67:1 and 0.19:1. As a consequence, we can say there is no predominant
form of TFP at pH 7.4 while the charged DBC is always the major species
under physiologic conditions, with or without membrane.

Now, taking into account the #: and P+ values and Z at pH 7.4, an
average partition coefficient (Paverage) can be calculated, as shown by Eq.
7

P _ P, +(P:.2Z)
average 1+ 7 (7)
The calculated values of Paverage, obtained from P: and P+ values
of TFP and DBC forms (measured at pH 5.0 and 10.5, respectively)

between liposomes and water, are listed in Table V. For TFP Paverage is
1432 [12].

For DBC in multilamellar liposomes, the calculated Paverage value
was 1918, reflecting the contribution of both charged (84 %) and

il
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uncharged (16 %) forms to its partition at pH 7.4, and showed a very good
correlation with the experimental value (P”F = 1884, Table Il). At pH
6.8,used for the hemolytic experiments for DBC, Paverage was 1827, i.e.,
very close to that of DBC at pH 7.4,

Paverage indicates that partitioning is higher than one would expect
by ignoring the pK shift, and hemolytic experiments support this analysis.
Hydrophobic membrane interaction is important for the interpretation of the
hemolytic effects of the three drugs studied. This explains the direct
correlation between the hydrophobicity and biological effects of
phenothiazine compounds [11,16,19] and local anesthetics [47].

Besides, Paverage values reveal that TFP and DBC have similar
hydrophobicity at pH 7.4 in phospholipid membranes and their quite
different effect on erythrocyte membranes must reflect a different
mechanism of action for TFP - involving micelle formation and its stronger
interaction to erythrocyte’s membrane proteins - and DBC.

4. Conclusion

This work comparatively describes the biphasic (protective/inductive)
effect of TFP, DBC and PZQ on mouse erythrocyte hemolysis and
elucidates differences in the hemolytic pathway developed by each drug.

The protective effect promoted by the three drugs seems to be
triggered by the monomer insertion into the membrane and is directly
related to the drugs’ hydrophobicity. Protection occurs at low drug:lipid

molar ratios (0.01 to 0.14:1), lower than those required for membrane
saturation and solubilization.

The hemolytic effect reveals more details about the mechanism of
lysis of each drug. Hemolysis is proportional to the drugs’ hydrophobicity (P
values) but TFP acts as a surfactant and above CMC it solubilizes
membranes [12], while the hemolytic effects of DBC and PZQ are not

correlated with the formation of micelles and hemolysis occurs at monomer
concentration.

By applying classical treatments for the study of the interaction
between surface-active compounds and lipid vesicles [26] to the hemolytic
curves, it was &ossible to calculate drug:lipid molar ratios for the onset of
hemolysis (Re™") and for compiete membrane solubilization (Re°"). This
approach also permitted the calculation of P values from the hemolytic
curves, i.e., between whole erythrocytes and water. The resulis were
coherent for TFP, except for the high K, and P values, but did not seem o

iz
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be appropriate (very high Re values) for the interpretation of DBC and PZQ
interaction with erythrocyte membranes.

Instead, the knowledge of P%%ST  vajues allowed the direct
caiculation of the Re values, with better results. Membrane saturation and
solubilization occurred at low Re values for TFP (0.06 and 0.09), because
C>7 and C°% were close to its CMC while for DBC and PZQ a real

membrane saturation (at ca. 0.30:1 drug:lipid) was reached before
hemolysis takes place.

We conclude that Lichtenberg's treatment is not always appropriate
to interpret surfactant:membrane interaction (even with surface active
compounds like TFP). Rather, calculation of the effective drug:lipid molar

ratios, based on previously determined P values seems to give more
reliable results.

The amount of uncharged and charged TFP and DBC species at pH
7.4 was analyzed, taking into account the differences between neutral ()
and protonated (+) binding to membranes and its effect on the real
ionization constant, pKapp [8,48]. P average, the mean partition coefficient
at pH = 7.4, was estimated and presented good agreement with the
experimental data. For trifluoperazine, P average received an important
contribution from the uncharged species, while for DBC there was no
important contribution of uncharged species to membrane interaction,
explaining the higher hydrophobicity of TFP at pH 7.4 compared to DBC.

This work presents the first report of the effect of PZQ on erythrocyte
membranes, showing some of its particular features. Low solubility limits
PZQ entrance in the bilayer, configuring a slow partition equilibrium (about
60 min. between erythrocytes and water) and the need of hi_gh quantities of
total drug to induce lysis (in order to obtain appropriate Re®* ).

Although hemolysis was always commited io the drug’s
hydrophobicity, the mechanisms of action of the three drugs were also
determined by the aggregate properties of TFP and the restricted water
solubility of PZQ. The rate of lipid removal from the bilayer was very high
for TFP and hemolysis occurred before a real saturation of the membrane
took place; this saturation was in fact observed for DBC and PZQ.

The results presented here should be of help in the understanding of
the molecular mechanisms involved in drug-induced hemolysis and in the

development of new amphipathic drugs (those which site of action is at the
membrane level) with low hemolytic activity.
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Figure 1: CHEMICAL STRUCTURE OF TRIFLUOPERAZINE (TFP),
DIBUCAINE (DBC) AND PRAZIQUANTEL (PZQ).
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Figure 2: DRUG-INDUCED PROTECTION OF ERYTHROCYTE LYSIS
UNDER HYPOTONIC CONDITIONS. For TFP (m), pH 7.4, incubation time
= 10 min; for DBC (e), pH 6.8, incubation time = 30 min; for PZQ (&), pH
7.4, incubation time = 90 min. Ht = 0.14%, hypotonic (66 mM NaCl) 5 mM
PBS, room temperature.
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Figure 3: HEMOLYTIC EXPERIMENTS UNDER ISOTONIC CONDITIONS.
A) TFP, pH 7.4, incubation time = 10 min; B) DBC, pH 6.8, incubation time
= 30 min; C) PZQ, pH 7.4, incubation time = 90 min. Ht = 0.14%, 5 mM
PBS, room temperature. C%7 and C5°" (see text) are shown.
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Figure 4: EFFECTIVE DRUG/LIPID MOLAR RATIO FOR MEMBRANE
SATURATION AND SOLUBILIZATION: A) TFP; B) DBC; C) PZQ. C*7 (s)
and C5°t (m) were plotted as a function of erythrocyte lipid concentration.
Re values were taken from the slope of the straight lines.
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TABLE 1: Physicochemical properties of TFP, DBC and PZQ. Molecular

weight (MW), aqueous solubility (Sw) and critical micellar concentration
(CMC).

Drug mMw Sw (M) Sw (M) @ CMC (M)
Charged form Uncharged
form
TFP 480.4 4 b 3.0.10° 42 .1p%¢
DBC 379.9 19°¢ 3.0.10° 10.7.103%¢
PZQ 312.4 - 1.3.10° -

2 Determined in 20 mM carbonate buffer, pH = 10.5.
® In water, according to the Merck index.

° In 0.02 acetate buffer, pH 5.0, according to [40]
Determined in 5 mM PBS, pH 7.4.

° Determined in 50 mM PBS, pH 6.8.
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TABLE Ml: Partition Coefficients ® for TFP, DBC and PZQ between
microsomes (P"°), erythrocyte ghosts (P®#°%7), liposomes (P-F), octanol
(P°CT) and water phase, in 5 mM PBS buffer, pH 7.4. Room temperature.

Dru g PMIC PGHOS PLIP b POCT

TFP 7172+ 1229 1380+ 429 1916 £ 341 452 + 55
DBC 793+119 375 £ 62 1884 +125 265 + 25
PZQ 4881179 210 £ 52 ¢ 50+ 12

2Each P value represents the mean + SEM of nine experiments.

® For PM¥ we used four freeze-thawing cycles, increasing the incubation time
to nearly 30 min..

° Not determined due to the high light dispersion that masks PZQ absorbance
at 324 nm.
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TABLE HI: Effective drug/lipid molar ratio in the hyposmotic hemolytic

protection of erythrocytes by TFP, DBC and PZQ. Experimental condition is
given in Fig. 2

TFP DBC PZQ
CPROT (mM) 0.013 0.12 1.00

ReROT 0.012 0.03 0.14
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TABLE IV: Effective drug/lipid molar ratios ® and related parameters in the
lysis of erythrocytes by TFP, DBC and PZQ. Experimental condition is given
in Fig. 3.

TFP DBC PZQ
CAT (mM) 0.068 1.4 1.8
CSo (mM) 0.104 2.8 13.7
Re™AT 0.43 32.9 163
ReS%* 1.45 50.7 765
Dw ( uM) ® 59 1117 ~0
Ky (M) 4783 892 9.9 x10°
P 7268 1356 1.5 x10"

@ According to [26].
® Taken from the saturation curves in Fig. 4.
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TABLE V: Partition coefficients for charged and uncharged TFP and DBC
species between liposomes and water. lonization constants determined in
water (pK) and calculated in the presence of membrane (pKapp) and
average partition coefficient at pH 7.4 (Paverage) calculated using pKapp.

Drug P2 pHr-® pK  pKapp ° Paverage °

TFP 8121198 24634274 8.1° 762 1432

DBC 17904545 2614+488 8.37 8.13 1919

® Determined in 20 mM acetate buffer, pH = 5.0.
® Determined in 20 mM carbonate buffer, pH = 10.5.

° Calculated from Eq. 5 for Ht = 0.14% (12 uM membrane lipid
concentration).

4 Calculated by Eq. 7 for pH 7.4, using pKapp instead of pK in the
determination of the base/acid molar ratio (Eq. 6).

¢ According to [35].
f According to [36].
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2.4. Membrane Effects of Trifluperazine, Dibucaine and Praziquantel
on Human Erythrocytes

Resumo

A trifluoperazina (TFP) € um potente agente antipsicético, a dibucaina (DBC)
é um anestésico local e o praziquantel (PZQ) € um agente altamente
eficiente contra a esquistossomose. O presente trabatho foi conduzido para:
(i) investigar os efeitos da TFP, DBC e PZQ sobre membranas eritrocitarias:
(i) comparar as alteragbes citotdxicas induzidas pelas drogas catiénias (TFP
e DBC) com as alteragdes induzidas pela droga neutra (PZQ); e (i)
esclarecer os mecanismos da interacdo de cada droga com a membrana
eritrocitaria. Microscopia eletronica de varredura e o célculo do indice
morfolégico foram utilizados para estabelecer a extensdo das alteragtes
morfolégicas dos eritrocitos induzidas por concentragdes subliticas destas
drogas. A interagdo droga-membrana eritrocitéria também foi monitorada
pela comparagéo da hemdlise induzida por estas drogas com a liberagdo de
lipidios da membrana (fosfolipidios e colesterol) quando as concentragdes de
droga eram tripiicadas. Os resultados mostraram que a droga neutra PZQ
induzia a mesma alteragéo morfologica (estomatocitose) que as catidnicas,
TFP e DBC. O efeito hemolitico variou com a droga empregada e mostrou-se
ser dependente da concentragdo. Diferentes curvas dose-resposta foram
obtidas para a eluicéo de lipidios, embora os perfis de liberagdo de colesterol
e fosfolipidios tenham sido similares para cada droga. Os diferentes efeitos
induzidos pela TFP, DBC e PZQ na morfologia do eritrocito, na hemélise e na
eluicdo de lipidios estdo relacionados a caracteristicas fisico-quimicas de
cada droga. Estes resuitados sugerem que distintos mecanismos celulares
de interacdo com a membrana s8o responsaveis pelos mecanismos de
citotoxicidade de cada droga.
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Abstract

Trifluoperazine (TFP) is a potent antipsychotic agent, dibucaine (DBC) is a
local anesthetic and praziquantel (PZQ) is a highly effective agent against
schistosomiasis. The present work was conducted to (i) investigate the
efffects of TFP, DBC and PZQ on human erythrocyte membranes, (i) to
compare the cytotoxic alterations induced by the cationic drugs (TFP and
DBC) with those induced by the neutral compound (PZQ), and (iii) to clarify
the mechanisms of each drug-membrane interaction. Scanning electron
microscopy was used to establish the extent of the morphoilogical
erythrocyte alterations induced by sublytic concentrations of these drugs
and the morphological index was caiculated. Drug erythrocyte membrane
interaction was also monitored by comparing drug-induced hemolysis with
the release of membrane lipids (phospholipids and cholesterol), when
triplicate drug concentrations were used. Our results showed that neutrai
PZQ induces the same morphological alterations (stomatocytosis) as the
cationic drugs TFP and DBC. Hemolysis was shown to vary with the drug
used and to be concentration-dependent. Different dose-response curves
were obtained for lipid elution, although the profiles of cholesterol and
phospholipids release were similar for all drugs. The different effects
induced by TFP, DBC and PZQ on erythrocyte morphology, hemolysis and
lipid exfoliation are related to the physical and chemical characteristics of
each drug. These results suggest that distinct cell membrane interaction
pathways lead to drug-specific mechanisms of cytotoxicity.
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1. INTRODUCTION

Trifluoperazine (TFP) is a potent antipsychotic agent (Baldessarini,
1996), dibucaine (DBC) is a local anesthetic (Strichartz et al.,1987) and
praziquantel (PZQ) is a highly effective agent against schistosomiasis
(Andrews et al.,, 1983). The effectiveness of PZQ against schistosomes and
other helminths (Andrews et al., 1983; Harnet, 1988; Frohberg, 1989), as
well as the absence of systemic toxicity of the drug (Frohberg, 1989) have
been well documented. Nevertheless, the precise mechanism by which the
drug affects the parasite have yet o be elucidated (Day et al, 1992).
Moreover, although the interaction of TFP (Seeman, 1966; Roth and
Seeman, 1972; Sheetz and Singer, 1974; Fujii ef a/,1979; Marroum and
Curry, 1993; Héagerstrand and isomaa, 1991; Meirelles eof al, 1994:
Malheiros et al, 1998a) and DBC (Roth and Seeman, 1972; Fujii et
al.,1979; Hégerstrand and Isomaa, 1991) with erythrocytes has been
extensively studied, there are - to our knowledge - no reports concerning
the interaction of PZQ with erythrocytes. Erythrocytes have become the
most used model of drug-membrane interaction and have provided a large
quantity of information of clinical interest. In fact, the erythrocyte membrane
is the most studied biological membrane because blood can be copiously
obtained by venous puncture and the membrane can be easily isolated by
low speed centrifugation (Elgsaeter and Mikkelsen, 1991).

The effect of a drug on the erythrocyte membrane involves two major
steps: the entrance into the bilayer and the intensity of the membrane-
perturbing action of the molecule once incorporated (Kanaho et al,1981).
Hydrophobicity, the size of the compound and the presentation of an
ionizable group are among the factors considered to be determinant in
drug-membrane interaction (Marroum and Cury, 1993). it is also well known
that mature human erythrocytes suffer changes in shape (stomatocytosis or
echinocytosis} under the in vitro action of amphipatic compounds (Deuticke,
1968; Sheetz and Singer, 1974; Fuijii et al,,1979; Hagerstrand and Isomaa,
1991; Brito ef al.,1996; Brites ef al., 1997).

In the present work we investigated the interaction of several
concentrations of TFP, DBC and PZQ with human erythrocytes, following 1
hr incubation at 37°C. The cytotoxic effects were analyzed based on
morphological alterations observed by scanning electron microscopy and
are reported in term of morphological index, extent of hemolysis and
release of membrane phospholipids and cholesterol into the incubation
medium. Results obtained with the cationic drugs TFP and DBC were
compared with those obtained for the neutral drug PZQ when friplicate

2
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concentrations of the drugs were used, in an attempt to clarify the
mechanisms of each drug-membrane interaction.

2. MATERIALS AND METHODS
Chemicais

Trifluoperazine (TFP) hydrochioride and dibucaine dihydrochioride
(DBC) were purchased from Sigma Chemical Co. (St. Louis, MQO.).
Praziquantel (PZQ) was donated by MERCK S.A. IndUstrias Quimicas, RJ,
Brazil. Osmium tetroxide was obtained from BDH Chemicals (Poole, UK).
Glutaraldehyde, dimethylsulfoxide (DMSO) and all other chemicals were of
analytical grade and were obtained from Merck (Darmstadt, Germany).

Cell preparation

Human blood was collected from heaithy donors into 50 U/mL
heparin and used within 30 minutes. Erythrocytes were separated from
plasma and buffy coats by centrifugation at 600 x g for 10 min at 4°C,
washed three times with cold isotonic saline buffer {145 mmol/L NaCl and 5
mmol/L sodium phosphate, pH 7.4). Washed adult erythrocytes were
resuspended at a 50% hematoctrit in 7.5 mmol/L phosphate, 145 mmol/L
NaCl, 5 mmol/L glucose, 1 mmol/L MgS04, pH 7.4 (incubation buffer).

Interaction of TFP, DBC and PZQ with erythrocytes

Stock solutions of 10 mM TFP and 40 mM DBC were prepared in
water, while the 200 mM PZQ solution was prepared in DMSO.

Washed human erythrocytes at a final 10% hematocrit were
incubated separately with TFP (60, 120, 240, 360 and 480 uM), DBC (0.75,
1.5, 2.25 and 3.0 mM) and PZQ (1.5, 3.0 and 4.5 mM) in incubation buffer
at a final reaction volume of 5 mL for 1 hr at 37°C, under gentle shaking.
Controls were performed in the absence of drugs and in the presence of
equivalent volumes of water or DMSO, as appropriate. The maximal final
DMSO concentration in the incubation medium was 2%.

The incubation was stopped by centrifugation at 600 x g for 10 min at
4°C and the erythrocyles were prepared for scanning electron microscopy.
Supernatants were collected and used to evaluate both hemolysis and fipid

content (phospholipids and cholesterol) after a further centrifugation at 600
x g for 10 min.

In order to assess the eventual hemolytic effect of DMSOQ in the
assays where lysis induced by PZQ was analyzed, hemolysis was also
evaluated following 1 hr incubation at 37°C of an erythrocyte suspension

3
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(10% hematocrit) with 2% DMSO. The presence of 2% DMSO in the
incubation medium induced a 0.3 + 0.1% release of hemoglobin.

Morphological analysis

Analysis of the erythrocyte morphology was performed by scanning
electron microscopy, as previously described (Kaul etal, 1981; Brito
et al.,19986; Brites ef a/,,1997). The specimens were examined with a JEOL-
JSM-T220 scanning microscope, operating at 20 KV.

According to morphological appearance, cells were classified as
discocytes, stomatocytes, spherostomatocytes, spherocytes and fusion-like
cells (whenever fusion-like phenomena were visible). In order to express
quantitatively the extent of cell alteration the morphological index was
calculated according to the following formula: morphological index = X
(morphological score) x [(number of distorted cells)/(total cell number)]
(Fujii et al.,1979). Considered scores were: 0 for normal discocytes, -1 for
stomatocytes, -2 for spherostomatocytes, -3 for spherocytes and -4 for

fusion-like cells. A total of 200 to 300 cells were counted in 3-4 randomly
selected fields.

Hemolysis determination

The extent of hemolysis was determined by direct measurement of
hemoglobin absorption at 542 nm in the supernatant (Todd et al, 1979).

Results are expressed as percentage of total hemolysis achieved by
complete lysis of RBC with water.

Extraction and quantification of cholesterol and phospholipids eluted
from the membranes

In order to characterize the amount of cholestercl and phospholipids
released from the erythrocyte membrane due to the interaction with each
drug, a lipid extraction of the supernatants (obtained as described above)
was performed by the method of Brito ef a/.(1998). Briefly, 3 mL of the
supernatant were mixed by vortexing with 5 mL of isopropanol; after 1 hr
incubation, 3 mL of chloroform were added with vortexing and incubated for
another 1 hr. The mixture was then centrifuged at 600 x g for 10 min, the
isolated organic layer was dried under a nitrogen stream at 37°C, and the
lipid extract was reconstituted in 100 ul chloroform/methanol (1:1, viv).
Lipid phosphorus and cholesterol content were determined using 10 pl
aliquots of the reconstituted extract according to previously described
methods (Rouser ef al, 1969; Bartlett, 1959: Oftt eof al., 1982; Brito ef
al.,1996).
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Statistical analysis

Results were compared using the two-tailed Student t-test, performed
on the basis of equal or unequal variance, as appropriate, and expressed
as mean * SEM. Correlation coefficients were determined whenever
relationships between two different parameters were analyzed. P values
lower than 0.05 were considered to be statistically significant.

3.RESULTS
Erythrocyte morphology

All the drugs studied were able to induce evident morphological
alterations at the end of the incubation period (Fig. 1). All drugs induced
stomatocytosis, even at the lowest conceniration tested. As the drug
concentration in the medium increased, a clearly visible change towards a
spherostomatocytic stage was observed. Spherocytes were already present
at 240 uyM TFP, at 2.25 mM DBC and at the lowest PZQ concentration
tested (1.5 mM). Moreover, significant membrane disruption and fusion
were clearly visible when working with 240 yuM TFP and were almost
complete at 480 pM, or with 2.25 mM DBC, a phenomenon not observed
with PZQ at the highest concentration tested (4.5 mM). Even when a final
PZQ concentration of 6.0 mM was assayed no membrane disruption or
fusion was observed (results not shown). However, this concentration was
avoided due to the low solubility of PZQ, despite the use of DMSO. The
morphological changes of the erythrocytes were expressed quantitatively by
the morphological index and are indicated in Table 1. Correlations between
the morphological index and drug concentrations were found for TFP
(r=0.968, P<0.05) and DBC (r=0.986, P<0.05) but not for PZQ (r=0.853,
N.S.). Moreover, the intensity of the shape-transforming effect varied
among the different drugs, as expected due to their different molecular
characteristics. in an attempt to compare the dose-response intensity of the
studied drugs in terms of morphology, and considering that the
concentration ranges employed for each drug were quite different as a
consequence of their physical and chemical properties, we analyzed the
effect of triple concentrations of each drug on the morphological index
response. A 3-foid increment was oberved for TFP (360/120 uM) and DBC
(2.25/0.75 mM) while only a 1.3-fold increment was obtained for PZQ
(4.511.5 mM). The absence of proportionality between the PZQ
concentrations and the corresponding shape changes indicates that this
drug interacts with the erythrocyte membrane differently from TFP and
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DBC. The difficult PZQ partition into membranes or a deficient
solubility may have accounted for the observed phenomenon.

Hemolytic effect

The dose-dependent lysis of erythrocytes by TFP, DBC and PZQ is
depicted in Figure 2. When added to the erythrocyte suspension, the three
drugs showed a hemolytic effect, with statistical significance even for the
lowest concentrations of TFP (P<0.01), DBC (P<0.05) and PZQ (P<0.01)
when compared to controls. Hemolysis varied with drug concentration, and
was statistically significant when results for triplicate concentrations of each
drug were compared. Significant correlations (P<0.01) between drug
concentrations and lytic effect were noticed for all the three compounds.
TFP and DBC induced the highest extent of hemolysis and revealed two
different concentration-dependent action intensities, a lower increment
phase (60-240 pM and 0.75-1.5 mM, respectively) followed by a marked
one (240-480 puM and 1.5-3.0 mM, respectively). The hemolytic dose-
response curve for PZQ was similar to those obtained for the lowest
concentrations of TFP and DBC. Moreover, PZQ was the drug with the
lowest lytic capacity with triplicate concentrations (4.5/1.5 mM), inducing a
3.4-fold increase in the extent of hemolysis, while a 4.5- and a 10.8-foid
elevation was observed for TFP (360/120 uM) and DBC (2.25/0.75 mM),
respectively. Nevertheless, considering the low concentrations used in the
TFP assays, this drug was still the most efficient hemolytic agent.

Cholesterol and phospholipids release into the supernatants

The levels of cholesterol release from erythrocyte membranes during
interaction with TFP, DBC and PZQ are indicated in Figure 3. Cholestero!
concentration was shown to increase significantly even for the lowest
concentrations of TFP (P<0.01), DBC (P<0.05) and PZQ (P<0.01) when
compared to confrols. Cholesteroi release into the supernatant was
correlated (FP<0.01) with the drug concentration in the medium for all the
compounds tested. When the effect on cholesterol elution from the
erythrocyte membrane by triplicate concentrations of each compound were
compared, a higher increase was found for TFP and DBC (P<0.01), than for
PZQ (P<0.05). In fact, PZQ (4.5/1.5 mM) only induced a 2.0-fold increase
while TFP (360/120 uM) and DBC (2.25/0.75 mM) led to a 8.7- and 4.7-fold
elevation, respectively. So, in contrast to hemoglobin release, for which the
most intense effect was observed for DBC, cholesterol exfoliation from the
erythrocyte membrane into the supernatant was more pronounced for TFP.

The phospholipids, expressed as lipid phosphorus, released from the
erythrocyte membrane bilayer into the supernatants are presented in Figure
4. Although ali the studied drugs induced a phospholipid elution, their ability

6
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to promote this exfoliation differed from drug to drug. Correlations were
obtained for TFP (r=0.905, P<0.01) and DBC (0.854, P<0.01) but not for
PZQ (r=0.264, N.S.) when the concentrations of each drug were related to
the concentration of phospholipids found in the supernatants. Although the
dose-response curves obtained for phospholipids elution induced by the
three drugs were similar to those for cholesterol release, the effect obtained
with triplicate concentrations of each compound was less marked for
phospholipids than for cholesterol. In fact, while this effect was observed
even for the lowest concentration (60 uM) of TFP (P<0.05), it was not
observed until the 2.25 mM concentration of DBC was reached (P<0.05)
and was only significant for the highest (4.5 mM) PZQ concentration
(P<0.03). Moreover, a lag phase was apparent for concentrations of 0.75
and 1.5 mM DBC. Reinforcing the above data are the significant increments
of 5.5-times (P<0.01) and 3.0-imes (P<0.05) for TFP and DBC,
respectively, not verified for the 1.4-fold (N.S.) increase produced by PZQ,
when effects resulting from the already mentioned tripiicate concentrations
were compared.

4. DISCUSSION

Concerning the bilayer coupie hypothesis (Sheetz and Singer, 1974),
cationic amphiphiles are stomatocytogenic while anionic amphiphiles are
echinocytogenic. In this report, we show that at low concentrations the
cationic amphiphiles TFP and DBC induce stomatocytosis, while at higher
concentrations they induce spherocytosis (Fig. 1 and Table 1), ending with
membrane disruption and hemolysis (Table 1 and Fig. 2). The
morphological alterations induced by TFP and DBC agree with those
previously described (Fujii ef al., 1979; Hagerstrand and Isomaa, 1981).
Considering that the ionization constant (pK) values at pH 7.4 for TFP and
DBC are 8.1 (Moffat, 1986) and 8.4 (Agin et al,1965: de Paula and
Schreier, 1995), respectively, two different species of each drug exist ,
corresponding to ionized and neutral forms. Even though the neutral PZQ
also induces stomatocytosis (Fig. 1), usually this morphoiogical alteration is
triggered by interaction of cationic compounds with the inner monolayer of
erythrocytes (Sheetz and Singer, 1974; Fujii et al., 1979).

Other studies indicate more complicated mechanisms than inner
monolayer molecule intercalation, such as inhibition of calmodulin-regulated
activities (Bereza ef al,, 1982; Nelson ef al, 1983) and drug-induced lipid
srambling (Schreier ef al., 1992), which were proposed to be implicated in
the stomatocytogenic phenomenon induced by chlorpromazine, another
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phenothiazine compound. However, the hypothesis of calmodulin-mediated
morphological cell changes was considered unsatisfactory (Reinhart ef al,
1986; isomaa and Engblom, 1988; Chen and Huestis, 1997). According to
Chen and Huestis (1997), since lipid scrambling is only partly responsible
for the overall chlorpromazine-induced stomatocytosis, drug-induced ioss of
fipid asymmetry by selective inner monolayer intercalation of the amphipath
still provides the most general explanation for its morphological effects.
Moreover, loss of lipid asymmetry was proposed to be at the origin of the
membrane fusion events (Bevers et a/,1996) observed here, when
erythrocytes were incubated with 360 pM TFP. The stomatocytosis
observed in our PZQ studies also indicates that electrostatic interaction is
not the single force involved in the morphological changes induced by the
drugs.

Drug-induced membrane distortion was proposed as a sensitive
indicator of membrane toxicity (Fuijii ef al., 1979; Kanaho ef al., 1981; Brito
et al, 1996), which varied considerably in the intensity of shape-
transforming effect among the different drugs studied, due to their particular
molecular characteristics. Therefore, the concentration ranges employed for
each drug were quite different. The intensity of the dose-response effect of
the tested drugs on morphology was then compared based on the mean
value of the morphological index increment observed when the drug
concentration in the medium was ftripled. The results showed a higher
degree of erythrocyte shape changes for interaction with DBC closely
foliowed by TFP, with PZQ presenting the lowest morphological index
(Table 1). Although 3 mM PZQ induced stomatocytosis, further
morphological alterations were not achieved when concentration was
increased o 4.5 mM, reflecting a difficult penetration of PZQ through the
membrane, in line with its smali partition coefficient (Malheiros ef al,,1998b).
Moreover, echinocytosis was observed for 6 mM PZQ (data not shown).
These findings may indicate a preferential location of PZQ in the inner
leaflet of the red celi membrane for low concentrations, and an overall
distribution in both leaflets at higher levels, as previously indicated for
benzyl alcohol (Bassé ef al, 1992). Also, it may be hypothesized that
general drug-induced lipid scrambling follows the intercalation of PZQ within
the inner monolayer, resulting in crenation, as proposed by Chen and
Huestis (1997) for the interaction of chlorpromazine with erythrocytes.

When the hemolytic activity of the three drugs tested was compared
{Fig. 2}, TFP was found to be the most efficient hemolytic agent (83.5 %) for
the highest concentration used (480 uM). DBC, induced 50 % hemolysis at
3 mM and PZQ induced only 6.4 % hemolysis at 4.5 mM. According to
Kanaho et al. (1981), the effect of a drug on erythrocyte membranes could
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be divided into two main steps: the selective transfer of drugs from the
external medium to the membrane (described by partition coefficient), and
the intensity of the membrane-perturbing action of the drug molecule once
incorporated into the membrane. The results obtained in the hemolytic
study (Fig. 2) are in agreement with other reports showing that TFP has
both a higher partition coefficient and a higher exothermic heat effect when
compared with DBC and PZQ (Malheiros et ai.,1998b), supporting the
predictions of Kanaho et a/. (1981).

The release of cholesterol from the membrane into the supernatants
following interaction with the tested drugs, although more marked for TFP
and for DBC than for PZQ (Fig. 3), may be implicated in a decrease in
membrane microviscosity, already described for the interaction of
anaesthetic agents with the erythrocyte membrane (Norman et al., 19973,
Furthermore, the exfoliation of membrane phospholipids indicates that the
interaction of these drugs with erythrocytes increases the fluidity of the
erythrocyte membrane, as already described for the hemolytic activity of
some detergents (Galembeck ef al, 1998). This drug-induced membrane

disorganization was much stronger for the cationic drugs TFP and DBC
than for the neutral drug, PZQ.

Analyzing the differences in phospholipids and cholesterol release
from the membrane bilayer that accompanies drug-induced lysis, together
with the increase of hemolysis, no proportionality was found. in fact, when
compared to DBC, TFP promoted a two times higher elution of cholesterol,
suggesting that TFP interacts more directly with cholesterol or induces
particular membrane disturbances that culminate in cholestero! release.
Based on the low CMC of TFP (about 40 uM) (Spinedi et al, 1992:
Malheiros et al,,1998a) and its surfactant properties, it is conceivabie that
micellar hydrophobic environment created by drug aggregation may attract
cholesterol, leading to mixed-miceiles formation that facilitate cholesterol
elution from the membrane. The aggregant property of TFP may contribute
to the high efficacy of TFP as a hemolytic agent (Malheiros ef al.,1998a),
The lower elution of cholesterol by DBC may result from a less specific
interaction with cholesterol, or from the inability of DBC to form micelies.
Despite the slight exfoliation of lipids induced by PZQ, the elution of
cholesterol was ~1.6 times greater than that of phospholipids, probably
resulting from the large PZQ molecule accommodation in the lipid layer

(Schepers ef al., 1988) preferentially perturbing the membrane cholesterol
stability.

The cytotoxic effects of TFP, DBC and PZQ on human erythrocyte
morphology, hemolysis and lipid exfoliation reflect the hidrophobicity,
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solubility, ionization state and aggregative properties of each drug, which
directly influence drug-membrane interactions.
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Fig. 1. écanning electron micrographs showing the effect of increasing
concentrations of triffuoperazine (TFP), dibucaine (DBC) and praziquantel
(PZQ) on human erythrocyte morphology. Erythrocytes (final hematocrit,
10%) were incubated at 37°C for 1 hr under the following conditions: (A) in
the absence of any drug, (B) in the presence of 120 (C) and 360 yM of
TFP, (D) in the presence of 0.75 (E) and 2.25 mM of DBC, (F) in the
absence of any drug but with DMSO 2 %, (G) in the presence of 1.5 (H) and
45 mM of PZQ. Details of the microscopic preparations are given in
Materials and Methods. Magnification: 3700 x.
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Fig. 3. Cholesterol content in the supernatants foliowing drug interaction
with erythrocytes. Erythrocytes in a 10% suspension were separately
incubated for 1 hr at 37°C with triflucperazine, dibucaine or praziquantei,
and cholesterol in the supernatants was determined as described in
Materials and Methods. Each point refresents the mean + SEM of four
independent experiments. *P<0.01 and *P<0.05 vs. controis.
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Fig. 4. Phospholipid content in the supernatants following drug interaction
with erythrocytes. Erythrocytes in a 10% suspension were separately
incubated for 1 hr at 37°C with trifluoperazine, dibucaine or praziquantel,
and lipid phosphorus in the supernatants was determined as described in

Materials and Methods. Each point refresents the mean + SEM of four
independent experiments. *F<0.01 and

P<0.05 vs. controls.
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Table 1:Dose-response effects of ftrifluoroperazine, dibucaine and

praziquantel on erythrocyte shape, expressed as morphological index of the
freated celis

Trifluoperazine Dibucaine Praziquantel

(uM) (mM) (mM)

60 120 240 360 075 15 225 3.0 15 30 45

Morphological 0.8 -1.3 -18 -38 09 14 27 -35 -1 -14 -14
index

Erythrocytes in a 10% suspension were incubated for 1 hr at 37°C with
different concentrations of the three drugs tested. The morphological index
was calculated according to the following formula: morphological index = =
(morphological score) x [(number of distorted cells)/(total cell number)]
based on the analysis of erythrocyte morphology by scanning electron
microscopy of a_total of 200 to 300 cells counted in 3-4 randomly selected
fields. The scores assigned were: 0 for normal discocytes, -1 for
stomatocytes, -2 for spherostomatocytes, -3 for spherocytes and -4 for
fusion-like cells.
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3. DISCUSSAO

Como medida da agdo perturbadora da TFP, da DBC e do PZQ sobre
membranas, analisamos quali € quantitativamente a eficiéncia hemolitica, o
efeito térmico envolvido na hemolise, as alteragdes morfologicas e o perfil de
eluicdo de lipidios (fosfolipidios e colesterol) de eritrécitos submetidos a
concentractes liticas e/ou subliticas destas drogas. Porém, € o conhecimento
estrutural e fisico-quimico de cada substancia que nos auxilia a compreender
os resultados obtidos e suas atividades biolégicas.

Assim, neste trabalho consideramos também o modo pelo qual o©
coeficiente de particdo (FP), o grau de ionizacdo (pK), as propriedades de
agregacdo (CMC) e os efeitos estéricos dos anfifilicos podem influenciar a
interac&o dos xenobidticos com as membranas bioldgicas.

E interessante, inicialmente, considerar alguns aspectos fisico-quimicos
dos xenobiodticos estudados.

A TFP é& um derivado fenotiazinico de carater anfipatico. O nicieo
fenotiazinico possui frés anéis dos quais dois sdo benzénicos e se ligam por
um atomo de nitrogénio e por um atomo de enxofre e corresponde a porgdo
hidrofobica da molécula, enquanto a por¢do hidrofilica corresponde a cadeia
lateral piperazinica inserida na posicéo 10 (ver Figura 2, pagina 12). ADBC é
um anestésico local do tipo aminoamida também anfipatica gue possui como
porcdo hidrofébica um anel quinolinico, e como grupamento hidrofilico uma
amina terciaria unida por uma cadeia acila intermediaria contendo 4 carbonos
(Gupta, 1991) (ver Figura 3, pagina 13).

Tanto a TFP quanto a DBC possuem um grupamenic amina ionizavel
com pK de 8,1 e 8,3 respectivamente {Agin ef al., 1965; Moffat, 1986) de
modo que, em pH fisiolégico (7,4) ambas as formas, neutra e carregada
encontram-se presentes. Os valores de solubilidade para a TFP e DBC séo
bastante préoximos e ambas, como moléculas anfifilicas, quando protonadas
possuem comportamento surfactante e formam micelas (Malheiros ef al,
1998b). A observacdo do pK, da solubilidade e suas implicagbes praticas nos
foi Utii desde © primeiroc momento, j@ que a concentracdo de DBC nos
experimentos hemoliticos excedia a sua solubilidade em pH 7.4.
Alternativamente, realizamos estes ensaios em pH 6,8 de modo que a fragdo
de droga carregada foi aumentada e conseglientemente, sua solubilidade.
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O PZQ € uma molécula plana composta por quatro anéis aliciclicos
bastante hidrofdbicos que conferem a esta molécula uma dificuldade de
interagcdo com o ambiente aquoso (ver Figura 4, pagina 15). A dificuldade
inicial dos estudos com o PZQ foi justamente encontrar um sistema no qual
esta droga fosse sollivel e, a0 mesmo tempo, inerte para as hemaceas. Apos
diversas tentativas com varios solventes (etanol, glicerina, detergentes nio
idnicos, 6leo de mamona), aquecimento e sonicagéio conseguimos uma boa
solubilizagdo em dimetilsulfoxido (DMSO). A concentragdo maxima de DMSO
inclusa na amostra de trabalho foi de 5 %, ja4 que acima de 10 % havia
inducdo de hemodlise causada pelo proprio DMSOQO.

_ 3.1. Particéo de Drogas entre Fases Apolares (Membranas/Octanol)
e Agua

O coeficiente de particdo dos xenobidticos entre sistemas apolares e
agua foi determinado para diversos modelos de membrana. Utilizamos uma
membrana lipidica pura (lipossomas multilamelares de fosfatidilcolina de ovo),
uma membrana com alto conteido (70% em peso) de proteinas
(microssomas) (Hird, 1964) e uma membrana com quantidades equivalentes
de lipidios e proteinas (“ghosis” de eritrocitos) (Warren, 1987), além de uma
fase apolar isotropica, o n-octanol. A diferenca de afinidade da droga pelos
varios sistemas apolares pode indicar mecanismos especificos da interacdo
droga-membrana.

Em todas as fases apolares (membranas e octanol) o coeficiente de
particio da TFP foi maior do que o dos demais xenobiéticos, exceto para
lipossomas onde os valores de P da TFP e da DBC s#o praticamente iguais.
Este € um fato curioso, ja que a TFP também é bastante soltivel em agua e
ndo deveria apresentar maior solubilidade em membranas. Dois fatores
poderiam contribuir para explicar estes resultados: (i) a afinidade especifica
da TFP com algum componente da membrana e (ii) uma alteragdo do grau de
ionizagéo (razdo de droga protonada e neutra) nas condi¢es experimentais.

Comparativamente a da DBC, a maior particdo da TFP em
microssomas e “ghosts” de eritrocitos e uma particdo similar no ambiente
exclusivamente lipidico (lipossomas), pode refletir uma interagdo especifica da
TFP com proteinas membranares {(Malheiros et al., 1998a,b,c). Evidéncias de
gue a TFP interage com proteinas de membrana de eritrocitos tém sido
descritas (Minetti & Di Stasi, 1987; Marroum & Curry, 1993; Ruggiero et al,,
1998). Conforme sera discutido posteriormente, a modificagdo da ionizacéo
da TFP na presenca de membranas também parece favorecer sua particdo
{(Malheiros ef al., 1998a,c). Mostramos que a TFP encontra-se 40% na forma
neutra em pH 7,4 enquanto a DBC somente 15% (Malheiros et a/, 1998c).
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Assim, podemos supor, por esse aumento da forma neutra da TFP, que haja
uma maior confiribuicdo de interacdes hidrofébicas na interagdc TFP-
membrana do que na interacdoc DBC-membrana. Por outro lado, as
propriedades agregativas da TFP parecem favorecer a troca de mondmeros
entre os ambientes da micela e da membrana (Malheiros ef al., 1998a,c), o
que aumentaria a penetracdo de ambas as formas da TFP, em pH 7,4

A caracteristica da TFP de possuir alta afinidade por membranas
bioidgicas tem uma implicagdo clinica importante, pois permite que ela
atravesse faciimente a barreira hematoencefalica e possua alta poténcia
antipsicotica.

A primeira vista parece incoerente gue o PZQ, o composto de menor
solubilidade aquosa e, portanto, mais hidrofébico, inferaja menos com os
ambientes apolares (menores valores de P). No entanto, é justamente a baixa
solubilidade no ambiente aguoso que limita sua entrada na membrana
(Malheiros et al., 1988c). Outros autores ja descreveram que a solubilidade
aquosa é tao importante quanto a hidrofobicidade para a farmacodinamica de
compostos tais como AL, pois a velocidade de transferéncia dos mesmos
entre membranas é mediada pela sua solubilidade nos compartimentos
aquosos intermediarios (Kubinyi, 1979; de Paula & Schreier, 1995).

Podemos observar que a particdo de um soluto entre dois ambientes
distintos € influenciada ndo somente pelas caracteristicas fisico-quimicas do
composto mas também pelas caracteristicas intrinsecas do ambiente com o
qual ird interagir. Por exemplo, os valores de P°"°7 para todas as drogas
eram menores do que os valores de P das outras membranas. A restricdo a
entrada do soluto reflete a menor fluidez da membrana eritrocitaria, em
conseqliéncia da presenca de um citoesqueleto proteico e de seu alto
contelido de colesterol (Malheiros ef al., 1998a).

A validade da informagao oferecida pelos valores de P entre solventes e
agua, por exemplo PP°7, tem sido muito discutida porque o solvente apresenta
um ambiente muito diferente do membranar (ndo possui simetria bilateral
como as bicamadas) e por isso tem-se sugerido que valores de P°°” devem
ser utilizados parcimoniosamente como modelos para inferir a distribuigéo da
droga em membranas biolégicas (Korten & Miller 1979; de Yong & Dili, 1988,
Gobas ef al., 1988; Lissi ef al., 1990). Korten & Miller (1979) descreveram a
particdo de diversos barbituratos em membranas biologicas e em solventes e
seus resultados mostram uma superestimacio da particBo nos sistemas
modelo. Nossos resultados também mostram grandes divergéncias entre os
valores de P°°" e P nas diversas membranas (Malheiros et al, 1998a,b,c).
Porém, mesmo entre as membranas bioldgicas estudadas, a particdo variou
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significativamente, (Malheiros ef al.,, 1998a,b,c) o que sugere que n&o se pode
generalizar a correspondéncia de valores de P para quaisquer ambientes
hidrofébicos distintos, antes, hé que se levar em conta a composicéo e a
estrutura das biomembranas.

Os valores de coeficientes de particdo apresentados s&o resultados de
pelo menos trés experimentos independentes, com pelo menos, trés
diferentes concentragbes de membrana ou octanol (n > 9), obtendo variagses
de desvios padrbes de 11 até 35 %. Esta variagio é considerada aceitavel se
levarmos em conta a metodologia utilizada, isto &, a de separagdo de fases
(com determinac&o do soluto feita na fase aquosa). Este procedimento pode
levar a erros devido a possibilidade de alguma membrana permanecer no
sobrenadante ou de haver co-sedimentacédo de soiuto entre as membranas
depositadas (van Hoogevest & de Kruijiff, 1978; Lissi et a/., 1990) por exempilo
porque uma certa quantidade de droga poderia permanecer ligada 2
superficie da membrana por simples interacdo eletrostatica (Ogiso et al,,
1986).

3.2. Curvas Hemoliticas

Todos os compostos estudados apresentaram um comportamento
bifasico, isto &, protegeram eritrocitos quando expostos ac meio hiposmético
(Malheiros et al, 1998c) e induziram lise eritrocitaria concentragdo-
dependente em meio isosmético (Malheiros ef al., 1998a,b,c,d). Embora este
fato j@ houvesse sido descrito na literatuta para a TFP e para a DBC
(Seeman,1966; Roth & Seeman, 1972) € uma dado inédito para o PZQ.

A protecdo contra a lise hiposmotica parece ser conseqiiéncia da
intercalagéo de moléculas na bicamada que poderia favorecer a resisténcia
mecanica da mesma (Seeman et al., 1966), ou ainda promover um aumento
da permeabilidade da membrana e um rapido efluxo de ions, diminuindo a
pressgo osmdtica entre ¢ meio intracelular ¢ ¢ tampdo hipotdnico
(Hagerstrand & Isomaa, 1991). A partir das curvas de protecdo podemos
determinar a concentracdo de droga que causa o efeito protetor maximo,
CPROT (Malheiros ef al, 1998c). Para os compostos que tém capacidade de
agregacado (TFP e DBC), notamos que a C™°" ¢ inferior aos valores de CMC,
indicando, portanto, que a interagdo estabiiizadora destas drogas com a
membrana eritrocitaria da-se pela intercalacéio do monémero na membrana.

Para todos os xenobidticos estudados o efeito hemolitico em condicses
isosmoticas apresentou um comportamento sigmoidal caracteristico. Em
baixas concentracbes, observa-se que a membrana eritrocitéria é capaz de
absorver uma certa quantidade de xenobitticos sem que a lise ocorra, é o
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periodo que corresponde ao przmelro platd da curva sigmdide. A pariir de
determinada concentragéo (C "y a membrana fica saturada pela droga e
qualguer acréscimo de concentragdo levara a desorgamzagao da membrana e
lise celular. O incremento de concentragdo acima de C%, induz uma
desorganizagdo muito rapida da membrana (porgdo ascendente da curva
sigmoide) que reflete o efeito cooperativo da bicamada lipidica. Finalmente,
guando a concentracdo de droga é suf cientemente alta para promover total
desestruturacdo da membrana, (C b temos o segundo platd da curva
sigméide.

De acordo com a literatura (Kanaho et al, 1981), as propriedades
hemoliticas estdo relacionadas a particio dos xenobidticos na membrana
eritrocitaria. Concordante com esta afirmacéo, nossos resultados mostraram
que a TFP, a droga que melhor interage com a membrana eritrocitaria, tem o

maior P e & a melhor indutora de lise, seguida pela DBC e pelo PZQ
(Malheiros ef al., 1998b,c.d).

A TFP protege eritrécitos da hemdlise hiposmaética independentemente
do tempo de incubagéo estudado (10, 30 ou 60 min) (Malheiros et al., 1998c).
O mesmo ndo ocorre com a DBC e o PZQ, os quais em 10 minutos de
incubac&o induzem uma protecao significativamente menor do que em 30 e
90 minutos (dados ndo mostrados). Os experimentos de lise em meio
isosmético (Malheiros et al, 1998a,b,c) também mostram a importancia da
cinética da interacéo entre ¢ xenobidtico € a membrana eritrocitaria: a TFP
induz lise total em 10 minutos de incubagdo, engquanto a DBC precisa de 30
minutos e o PZQ de 90 minutos de incubacao para que a lise ocorra.

Segundo Kanaho e colaboradores (1981), o efeito de uma droga na
membrana pode ser dividido em duas etapas: (i) a transferéncia seletiva da
droga do meio externo para a membrana e uma vez que a droga tenha sido

incorporada a membrana, (i) a intensidade da acdo perturbadora da estrutura
membranar.

Kanaho e colaboradores (1981) ja haviam descrito que a incorporagéo
da TFP a eritrocitos e “ghosts” de eritrécitos é instantanea e independente da
temperatura, e que portanto, ¢ equilibric de distribuicdo da TFP entre 0 meio
aquosc € a membrana da-se muito rapidamente. E posswel gue a
incorporagdo da TFP esteja refletindo as rapidas trocas entre mondmeros de
TFP e fosfolipidios de membrana que se estabelecem no equilibrio dinadmico
entre a micela mista (TFP mais fosfolipidios) e a bicamada lipidica.

No caso da DBC e do PZQ poderiamos considerar duas alternativas: (i)
a particdo da droga na membrana ¢ lenta, ou seja, a constante de equilibrio
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da droga entre a fase aquosa e o ambiente da membrana requer bastante
tempo (30 ou 90 minutos) e faz com que a desestruturacdo da membrana,
que é dependente da particdo, somente ocorra depois deste tempo, ou ainda,
(i) a particao da droga na membrana € répida, ou seja, a constante de
equilibrio da droga entre a fase aquosa e o ambiente da membrana é atingida
rapidamente, porém a desorganizacio da membrana (rearranjo lipidico efou
modifica¢bes no citoesqueleto proteico) & lenta.

No entanto, ha varios artigos cientificos que descrevem a incorporaggo
da DBC em vesiculas lipidicas por métodos diferentes: RPE (Giotta et al,
1974), filtracdo em gel (Mayer et al, 1985), titulacdo microcalorimétrica
(Seelig & Ganz, 1991) e fluorescéncia (Barghouthi et al, 1993) que sio
una@nimes em afirmar que a incorporagdoc da DBC aos diferentes lipidios
estudados da-se rapidamente, no méaximo em aiguns minutos. Portanto,
podemos considerar que o efeito litico atribuido & DBC provavelmente ocorre
de acordo com, a segunda alternativa descrita acima, ou seja, sua particdo na
membrana € rapida, porém a desorganizacio que ela desencadeia na
estrutura da bicamada € que requer trinta minutos para efetuar-se.

Ja o efeito litico induzido peio PZQ que requer um tempo muito maior
para ocorrer poderia ser justificado por uma lenta incorporagdo na membrana
pois sua baixa solubilidade aquosa provavelmente limita muito sua entrada na
membrana (Malheiros ef al., 1998¢).

A TFP mostrou a maior eficiéncia hemolitica, sequida pela DBC e pelo
PZQ. Além da questdo cinética considerada acima, se observarmos os
valores de C™", C™" e CS% (Malheiros et al., 1998a,b,c) constatamos que a
concentragdo de TFP capaz de induzir quaisquer dos efeitos sobre a
membrana (protecdo, saturagéo ou lise) € sempre muito menor (na ordem de
uM) que as concentragbes de DBC e PZQ (na ordem de mM) indutoras do
mesmo efeito. Estes dados estéo de acordo com os valores de P, ou seja, a
droga que menos particiona na membrana, ¢ PZQ, precisa de uma
concentraggo e de um tempo maior para promover ¢ mesmo efeito do que
uma droga que se distribui muitc facilmente na membrana.

Se observarmos as concentragbes de droga que iniciam o processo
hemolitico (C>*") em todos os hematécritos estudados, vemos que C347 para
a TFP e coincidente ou maior que sua CMC, ou seja, a droga sempre induz
lise na forma agregada. O mesmo n3o ocorre para a DBC, que inicia um
processc hemolitico enquanto mondmero (Malheiros ef al, 1998a,c). isto
justifica porque a TFP consegue promover lise total da membrana mesmo
estando presente em concentragdes tao baixas. O ambiente hidrofobico das
micelas promove a saida de lipidios da membrana eritrocitaria,
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desestabilizando-a. Este fato é bastante conhecido para os agentes
surfactantes classicos, os detergentes (Atwood & Florence, 1983; Galembeck
et al., 1998). Obviamente o PZQ, que ndo possui cargas, nao forma micelas e
induz lise sempre na forma monomérica.

3.3. Determinacio da Razdo Efetiva Droga/lLipidio na Hemdlise

A analise quantitativa do efeifo hemolitico induzido pelos xenobibticos,
ou seja, a determinac&o da razdo efetiva droga/lipidio na membrana (Re) para
protecéo, saturagéo ou solubilizagdo da membrana eritrocitaria, foi realizada
de dois modos distintos: (i) utilizando uma metodologia classica para
compostos surfactantes proposta por Lichtenberg (1985) e (ii) calculando a
concentragdo real de droga na membrana a partir dos valores de C™°°7, ¢57
e CS° corrigidos pela partigdo na membrana de eritrocito (P°M5T),

Além de permitir o calculo da razao drogal/lipidio efetiva para saturagio
e solubilizacdc da membrana eritrocitaria, a metodologia proposta por
Lichtenberg permite o calculo de outros pardmetros como a CMC e a
constante de ligagédo (K,). Além do mais, a partir de K, e do volume parcial
molar da fase lipidica podemos deduzir o valor de P entre eritrécito/agua sem
utilizarmos a técnica de separacéao de fases.

Os resultados obtidos utilizando o modelo proposto para o estudo da
solubilizagdo de bicamadas lipidicas por detergentes (Lichtenberg, 1985)
mostraram-se coerentes somente para a TFP, que € o (nico composto com
caracteristicas surfactantes semelhantes as dos detergentes: alto grau de
interagdes hidrofébicas intermoleculares que resultam na formagéo de micelas
em baixas concentracdes (CMC = 42 uM) (Malheiros et al., 1998a).

Com o emprego desta metodologia, o valor de CMC obtido para TFP foi
préximo ao valor determinado experimentalmente, enquanto que para a DBC
foi cerca de 10 vezes menor. Além do mais, enquanto as razdes molares
drogallipidio (Re) para saturacio (0,43:1} e solubilizaco (1,5:1) da membrana
eritrocitaria obtidas para a TFP (Malheiros ef al,, 1988a,c) estavam proximas
de valores encontrados para a solubilizacdo de membranas lipidicas induzidas
por outros agentes surfactantes (Partearroyo et al., 1992; Requero et al,
1993), os valores de Re obtidos para DBC e PZQ (Malheiros ef al., 1998c),
mostraram valores inconcebiveis.

Os valores de P em eritrécitos/agua obtidos a partir de K, pelo método
de Lichtenberg para TFP e DBC foram superiores aos valores de 7057
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experimentais, embora para a DBC os valores tenham sido mais préximos,
sugerindo que © valor de K, da TFP esteja superestimado pois ziém da
particdo na membrana temos a formagdo de micelas, enquanto o K, da DBC
refletiria somente a particdo na membrana (Malheiros et al,, 1998c).

Nossos resultados (Malheiros ef al., 1998c), sugerem que o tratamento
classico proposto por Lichtenberg para solubilizagéo de vesiculas lipidicas por
agentes surfactantes nd3o se aplica para a solubilizagdo de membranas
biologicas mesmo considerando as propriedades surfactantes da TFP, talvez
por estarmos utilizando uma membrana de composicio heterogénea com
caracteristicas diferentes do modelo utilizado por Lichtenberg.

Ja que as determinagdes de Re pelo modelo proposto por Lichtenberg
(1985) nao foram satisfatorias, utilizamos uma segunda alternativa:
escolhemos um hematdcrito definido e calculamos a concentragéo efetiva de
droga na membrana a partir de C”*°7, C*" e C5% ¢ do valor de particio na
membrana de eritrocito (P®°°"). Para a TFP, tanto o inicioc da hemdlise
quanto a lise total da-se em razbes drogallipidio muito baixas, inferiores ao
esperado para saturacdo da membrana (Malheiros et al, 1998c), o que
sugere que a desagregacdo da membrana que resulta na hemdlise induzida
por este composto, ndo se deva exclusivamente & sua particdo na membrana
eritrocitaria, mas sim, a associacdo da particio com o favorecimento da
eluicdo de lipidios da membrana para a fase micelar da TFP, semelhante a
lise induzida por detergentes (Galembeck ef al,, 1998). Em relacdo 4 DBC e
PZQ, as razbes drogallipidio encontradas (Malheiros et al, 1998¢) foram
bastante satisfatorias em ambos os casos e indicam que a lise ocorre por uma
real saturagdo da membrana eritrocitaria conseqiiente da intercalagdo dos
monomeros de DBC e PZQ.

3.4. Contribuigdo da lonizagdo dos Xenobiéticos na Interagcdo com
Membranas

Considerando o pK da TFP e da DBC, respectivamente 8,1 e 8,3,
esperamos que em pH fisioldgico ambas as drogas encontrem-se
parciaimente ionizadas. A interag&o diferencial das formas neutra e protonada
de um composto pode ser particularmente importante ao considerarmos z
movimentagéo destas moléculas pelas bicamadas lipidicas, j& que a forma

neutra € muito mais permeavel do que a carregada e se liga mais fortemente
{Lee & Schreier, 1993).

A interacdo de moléculas neutras com membranas lipidicas &
usualmente justificada pelo efeito hidrofébico, que pressupde que os residuos
hidrofébicos destas moléculas tenham a tendéncia de evitar o contato com o



Discussac 103

ambiente aquosc e peneirar no ambiente hidrofébico da membrana (Tanford,
1980).

De modo geral, podemos considerar que a maior interagdo da forma
neutra de um composto em relacdo a forma protonada com membranas deva-
se, em primeira instancia, as interagdes hidrofébicas muito mais favorecidas
pelo ambiente membranar do que pelo ambiente aquoso. Um segundo fator
que diferencia a interagdo das formas carregada e nfo carregada de um
composto sdc as interagbes eletrostaticas. A ligagdo de uma droga carregada
a uma membrana inicialmente ndo carregada iria introduzir cargas dentro do
ambiente membranar, o gual tenderia a repelir esta carga para a superficie.
De modo oposto, a ligagdo de uma moiécula carregada pode ser favoravel se
a membrana possuir um componente de sinal oposto ao do ligante. Ambos 0s
fatores significam que a constante de ionizagde (K) de um composto sera
diferente para moléculas livres ou ligadas a membrana (Lee & Schreier,
1993).

A constante de ionizacdc de um composto pode variar quando este
particiona entre dois meios imisciveis. Na distribuicdo de um composto
ionizavel (X) entre membrana e agua temos um equilibrio das contribuicbes
da ionizacdo (K) e da particdo (P) diferencial das formas protonada e
desprotonada deste composto, como mostra o Esquema | (Schreier et al,
1984).

K

XH+ -— X + H+ AGUA

r ]

I e

L L

XH+ = X+ H+ MEMBRANA
Km

Esquema I: Particdo das forma neutra (X:) e protonada (XH+) de um soiuto
entre o sistema membrana/agua.

Caso a particdo das duas formas do composto sejam diferentes a
concentracdo de cada uma encontrada na membrana sera diferente. Essa
diferenca leva a um deslocamento do pK aparente (pKap) do composto, isto &,
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o pH medido em agua, na presenga de membrana, em gue ¢ composto esta
metade dissociado. Lee et al. (1983) determinaram o ApK (pK — pKap) para
uma série de compostos usando mobilidade eletroforética. Varios trabalhos
vém demonstrando que a interacdo de anestésicos locais com vesiculas
lipidicas é influenciada pela variagdo do pK (Schreier et al., 1984; Eriksson &
Westman, 1980, Eftink ef al., 1985; Miyazaki ef a/, 1992).

Em nosso trabalho, analisamos a variagéo do pK utilizando o calculo de
pKap segundo a proposta de Lee & Schreier (1993) (Malheiros ef al,
1998a,c). Para o calculo de pKap é necessaria a determinagdo dos valores de
coeficiente de particdo das formas neutra (P:) e protonada (P+) de cada
xenobidtico. Considerando que o pK da TFP e da DBC s&o préximos (8,1 e
8,3, respectivamente (Moffat, 1986; Agin et al., 1965) basta que se altere o pH
do meio para valores distantes do pK (10,5 e 5,5) para conseguirmos que as
drogas encontrem-se totalmente na forma neutra ou protonada. A variacgo de
pH, apesar de necessaria para a andlise da contribuicdo da ionizagdo na
interacdo droga-membrana, apresenta o incoveniente de ser incompativel
com a estabilidade do modelo de estudo original (membrana eritrocitaria) de
modo que optamos por um modelo de estudo estdvel nestas condigdes:
lipossomas multilamelares de fosfatidilcolina de ovo (EPC).

A partir da determinagéo do pKap pudemos caicular a contribuigdo das
formas neutra e protonada dos xenobidticos, em pH 7.4, através do
coeficiente de particdo medio (Pmédio) (Malheiros et al., 1998a,¢).

Considerando o pK da TFP e da DBC, respectivamente 8,1 e 8,3,
poderiamos supor, a principio, que ambas as drogas em pH 7.4 teriam um
comportamento parecido no que se refere ao grau de ionizacdo. No entanto,
quando caiculamos o pK na presenca de uma fase apolar (lipossomas
multilamelares de EPC), ou seja pKap, observamos que ha uma maior
contribuigdo da forma neutra no caso da TFP resultante da diferenca entre os
coeficientes de particdo das formas neutra e protonada (P; é 3 vezes maior do
que F+), o que leva a um maior deslocamento do pK inicial (ApK) do que no
caso da DBC, onde P: & somente 1,5 vezes maior que P+ (Malheiros ef al,
1998a,c).

Como um reflexo das particbes diferenciadas das formas neutra e
protonada na membrana, a razdc molar droga neutra/protonada (Z) em pH
7.4 também se modifica, apesar de, em ambos os casos, termos o predominio
da forma protonada (no caso da TFP em pH 7,4, Z é 0,67:1 e para a DBC, é
0,19:1). Isto pode contribuir para um maior efeito hidrofébico da TFP e
justificar parcialmente porque a TFP apesar de possuir pK e solubilidade
(Malheiros ef al, 1998¢) muito parecidas com a DBC apresenta maiores
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valores de P e uma maior eficiéncia hemolitica e aié mesmo, justificar a
grande poténcia antipsicdtica deste composto. i

Uma outra aplicagio importante desta andlise, € que quando
consideramos a modificac8o da constante de ionizagdo pela presenca de
membranas, podemos calcular o valor de Pmédio (particdo de ambas as
formas, neutra e protonada, num pH definido) de modo muito mais preciso do
gue se nado considerassemos este efeito. De modo que em nossos resultados,
os valores de P-* para TFP e DBC obtidos experimentaimente (separagao de
fases) se aproximaram muitc dos valores caiculados (Pmeédio) (Malheiros ef
al., 1998a,c).

3.5. Ensaios Microcalorimétricos

Em nossos experimentos microcalorimétricos, utilizamos a adicgo de
concentragbes de TFP e DBC suficientes para causar a lise total e imediata
de eritrécitos (hematdcrito 1%) e determinamos o efeito térmico deste
processo. Os resultados obtidos mostraram que a diluicdo da TFP e da DBC
no tampé&o de trabalho é um processo endotérmico enquanto que a hemédlise
induzida por estes compostos possui efeito térmico de diregdo oposta, isto €,
€& um processo exotérmico. Observamos ainda, que ¢ efeito térmico da
hemolise induzida pela TFP era quatro vezes maior que o induzido pela DBC
(Malheiros ef al,1998b). Infelizmente, os ensaios microcalorimétricos de
hemolise induzida pelo PZQ n&o foram bem sucedidos devido ao altissimo
efeito térmico de diluicdo da mistura PZQ-DMSO que sobrepujava os valores
do efeito térmico da hemélise.

A calorimetria € uma técnica nao especifica, logo, o efeito térmico
observado ndo pode discriminar um evento particular e sim mostrar a
somatoria de todos as possiveis interacfes quimicas que estdo ocorrendo na
cela de reagdo. De um modo geral, podemos descrever que processos
quimicos que envolvem interagcdo ou agregacdoc de compostos tém AM
negativo, exotérmicos, enquanto que processos que envolvem diluicde ou
desagregacdo tém AH positivo, endotérmicos (Mc Glashan, 1979).

Se discriminarmos as possiveis interagdes que ocorrem desde que a
TFP é adicionada a cela de reagdo e que culminam na lise total das células
vermelhas correlacionando-as com os efeitos térmicos esperados, podemos
destacar os seguintes eventos: - a diluicdo da TFP no ambiente da cela de
reagdo (AH > 0); - a particdo da TFP monomérica (que esta em equilibrio
dindmico com a micela) na fase lipidica da membrana (AH < 0); a interagéo
especifica da TFP monomérica com as proteinas da fase lipidica (AH <0); - a
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eluicdio de fosfolipidios da membrana (AH > 0); - a particdo dos lipidios
eluidos na micela de TFP (AH < 0); - a desorganizacio das interagdes
hidrofébicas que mantinham a estrutura de bicamada da membrana (AH > 0)
e consequiente liberacdo do conteldo intracelular (ions e principalmente
hemoglobina) (AH > 0).

Enguanto que, para a lise induzida pela DBC podemos destacar os
seguintes eventos: - a diluicdo da DBC no ambiente da cela de reagéo (AH >
0); - a partigéo da DBC monomeérica na fase lipidica da membrana (AH < 0); -
a desorganizagao das interacdes hidrofébicas que mantinham a estrutura de
bicamada da membrana (AH > 0) e conseqgiiente liberagio do contetido
intracelular (fons e principalmente hemoglobina) (AH > 0).

Com a realizac@o do experimento controle, ou seja, a adicdo de droga
no tampao de trabalho em auséncia de células, pudemos descontar o efeito
térmico de pelo menos um dos processos simultaneos descritos acima: o da
diluicdo das drogas (TFP e DBC) (Malheiros et al., 1998b).

Considerando, entdo, os demais eventos envolvidos na hemdlise
induzida pela TFP, o resultado exotérmico obtido experimentaimente indica
que os eventos que mais contribuem para o processo de lise sio: a particdo
da TFP monomérica na fase lipidica, a interacdo especifica da TFP com
proteinas da bicamada e a formacio de micelas mistas.

No entanto, ja que o efeito térmico da hemdlise induzida pela TFP é
quatro vezes maior que o induzido pela DBC e considerando que a
concentracgéo de DBC utilizada para produzir a hemolise total foi muito maior
que a de TFP (razGes molares efetivas DBCllipidio 1,4:1 e TFP/lipidio & 0,2:1),
e que quanto maior a particdo na membrana mais exotérmico é o processo,
podemos inferir que o efeito térmico da particdo da TFP na membrana parece
ndoc ser o principal contribuinte para o efeito térmico obtido. De modo que
provavelmente, para a TFP, os eventos que mais contribuem para a lise da
membrana eritrocitéria séo a interagdo especifica da TFP com proteinas da
bicamada e pricipalmente, a formacédo de micelas mistas. J4 na hemdlise
induzida pela DBC, o tnico evento exotérmico presente, e portanto, o grande
responsavel pela lise seria a intercalagdo dos mondmeros na membrana.

Com base nos dados experimentais (Malheiros ef al, 1998b)
concluimos que a hemélise induzida pela TFP e pela DBC sio fendmenos
predominantemente entalpicos pressupondo que a entropia € pequena, pois ¢
aumento de entropia que acompanha a perda da camada de solvatacdo das
moléculas de TFP e DBC que entram na bicamada é compensada pela
diminuicdo da entropia devido ac aumento de hidratagdo que acompanha o
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aumento da area superficial da micela mista, no caso da TFP, e da membrana
eritrocitaria desorganizada que ocorreria com a adicéo de ambas as drogas.
Esta concluséoc esta de acordo com o frabalho de Seelig & Ganz (1991) que
propoem que a interacdo de varios anfifiicos com vesiculas lipidicas € um
processo entalpico com uma entropia préxima a zero.

O efeito térmico da hemélise induzida por TFP (Malheiros et al., 1998b)
esta em desacordo com o descrito por Aki & Yamamoto (1980) que reportam
que a hemdolise induzida pela TFP é um processo endotérmico (AH = 19,6 +
1,9 pJicéiula). Nota-se que estes autores confundem o conceito (calor
produzido por mol de reagente ou produto formado) e a unidade (J/mol de
droga) de entalpia. O resultado que eles apresentam em J/célula deve ser,
portanto, referente ao efeito térmico (calor) da hemdlise. No entanto, se
considerarmos os valores absolutos, os resultados sdo semelhantes: 18,2 +
0,9 pJicéluila em Matheiros ef a/,, (1998b) e 19,6 + 1,9 pJicélula em Aki &
Yamamoto {1990).

3.5.1. Anélise Critica da Metodologia Microcalorimétrica

Ha pouquissimos trabalhos na literatura (Aki & Yamamoto, 1990 e
1991) que utilizam a microcalorimetria na investigacdo da hemédlise induzida
por xenobidticos. Estes trabalthos utilizam a técnica de titulagéo
microcalorimeétrica para investigar o efeito térmico induzido por diferentes
xenobidticos. Uma grande vantagem da técnica titulométrica seria que a
adicdo paulatina de pequenas quantldades de xenobioticos, teoricamente,
permitiria, nas concentracbes menores que C>, identificar o efeito térmico da
interacdo droga-membrana (calor de Ilgagao) e posteriormente, nas
concentracbes maiores que C%T  identificar o efeito térmico da
desorganizacdo da membrana (Seelig, 1997). No entanto, a experiéncia
adquirida durante a execugdo dos ensaios microcaiorimétricos apresentados
nos levou a preterir o procedimento de titulagdo em favor do protocolo
propostc ‘'em Malheiros ef al., (1998b). Isto se deve ao fato de que, ao
executarmos 0s experimentos controle (adigdo de droga em tampé&o) o efeito
térmico da diluicdo era sempre muitc maior do que © efeito térmico dos
ensaios em presenca de células. Isto significava, que a interacdo da droga
com a membrana produzia um efeito térmicc insignificante perto do efeito
térmico da diluicdo da droga. Observamos ainda que os eritrécitos, mesmo
sob agitacdo maxima, sedimentavam durante o longo tempo de incubacggo (no
minimo 6 horas) requerido pela técnica titulométrica. Devido a estas
consideragbes, apresentamos um protocolo no qual a droga € adicicnada em
uma porg¢do dnica, ou no caso da DBC como a adicdo de droga em
conceniracdo necessaria para inducdo de lise total e imediata promovia um
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sinal qué scbrepujava a escala de trabalho do calorimetro, em duas porcdes,
favorecendo assim a determinacdo do sinal da interacdo com a membrana e
reduzindo o tempo total de experimento (Malheiros et al,, 1998b}.

Outra consideragdo importante consiste em como interpretar os
resultados obtidos em experimentos calorimétricos. No trabalho de Aki &
Yamamoto (1990) por exemplo, os dados referentes ao efeito hemolitico tém
sido interpretados como variagbes de entalpia da hemoglobina liberada por
céluia vermelha (AHnemo). Do nosso ponto de vista, o fendmeno hemolitico
deveria ser interpretado como resultado da totalidade de eventos que se
iniciam com a intercalacéo da droga na membrana envolvendo uma série de
processos que culminam na desorganizacdo da membrana e nao
simplesmente como a liberagéio da hemogiobina, o que, segundo os nossos
resultados, nem contribui de maneira significativa para o efeito térmico total
obtido.

3.6. Andlise Morfolégica dos Eritrocitos Tratados com
Xenobibticos

Em primeiro lugar, & preciso considerar que para efetuarmos os estudos
morfolégicos dos eritrécitos comparativamente & extragdio de lipidios foi
necessario trabalharmos com um hematécrito alto (10 %). Nesta situacdo o
interessante n3o € obtermos um méaximo de efeito hemolitico, mas uma
hemolise moderada, caso contrério teriamos a ruptura total da membrana e
néo observariamos as alteragbes morfoidgicas. Como se vé& para o PZQ,
embora apresentando efeito litico pequeno, as alteragdes morfolégicas foram
bastante evidentes (Malheiros ef al., 1998d).

De acordo com a hipdtese da bicamada acoplada (Sheetz & Singer,
1974), os anfifilicos catibnicos sdc estomatocitogénicos, enquanto os
anibnicos séo equinocitogénicos. Estas alteragbes morfologicas devem-se a
intercalagdo preferencial dos anfifilicos na monocamada externa ou interna da
membrana eritrocitaria. Varios estudos vém tentando correlacionar outros
mecanismos mais complexos as alterages morfolégicas induzidas por
xenobidticos, por exemplo, uma inibigdo de atividades reguladas pela
calmodulina (Bereza et al, 1982; Nelson ef al, 1983) e a inducdo de
redistribuicdo lipidica (Schreier ef al, 1992). No entanto, estudos mais
recentes vém demonstrando que estes outros mecanismos poderiam somente
explicar parcialmente as alteragdes morfolégicas. Assim a perda de assimetria
causada pela intercalacdo dos anfifilicos nas diferentes monocamadas da
membrana eritrocitaria continua a ser a explicagdo mais aceita para justificar
as alteragGes morfolégicas induzidas por xenobiéticos (Reinhart et al,, 1986:
isomaa & Engblom, 1988; Chen & Huestis,1997).
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Nossos resultados mosiraram que os xenobiéticos catidnicos, TFP e
DBC, induziram estomatocitose, isto €, promoveram a invaginacdoc da
membrana em baixas concentragBes, enquanto em concentracdes mais altas
esta alterag@o evoluiu para esferocitose terminando em ruptura e hemdlise
(Malheiros et al., 1998d), o que & concordante com dados ja descritos na
literatura (Deuticke, 1968; Fujii et al., 1979; Hagerstrand & isomaa, 1992). E
interessante notar que segundo os nossos estudos da contribuicdo de cargas
na interacdo de xenobidticos com membranas (Malheiros et al, 1998a,c),
tanto a TFP como a DBC, em pH fisiolégico, apresentam-se parciaimente
protonadas. Sendo assim, a analise morfologica parece refletir a interacsio da
forma maioritaria, a protonada, o que estaria de acordo com a teoria de
Sheetz & Singer (1974). '

Nas concentragbes mais altas de TFP pbde-se observar uma tendéncia
das células esferociticas em fundir-se, o que, neste caso também corrobora a
teoria de Sheetz & Singer (1974), pois 0 fendmeno de fusio tem sido descrito
como uma conseqléncia da perda de assimetria da membrana (Bevers et
al.,1996).

Quanto ao PZQ, que é uma molécula ndo carregada, fica descartada a
hipétese de uma interacdo eletrostatica preferencial com quaisquer das
monocamadas da biomembrana. No entanto, nossos resultados revelam que
este xenobidtico induz estomatocitose, ao passo que em concentracdes
maiores (6 mM, dados ndo mostrados) induz equinocitose. Isto poderia indicar
uma localizag&o preferencial na monocamada interna da membrana enquanto
presente em baixas concentra¢Ses, e uma ampla distribuicio em ambos os
folhetos quando a concentracdo aumenta, conforme previamente descrito
para o comportamento do alcool benzilico em eritrécitos (Bassé ef al.,, 1992).
Estes resultados também podem ser comparados com os obtidos por
Hagerstrand & isomaa (1989), que descreveram a indugdo de invaginacio ou
crenagdo da membrana eritrocitaria por compostos neutros, dependendo da
condicdo de ftratamento. Este faio revela uma importante questdo: as
interacBes eletrostaticas ndo sdo as Unicas forcas direfrizes na inducdo de
alteragdes morfologicas promovida pela interagéo de substancias quimicas a
membranas biolégicas.

Embora o tipo de altera¢ao celular induzido pelas trés drogas tenha sido
o mesmo, estomatocitose, a intensidade de inducdo do efeito variou
consideravelmente entre cada xenobidtico. Se observarmos os indices
morfolégicos e as concentragBes de droga necessérias para inducgdo das
alteragbes celulares, fica evidente, a maior eficiéncia de interagciio da TFP
com a membrana eritrocitaria do que as demais drogas, DBC e PZQ
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(Malheiros ef al., 1998d), o que estd de acordo com os résuitadcs de Pe
hemolise previamente descritos (Malheiros ef al, 1998a,b,c).

3.7. Perfil de Eluicdo de Fosfolipidios e Colesterol

Ja que as faixas de concentracdo estudadas para cada droga eram
diferentes, comparamos a eluicdo preferencial de fosfolipidio e colesterol
quando a hemdlise induzida pela TFP e DBC varia de 5 para 50% (ver Figura
6, Anexo ll). Esta analise ndc pode ser feita com o PZQ pois mesmo
utilizando as mais altas concentracbes permitidas pela solubilidade o PZQ
induziu uma hemolise muito menor (12 %) que a induzida pelos demais
xenobidticos estudados (Malheiros et al. (1998d).

A liberacao de colesterol da membrana eritrocitaria para o sobrenadante
que se seguia a interagio dos xenobidticos foi mais evidente para a TFP do
que para a DBC, sugerindo que a TFP interage mais diretamente com o
colesterol, ou ainda, que induz um desarranjo tal na organizacdo da
membrana, que favorece a saida do colesterol. Se considerarmos que nas
condigdes experimentais a TFP encontrava-se em concentracdo acima da
CMC, podemos super que ¢ ambiente hidrofébico das micelas poderia atrair o
colesterol e facilitar sua eluicdo da membrana eritrocitaria. J& a agdo da DBC
na membrana favorece a saida de fosfolipidios em maior proporgdc do que a
saida de colesterol. Isto pode ser explicado pela inabilidade da DBC em
formar micelas nas concentragcdes experimentais, o que desfavoreceria o
deslocamento de uma molécula bastante volumosa e hidrofébica, como o
colesterol, da membrana eritrocitaria para o ambiente aquoso. Na analise
comparativa dos dados apresentados na Figura 6 (Anexo i) observa-se que o
aumento da hemdlise ndo estd proporcionalmente relacionado a liberacéo de
colesterol e fosfolipidios da bicamada, conforme descrito em Malheiros ef a/.
(1998d).

Devido ao pequeno desarranjo da estrutura de bicamada (baixa
hemolise e pequena eluicdo de lipidios) induzido pelo PZQ (Malheiros ef al.,
1998d) ndo podemos discriminar se o mesmo promove uma saida
preferencial de fosfolipidios ou colesterol. Parece, no entanto, evidente a
baixa eficiéncia da interacdo do PZQ com a membrana do eritrocito {baixos
valores de P, baixa atividade hemolitica, menor eluicdo de lipidios e menor
indice morfolégico) (Malheiros et al., 1998c,d) 0 que esta de acordo com o
trabalho de Fohberg (1989) gue descreve a auséncia de toxicidade sistémica
do PZQ
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3.8. Complexidade da Interacdo dos Xenobiéticos com
Biomembranas

De acordc com a discuss@o apresentada é possivel considerar que a
interacdo de xenobidticos com a membrana biolégica da-se em varios niveis
de complexidade dependendo das -caracteristicas fisico-quimicas
(solubilidade, hidrofobicidade, grau de ionizag&io, capacidade de agregacéo)
dos compostos em questdo.

Podemos considerar que dos trés compostos aqui estudados a TFP
apresenta a maior complexidade de interagdes quimicas pois a partir da
solubilizacdo da mesma no ambiente aquoso estabelecem-se varias
interacBes quimicas que irdo interferir com a capacidade da TFP interagir com
o ambiente de membrana. Podemos destacar: - além do equilibrio entre as
formas neutras e ionizadas, representado no Esquema |l pela constante de
ionizacdo, K, - a micelizagdo da forma ionizada, representada no Esquema li
pela constante K; . a parti¢&o diferencial das formas neutra e protonada entre
o ambiente aquoso e 0 membranar, representadas no Esquema li pelas
constantes K; e K; e ainda a interagdo de lipidios da membrana com a
micelas de TFP, resultando na formac&o de micelas mistas, representado no
Esquema |l pela constante de ionizagéo, Ks.

Em relagdo a DBC, uma vez solubilizada, podemos considerar que
ocorre o equilibrio entre as formas neutra e protonada, representado no
Esquema |l pela constante de ionizag&o, Kj, além da partigéo diferencial das
formas neutra e protonada entre o ambiente aquosoc e o0 membranar,
representadas no Esquema !l pelas constantes K; e Ka.

Enquanto o PZQ apresenta o menor grau de complexidade de
interagBes quimicas regendo sua interagcdo com o ambiente de membrana,
podemos considerar que uma vez solubilizado no ambiente aquoso, o Unico
equilibrio a ser estabelecido seria a sua particdo na membrana, representado
no Esquema Il pela constante K;. E preciso levar em conta que devidc a
grande hidrofobicidade da molécula de praziquantel sua solubilizacdo regida
pelo equilibrio K, (Esquema Hl) € um processo bastante lento, o que acaba por
limitar sua entrada na membrana (Malheiros ef al., 1998¢,d).
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4. CONCLUSAQO

Os resultados obtidos nos levaram as seguintes conclusdes:

- a TFP apresenta maior afinidade por membranas do que a DBC e o PZQ,
isto &, possui um maior coeficiente de particBo entre membranas/agua e
também uma maior eficiéncia hemolitica

- os valores absolutos de coeficiente de particdo variam significativamente
com o sistema apolar utilizado, embora a ordem de afinidade pela membrana
(PP > PPEC > PF29) seja mantida independente da fase apolar estudada

- a TFP apresenta uma interagdo especifica com a porgédo proteica das
membranas o que nao foi observado para os demais compostos

- todos os xenobidticos estudados (TFP, DBC e PZQ) promovem hemdiise de
modo bifasico

- a protecdo induzida pelos xenobidticos em condi¢Bes hiposmobticas esté
diretamente relacionada a hidrofobicidade dos compostos (valores de F) e é
produzida pela insercdo das formas monoméricas na membrana em
concentracdes inferiores as de saturacdo da membrana

- a lise induzida em condigBes isosmdticas é proporcional a hidrofobicidade
dos xenobibticos e no caso da TFP ocorre quando a mesma enconira-se na
forma agregada enquanto que a lise induzida pela DBC e pelo PZQ da-se
com os compostos na forma monomérica

- o tratamento classico para analise da solubilizaggo de vesiculas lipidicas por
surfactantes (Lichtenberg, 1985} ndo mostrou-se adequado para o estudo da
solubilizagdo (lise) da membrana eritrocitaria induzida pelos xenobibticos
estudados

- a razdo efetiva drogallipidio para a hemoélise isosmética induzida pela TFP
calculada pelos valores de P°7°ST ocorre muito antes da saturagiio da
membrana (Re>*”= 0,06:1 e Re®% = 0,09:1), enquanto que as razdes efetivas
droga/lipidio para DBC e PZQ refletem uma real saturacdo da membrana
(para DBC Re™" = 0,34:1 e Re®%* = 0,69:1 e para 0 PZQ, Re5"" = 0,25:1 e
Re®° = 1,89:1)

- em pH fisioloégico e em presenca de membranas, estio presenies ambas as
formas, neutra e carregada, da TFP e da DBC, com prevaléncia da forma
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carregada, sendo que a forma neutra da TFP é trés vezes mais freqliente que
a forma neutra da DBC )

- a maior ligacdo da TFP (maior K, e P) em relagdo a3 DBC deve-se as
interagbes especificas com as proteinas da membrana bem como a maior
contribuigdo da forma neutra em pH fisiolégico

- 08 valores de Pmeédio, calculados teoricamente, considerando a variacdo do

pK em presenca de membranas mostraram-se concordantes com os valores
experimentais (P-F)

- a lise induzida pela TFP resulta de uma ag&o sinérgica da intercalagdo das
formas neutra e carregada com o ambiente lipidico, da interacdo especifica
com as proteinas de membrana e da agregacdo micelar desta droga no
ambiente aquoso, a qual gera a saida de fosfolipidios e de grandes
quantidades de colesterol da membrana eritrocitaria que migram para o
ambiente hidrofobico da micela

- Ja a lise induzida pela DBC e pelo PZQ esta relacionada a saturagéo da
membrana pela intercalacéo da forma neutra, e também da forma carregada,
no caso da DBC

- 0 grande volume que o PZQ ocupa e sua baixa solubilidade limitam sua
entrada na membrana resultando em um lento equilibrio de particso (90

minutos) e na necessidade de grandes concentrages de droga para induzir
lise

- o efeito térmico do conjunto de reagdes quimicas que ocorrem pela interagédo
da TFP com a membrana eritrocitdria e que resulta na lise da mesma é

exotérmico e quatro vezes maior do que o calor liberado pela interacdo da
DBC

- a hemodlise induzida pela TFP e pela DBC sd3o processos
predominantemente entalpicos com uma baixa contribuicdo entropica onde os
eventos que mais contribuem sdo: a interacdio com proteinas da membrana e
a formagdo de micelas mistas, no caso da TFP, e, a intercalagdo do
mondmero na membrana, no caso da DBC

- todos os xenobidticos estudados induziram estomatocitose relacionada 2

perda de assimetria lipidica causada pela intercalacdo preferencial do
composto na monocamada interna da membrana eritrocitaria

- as alteragbes morfoldgicas induzidas pelos xenobidticos estudados no sdo
unicamente um reflexc das interacBes eletrostaticas entre estes compostos e
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a membrana eritrocitaria j& que o PZQ é uma molécula de carater neutro e
induz estomatocitose assim como os demais '

- embora o tipo de alteragdo celular induzido peias irés drogas tenha sido o
mesmo, estomatocitose, a intensidade do efeito variou consideravelmente
entre cada xenobidtico como um resposta particular & suas caracteristicas
fisico-quimicas diferenciadas, de modo concordante com os demais
resultados (hidrofobicidade e hemdlise)

- a interag&o da TFP com a membrana eritrocitaria resuita numa maior eluicdo
de colesterol do que de fosfolipidios, que relaciona-se a capacidade de
agregacéo da TFP enquanto que a DBC promove preferencialmente a eluigéio
de fosfolipidios

- a hemdlise induzida pelos xenobidticos ndo estd proporcionalmente
relacionada a eluigao de fosfolipidios e colesterol

Estes resultados sugerem que distinfos mecanismos celulares de
interagdo com a membrana s&o responsaveis pelos mecanismos de
citotoxicidade de cada droga e revelam a multiplicidade de fatores
(hidrofobicidade, solubilidade, grau de ionizagéo, propriedades de agregacéo,
afinidade especifica por determinade componente da membrana e efeitos
estéricos) que devem ser considerados na interpretacdo do fenémeno
hemolitico ou, de uma maneira mais genérica, da interacéo de anfifilicos com
membranas biolégicas.
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6. ANEXO :

Microcalorimetro de Conducio de Calor

A FIGURA 5a mostra esquematicamente um microcalorimetro
Thermometric 2277 (TAM, Thermal Activity Monitor), semelhante ac que foi
utilizado para a execugéo dos experimentos microcalorimétricos apresentados
nesta Tese. Um banho de agua termostatizado circunda quatro estacbes de
trabaiho (canais) que podem ser operadas independentemente. A estabilidade
da temperatura do banho é + 1 x10™* °C que pode ser mantida por longo
periodo de tempo (dias) desde que a temperatura ambiente nio varie mais do
que + 1 °C (sala rigorosamente termostatizada). A FIGURA 5 b, mostra um
canal calorimetrico do tipo “tween” ac qual se acopla a cela de reagéo (Figura
5 ¢) que esta associada a uma torre de aluminic de aproximadamente 30 cm
de comprimento.

As celas de reagdo podem ser constituidas de simples ampolas ou
podem ter estruturas complexas nas quais varios tipos de acessérios podem
estar associados. No nosso caso, a cela de reago possua um agitador e um
tubo metalico capilar que permitia a adicdo de pequenas quantidades de
reagentes, conforme esquematizado na FIGURA 5 ¢.
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FIGURA 5:’ MICROCALORIMETRO de CONDUCAQ de CALOR ("I:AM
Thermal Actigity Monitor). a-) vista interna do instrumento mostrando uma daé
quatrf:_esiagoes de trabalho; b-) esta¢io de trabalho contendo os tubos de
a!umm[o que servem de encaixe para a celas de reacdio e referéncia e a
termopilha; ¢-) torre de inser¢do da cela reaco contendo um tubo de injecdo
e um agitador mecanico.
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7. ANEXO II:

Hemolise e Eluicdo de Lipidios na Duplicacdo das concentraces de TFP,
DBC e PZQ

Como nos experimentos de analise morfolégica apresentados em
Malheiros et al., (1998d) utilizamos diferentes concentragdes de cada um dos
xenobibticos, apresentamos, na Figura 6, uma analise comparativa da eluigéo
de lipidios (colesterol e fosfolipidios) quando a hemolise induzida pela TFP e
DBC varia de 5 para 50%. Esta analise ndo pode ser feita com o PZQ pois
devido a sua baixa solubilidade o mesmo foi utilizado em concentragbes
suficientes para induzir uma hemoélise maxima de 12%.
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FIGURA 6: INCREMENTO da ELUICAO de COLESTEROL
FOSFOLIPIDIOS quande a HEMOLISE INDUZIDA por TFP e DBC VARIA de

5 para 50 %. Ht = 10%, incubacg&o 80 minutos, 37 °C.
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