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Resumo

Objetivos: O objetivo deste trabalho foi o desenvolvimento de um modelo
farmacocinético/farmacodindmico (PK/PD) para descrever o efeito antifiingico voriconazol
(VRC) contra espécies de Candida. Método: Para alcangar este objetivo as seguintes etapas
foram realizadas: i) foi adaptado e padronizado modelo de candidiase disseminada em ratos
Wistar imunocompetentes e imunocomprometidos com Candida sp.; ii) foram validados
métodos analiticos de LC-MS/MS e LC-UV para o doseamento do VRC em amostras de
plasma e microdialisado de tecido; iii) foram estabelecidas as condigdes para microdialise do
VRC ¢ as taxas de recuperagdo in vitro, por perda e ganho, ¢ em tecido renal in vivo, por
retrodialise, foram determinadas; iv) foi avaliada a PK nao-linear do VRC ap6s administragao
i.v. bolus das doses de 2,5, 5 ¢ 10 mg/kg ¢ a biodisponibilidade oral foi determinada em
roedores; v) a penetragdo renal do VRC apds administracdo oral das doses de 40 e 60 mg/kg
foi determinada em ratos Wistar sadios e infectados com C. albicans ou C. krusei; e (vi) o
perfil fungistatico do VRC contra C. albicans e C. krusei foi determinado utilizando modelo
de infec¢ao experimental in vitro onde foram simuladas as concentragdes livres renais do
VRC esperadas em humanos ap6s administragdo oral e i.v. de diferentes posologias. Os dados
de cinética e dinamica obtidos foram modelados com equag¢do de Emax modificada, com
auxilio do Scientist”. Resultados e Conclusdes: i) O modelo de candidiase disseminada foi
adaptado com sucesso para ratos Wistar. C. albicans apresentou maior viruléncia com Log
UFC/g de tecido renal de 5,51 £ 0,56 ¢ 7,29 £ 0,26, apos 2 ¢ 7 dias de infecgdo em animais
imunocompetentes, respectivamente. Em animais imunocomprometidos a contagem foi de
6,43 £ 0,59 Log UFC/g ap6s 2 dias de infec¢dao, com morte de todo o grupo dentro de 4 dias.
As espécies ndo-albicans (C. krusei e C. glabrata) apresentaram um perfil de infecgdo
semelhante em animais imunocompetentes (Log UFC/g = 2,98 £+ 0,27 para C. krusei ¢ 2,48 +
0,46 para C. glabrata). Entretanto, nos animais imunocomprometidos, C. krusei promoveu
morte de todo o grupo em até 7 dias, enquanto C. glabrata causou apenas um aumento no
grau de infeccdo (Log UFC/g = 6,98 £ 0,48). ii) Os métodos analiticos por LC-UV e LC-
MS/MS para quantificagdo do VRC foram validados. As curvas de calibragdo foram lineares

na faixa de 50 a 2500 ng/mL (r > 0,98) para ambos os métodos. Os ensaios de precisdo intra e



inter-dia foram > 94,9 e 95,8 %, para microdialisado por HPLC-UV e > 87,5 e¢ 92,3 % para
LC-MS/MS em plasma, respectivamente. A exatidao foi > 89,1 % para HPLC-UV e > 88,4 %
para LC-MS/MS. iii) A avaliagdo do VRC por microdialise mostrou que a recuperacao ¢
concentracdo independente (0,1-2,0 pg/mL). O VRC entretanto, devido a sua moderada
lipofilia, liga-se as tubulacdes do sistema de microdialise, gerando diferengas entre a
recuperacdo determinada pelo método de perda (retrodialise) e de ganho (dialise) in vitro, as
quais puderam ser corrigidas apds o célculo do coeficiente de ligagdo do farmaco ao sistema.
A recuperagdo in Vivo apos correcao da ligacdo ao sistema foi de 24,5 + 2,8 % iv) A analise
dos perfis de plasmaticos do VRC obtidos em ratos Wistar apos administra¢ao oral mostrou
comportamento nao-linear, compativel com saturagdo de eliminagdo. A avaliagdo
compartimental dos perfis 1.v. de diferentes doses, utilizando modelo de trés compartimentos
com eliminacdo de Michaelis-Menten, permitiu a determinacdo da constante de Michaelis
(Kwm) de 0,58 pg/mL e da velocidade méxima da eliminagao (Vi) de 2,63 pg/h, em média. A
modelagem simultdnea dos dados plasmaticos (40 mg/kg) e i.v. (10 mg/kg) permitiu a
determinag@o da biodisponibilidade oral do VRC em ratos, que foi de 82,8%. v) A fra¢ao de
penetracao renal do VRC, determinada por microdialise em ratos sadios e infectados, foi de
0,34 £ 0,01, similar a fracdo livre do farmaco no plasma (0,34), indicando que as
concentragdes livres renais de VRC sdo semelhantes as concentragdes livres plasmadticas e
que as mesmas nao se modificam devido a infecgdes causadas por Candida sp. vi) Os
parametros da modelagem PK/PD do efeito do VRC contra espécies de Candida em modelo
de infecg¢do experimental in vitro obtidos foram: CEspde 2,96 ug/mL e Kpp.x= 0,26 h1 para C.
albicans e CEsg de 3,47 ng/mL e Kp.x = 0,51 h! para C. krusei. Houve diferencga estatistica
apenas no K,.x para as duas espécies (o = 0,05) indicando uma maior suscetibilidade da C.
krusei ao VRC. O modelo PK/PD de E,.x modificado utilizado foi capaz de descrever
adequadamente os perfis de inibi¢do do crescimento de Candida sp em funcdo do tempo, para
todos os regimes terapéuticos do VRC avaliados, podendo ser usado para otimizagdo da

terapia com esse farmaco.

Palavras-Chave: Voriconazol, Modelagem PK/PD, Candidiase disseminada, Microdialise

renal, Penetragdo tecidual de antifiingicos.
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Abstract

Objectives: The aim of this work was the development of a pharmacokinetic-
pharmacodynamic model (PK/PD) to describe the fungistatic effect of voriconazole (VRC)
against Candida species. Method: To reach this objective, the following steps were done: 1)
a disseminated candidiasis model to immunocompetent and immunocompromised Wistar rats
with Candida sp was adapted and standardized; ii) analytical methods of LC-MS/MS and
LC-UV for measurement of VRC in plasma and microdialysate tissue samples were
validated; iii) microdialysis conditions of VRC and the recoveries rate in vitro, by loss and
gain, in renal tissue in vivo, by retrodialysis, were determined; iv) the non-linear PK of VRC
after 1i.v. bolus administration of 2.5, 5 e 10 mg/kg doses were evaluated and the oral
bioavailability in rodents was estimated; v) tissue penetration of VRC after oral
administration of 40 and 60 mg/kg was determined in healthy and infected by C. albicans or
C. krusei Wistar male rats; vi) the fungistatic profile of VRC against C. albicans and C.
krusei was determined using a experimental infection model in vitro, where the free renal
concentrations of VRC expected in humans after oral and iv administration of different
dosing regimens were simulated. The kinetic and dynamic data obtained were modeled using
an Emax modified model, with aid of Scientist”. Results and Conclusions: i) The
disseminated candidiasis model was successfully adapted to Wistar rats. C. albicans showing
high virulence with Log CFU/g of renal tissue of 5.51 £+ 0.56 and 7.29 + 0.26, after 2 and 7
days of infection in immunocompetent animals, respectively. In immunocompromised
animals, the counting was 6.43 + 0.59 Log CFU/g after 2 days of infection, with whole group
death within 4 days. Non-albicans especies (C. krusei e C. glabrata) showed a similar
infection profile in immunocompetent and immunocompromised animals (Log CFU/g = 2.98
+ 0.27 to C. krusei e 2.48 + 0.46 to C. glabrata). However, in immunocompromised animals,
C. krusei causes death in the whole group up to 7 days, instead, C. glabrata causes only a low
increase in the infection degree (Log CFU/g = 6.98 + 0.48). ii) The analytical methods of
HPLC-UV and LC-MS/MS to VRC quantification were validated. Linearity was between 50
- 2500 range ng/mL (r > 0.98) for both methods. The intra and inter-day precision assays
were > 94.9 e 95.8 %, for microdialysate using LC-UV and > 87.5 e 92.3 % using LC-



MS/MS for plasma, respectively. The accuracy was > 89.1 % for HPLC-UV and > 88.4 % for
LC-MS/MS. iii) The evaluation of VRC by microdialysis showed that recovery is
concentration independent (0.1-2 pg/mL). VRC, however, due to its moderate lipophilic
characteristic, binds to the microdialysis system tubing’s, generating differences between
recoveries determined by loss (retrodialysis) and gain (dialysis) in vitro methods, which
could be corrected after determination of drug’s binding coefficient to the system. The in
vivo recovery determined after correction of system binding was 24.5 + 2.8 %. iv) VRC
plasma profiles analysis obtained from Wistar rats after oral administration showed a non-
linear behavior, compatible with saturable elimination. The compartmental evaluation of i.v.
profiles in different doses, employing the a compartment model with Michaelis-Menten
elimination, allowed to determine the Michaelis-Menten constant (Ky) of 0.58 ug/mL and the
maximum velocity (Vy) of 2.63 ug/h, in average. The simultaneous modeling of oral (40
mg/kg) and iv (10 mg/kg) plasma data allowed the determination of the oral bioavailability of
VRC in rats, equal to 82.8%. v) The VRC renal penetration fraction, determined by
microdialysis in healthy and infected rats, was 0.34 £ 0.01, similar to the free unbound
fraction in plasma (0.34), showing that VRC free renal concentration levels are similar to the
unbound plasma concentrations and that did not change due the infection associated to
Candida sp. vi) The parameters of PK-PD modeling of VRC effect against Candida species
in the in vitro experimental infection model obtained were: ECsy de 2.97 pg/mL and Kp.x =
0.203 h™'to C. albicans and ECsj of 3.47 pg/mL and Kyex = 0.51 h™' to C. krusei. There is a
statistical difference only in K,.x value for the two species (a0 = 0.05), showing a higher
susceptibility of C. krusei to VRC. The PK/PD E,.x modified model employed was able to
describe adequately the growth inhibition profiles of Candida sp in function of time, for all

VRC dosing regimens evaluated, and can be used for therapy optimization with this drug.

Key-Words: Voriconazole, PK/PD Modeling, Disseminated Candidiasis, Renal

Microdialysis, Tissue penetration of antifungal agents.
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Capitulo 1: Introducéao









As intervengdes farmacologicas envolvendo antifingicos, por muitos anos, ndo
receberam um tratamento mais criterioso como o despendido aos antimicrobianos, em
virtude de sua baixa incidéncia e da morbi-mortalidade relacionada a essas infec¢des
(KLEPSER e LEWIS, 2002).

Nas duas ultimas décadas, entretanto, este panorama tem se modificado e os
estudos sobre as infecgdes fungicas e suas possibilidades de tratamento foram alvo de
inimeras investigagdes, como reflexo do aumento da importancia clinica destas
doengas, associadas ao surgimento de fatores de risco, como o Virus da
Imunodeficiéncia Humana Adquirida (HIV), o prolongamento de tratamentos com
quimioterapicos € o uso de medicamentos imunossupressores para o tratamento de
doengas auto-imunes (MAHMMOUD e RICE, 1999; SOBEL, 2002).

Na revisdo sobre infec¢des fungicas, espécies de Candida tém sido apontadas
como a quarta principal causa de infec¢des sépticas em paciente imunocomprometidos
nos Estados Unidos, com uma taxa de letalidade em torno de 40 % (EDMOND et al.,
1999).

Intmeros fatores contribuem para a dificuldade do tratamento das micoses
profundas, entre eles pode-se apontar: as limitagdes do arsenal terapéutico, que por
muitos anos contou apenas com a anfotericina B (TAVARES, 1996); as caracteristicas
fisico-quimicas das substancias, que precisam ser altamente lipossoliveis para
penetrar a parede do fungo; as propriedades farmacocinéticas, especialmente
relacionadas a questdes de metabolismo e toxicidade (SILVA, 2000); e as
propriedades farmacodindmicas, uma vez que as diferencas citoldgicas entre as células
eucaridticas dos fungos e a dos hospedeiros sdo pequenas (TAVARES, 1996).

Algumas dessas limitagdes ja foram superadas com o desenvolvimento de novos
agentes antifingicos derivados triazdlicos como o voriconazol (VRC), ravuconazol e
posaconazol (LUMBRERAS et al., 2003) ¢ a introdug¢do de formas lipossomais de
anfotericina B, que permitiram uma maior penetracdo desses agentes na parede
fingica e a redugio de sua dose (CARRILO-MUNOZ et al., 2001).

Entre os novos agentes triazolicos, o VRC foi o primeiro fairmaco da classe a
ter seu uso aprovado em humanos no Brasil. As modifica¢des estruturais que o

geraram a partir do fluconazol, permitiram um aumento do espectro de acdo e uma



melhor distribuicdo tecidual, especialmente importante para o tratamento de
candidiase disseminada e aspergilose (LEVEQUE et al., 2006).

Um dos mais surpreendentes aspectos relacionados a terapia com antifingicos,
entretanto, ¢ a falta de consenso quanto ao estabelecimento dos parametros
norteadores das posologias utilizadas. Um exemplo disso ¢ a anfotericina B, para a
qual ndo estdo definidas as estratégias de otimizagdo de dosagem, apesar dos 40 anos
de uso clinico (KLEPSER e LEWIS, 2002). Em parte, isto esta relacionado ao fato de
que, até 1980, a anfotericina B, era o Unico agente antifungico disponivel para os
tratamentos de micoses sistémicas. Desta forma, os testes de suscetibilidade a
antifingicos nao eram praticados (KLEPSER e LEWIS, 2002). Apenas no final da
década de 90, o Clinical and Laboratory Standards Institute (CLSI) aprovou métodos
padronizados de suscetibilidade a antifingicos.

Neste contexto, a Modelagem Farmacocinética-Farmacodindmica (PK/PD) surge
como uma abordagem inovadora para auxiliar na determinacdo da posologia de
antifingicos. Estes modelos sdo aplicados na simulagdo e previsdo de efeito, assim
como na otimizagdo de posologias para diversos farmacos, através da combinacao de
parametros farmacocinéticos e propriedades farmacodinamicas (CSAIKA e
VEROTTA, 2006), que permitem uma correlacdo matematica entre os elementos da
triade concentragao efetiva do farmaco, efeito farmacologico e tempo.

Para que o modelo PK-PD seja desenvolvido, realizam-se estudos de avaliacdo do
perfil farmacocinético (PK) do farmaco, administrando-se diferentes posologias e
monitorando-se as concentragdes plasmaticas obtidas e, muitas vezes, as
concentragdes livres no plasma ou no local de acdo. Paralelamente, procede-se a
avaliagdo farmacodinamica em funcao do tempo (PD), apos a utiliza¢ao de diferentes
posologias, em ensaios in Vitro ou in vivo, para determinar o efeito obtido devido a
variacdo de concentracdo do farmaco em estudo na biofase. De posse dos dados de PK
e PD, busca-se uma correlagdo matematica entre os mesmos, de modo que o modelo
desenvolvido possa servir para otimizar a utilizagdo terapéutica do farmaco.

Uma das vantagens do desenvolvimento de modelos PK/PD para antifingicos ¢ o

fato de que o efeito a ser avaliado ¢ a morte do microrganismo. Dessa forma, a



avaliagdo da eficacia pode ser realizada através da contagem de células viaveis no
meio de cultura (in vitro) apos a exposi¢do ao farmaco em estudo.

Modelos PK/PD similares ja foram desenvolvidos (NOLTING et al., 1996) e
empregados com sucesso na avaliagdo de antimicrobianos [-lactamicos (DALLA
COSTA et al., 1998; ARAUJO, 2002) e quinolonas (DELACHER et al., 2000;
PALMA, 2003).

Considerando o exposto, este estudo pretendeu dar continuidade a linha de
pesquisa que vem sendo desenvolvida neste Programa de Pos-Graduacgao, através da
investigacdo PK e PD do VRC em diferentes posologias, utilizando modelos in vivo ¢
in vitro apropriados, e do estabelecimento de modelo PK/PD para o referido farmaco.

O objetivo geral deste trabalho de tese foi o desenvolvimento de um modelo
farmacocinético-farmacodinamico (PK-PD) para o antifingico voriconazol, através do
estabelecimento da relagdo matematica entre o efeito farmacodindmico de morte
fungica (PD) gerado pelas concentragdes livres renais (biofase).

Os objetivos especificos deste trabalho de tese foram:

— Adaptar o modelo de infec¢dao experimental in vivo de candidiase disseminada
em camundongos a ratos Wistar;

— Adaptar e validar metodologia analitica por Cromatografia Liquida de Alta
eficiéncia (CLAE), com detec¢do por espectrometria de massa e ultravioleta,
para doseamento do voriconazol em plasma, dialisado de tecido e caldo de
cultura;

— Determinar as condi¢des experimentais € a recuperacdo das sondas de
microdialise in vitro e in vivo para o voriconazol, em tecido renal de ratos;

— Avaliar a farmacocinética plasmatica do voriconazol nas doses de 2,5, 5 e 10
mg/kg administrado intravenosos em ratos anestesiados;

— Determinar as concentragdes plasmaticas totais de voriconazol em ratos sadios
¢ em ratos infectados com diferentes espécies de Candida (C. albicans e C.
krusei) e as concentragdoes livres renais, através de microdialise, apos a

administra¢do por via oral das doses de 40 mg/kg e 60 mg/kg do farmaco;



— Desenvolver modelo de infec¢do experimental in vitro para as espécies de C.
albicans e C. krusei baseado nas normas M27-A2 previstas pelo CLSI/02, para
testes de suscetibilidade de leveduras;

— Utilizar o modelo de candidiase in vitro, desenvolvido para avaliar o efeito das
concentragdes livres renais de diferentes posologias do voriconazol sobre as
leveduras investigadas;

— Modelar o efeito antifungico do voriconazol versus tempo utilizando modelo

PK/PD apropriado.

Os resultados do trabalho estdo apresentados nos capitulos seguintes, redigidos na

forma de artigos publicados ou submetidos para publicagao.



Capitulo 2: Revisao






2.1 Problemética das infec¢bes fungicas associadas a leveduras do género
Candida

As infecgdes associadas ao género Candida envolvem um amplo espectro de
doengas superficiais e invasivas, acometendo pacientes expostos a uma diversidade de
fatores de risco, em especial, o uso de cateteres intravasculares, a terapia com
antineoplasicos e imunossupressores e a infeccdo pelo virus da imunodeficiéncia
humana adquirida (PASQUALOTTO et al., 2005).

Nos ultimos anos estas infeccdes tem tido sua prevaléncia aumentada,
principalmente nos ambiente hospitalar. Estudos recentes conduzidos por Colombo e
Guimardes (2003) apontam que 80 % das infec¢des flingicas relatadas em hospitais
terciarios sdo causadas por Candida sp, o que representa um grande desafio aos
clinicos, devido as dificuldades terapéuticas associadas ao tratamento com
antifungicos.

Em geral estas infecgoes se instalam apos uma redug¢do no mecanismo de defesa
do hospedeiro, decorrentes de fatores fisioldgicos (prematuridade), patoldgicos
(imunodeficiéncias congénitas ou adquiridas, doengas neoplasicas) ou ainda induzidos
(uso de medicamentos imunossupressores).

O comportamento patogénico da Candida deve-se principalmente a sua elevada
biodiversidade fenotipica. Modificagdes ambientais minimas podem alterar seu
comportamento mediante o desenvolvimento de novas e amplificadas propriedades,
como a formacdo de tubos germinativos, adesdo e secrecdo de proteases e
fosfolipases, entre outras. Estas novas propriedades invasivas associadas as alteragdes
no sistema imune do hospedeiro provocam o comportamento oportunista da levedura
(ROMANI et al., 2003). Apesar de qualquer 6rgdo poder ser afetado, os rins sdo os
mais freqiientemente envolvidos (WU et al.,, 2004). Por razdes desconhecidas, a
Candida sp. tem predilegdo pelos rins ¢ este 6rgdo pode ser severamente lesado,
resultando em faléncia renal.

E justamente nestes casos, que ocorre o maior risco de mortalidade associado a
estas infecg¢des, quando Candida sp. pode comprometer as visceras como resultado de
dissemina¢ao hematogénica da levedura pelo organismo, conhecida como candidemia

ou candidiase hematogénica (COLOMBO ¢ GUIMARAES, 2003).



Barberino e colaboradores (2006) sugerem que a candidiase hematogénica seria
uma conseqiiéncia natural do progresso médico, uma vez que estas infecgdes fungicas
invasivas tiveram sua prevaléncia aumentada com o aumento do nimero de pacientes
de alto risco, com diferentes graus de imunossupressdo, presentes no ambiente
hospitalar. A medida que estes pacientes tiveram sua expectativa de vida aumentada
em funcdo das novas terapias para o cancer e tratamento do HIV, desenvolvimento de
técnicas de transplante de orgdos e, ainda, o surgimento dos antibioticos de amplo
espectro, houve paralelamente um crescimento no nimero de infecgdes fungicas
sistémicas.

O principal problema do tratamento da candidiase hematogénica diz respeito ao
arsenal terapéutico para o tratamento desta infeccao.

Desta forma, desde 1998 o tratamento farmacoldgico recomendado pela
Sociedade Americana de Doengas Infecciosas para candidiase sistémica ¢ a
anfotericina B lipossomal e o fluconazol. Estes farmacos, embora sejam eficazes para
o tratamento de candidemias causadas por C. albicans, apresentam baixa atividade
sobre espécies nao-albicans, naturalmente resistentes aos azolicos, como € o caso da
C. krusei, que comecavam a aumentar de importancia no comego dos anos 90
(CHANDRASEKAR, 2005). Como conseqiiéncia houve o aumento das taxas de
mortalidade associadas a candidiase disseminada, que hoje sdo em torno de 40 %

(COLOMBO e GUIMARAES, 2003) e variam conforme a espécie, como pode ser

observado na Figura 1.
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Figura 1. Presenca de leveduras do género Candida e taxas de mortalidade associadas
as infec¢des nosocomiais nos EUA (Adaptado de Wisplinghoff et al, 2004).
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Na Figura 1 observa-se que Candida krusei ¢ a espécie associada a maior taxa
de mortalidade em infecgdes nosocomiais nos EUA, seguida de Candida glabrata e
Candida tropicalis. Um panorama bem diferenciado do observado até os anos 80,
quando Candida albicans era a espécie mais prevalente.

Essa mudanga de comportamento na epidemiologia deve-se principalmente a
dificuldades no tratamento, uma vez que estas espécies sdo freqiientemente resistentes
aos azolicos.

Algumas estratégias estdo sendo desenvolvidas no sentido de melhorar o
tratamento das micoses sistémicas. Entre elas estd o desenvolvimento de novos
agentes antifungicos, como o voriconazol e, ainda, a padronizacdo dos ensaios de

suscetibilidade a antifungicos que serdo discutidos a seguir.

2.2 Testes de suscetibilidade a agentes antifungicos triazolicos contra leveduras

Nas duas ultimas décadas, o aumento de infecgdes fungicas oportunistas
acompanhadas por crescentes relatos de resisténcia a antiflingicos, tornou necessario o
desenvolvimento de um teste de suscetibilidade que fosse reprodutivel, permitisse
correlagdes com a clinica e identificasse cepas resistentes (PFALLER et al., 1996).

Desta forma, o Clinical and Laboratory Standards Institute (CLSI), publicou
em 1997, um método referéncia para testes in vitro de 5 agentes antifingicos
sistémicos, voltados para Candida sp. e Cryptococcus neoformans. O CLSI publicou
esta metodologia sob a forma de um documento, o M27-A, o qual descreve os
métodos de macro e microdilui¢ao, utilizando um meio de cultura definido. Para
antifungicos azolicos foi preconizado o uso da técnica de microdiluicdo com o caldo
RPMI-1640 (Roswell Park Memorial Institute), tamponados com MOPS (Acido 2-(N-
morfolino)-propanossulfonico), pH 7,0. Este método tem demonstrado boa
reprodutibilidade, possibilitado uma correlagdo entre resultados in vitro e a resposta
clinica para alguns antifungicos (ALLER et al., 2000).

Recentemente, esta norma foi atualizada, recebendo a denominagao M27-A2
(CLSI, 2002), e incluiu os novos triazdlicos (ravuconazol, voriconazol e posaconazol)

no grupo de fArmacos para teste.
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A determinacdo da Concentracdo Inibitéoria Minima (CIM) para testes
realizados com antiflingicos azoélicos, no entanto, pode se tornar problematica, devido
ao fendmeno denominado trailing. Este termo ¢ empregado para descrever o ténue
crescimento persistente que alguns isolados de Candida sp. e Cryptococcus
neoformans exibem acima da Concentracgdo Inibitéria Minima (CIM). O fendmeno é
resultado do crescimento celular que cocorre em um periodo anterior & acdo do
farmaco (ESPINEL-INGROFF, 2000). A redu¢do do pH do meio de cultura RPMI-
1640 de 7,0 para 5,0 resolve o problema do trailing sem alterar os valores das CIMs
para o fluconazol (MARR et al., 1999).

Outra limitagdo do método proposto pelo CLSI € a sua inadequagdo aos testes
de suscetibilidade a anfotericina B, pois os resultados tendem a ficar muito proximos,
dificultando a definicdo dos breakpoints. Isso pode dificultar a deteccdo de
mecanismo de resisténcia do C. neoformans a este antibiotico poliénico (PFALLER et
al., 1996).

Como alternativa para solucionar estes problemas alguns estudos demonstram
que a substitui¢do do meio RPMI-1640 pelo Antibiotic Medium 3 (AM 3) aumentou a
sensibilidade do teste para identificar cepas resistentes a anfotericina B (REX et al.,
1995; WAGNER et al., 1995).

Outra possibilidade sugerida na literatura ¢ a utilizacdo de E-test com RPMI-
1640 suplementado com glicose ou E-test em AM 3, igualmente suplementado com
glicose. Entretanto, o AM 3 pode apresentar variabilidade em estudos
interlaboratoriais, uma vez que seus componentes nao sao bem definidos e diferencas
significativas entre lotes podem ser observadas (NGUYEN et al., 1998).

Outras modificacdes para o método de referéncia M27-A2 té€m sido sugeridas
para facilitar e aumentar a precisdo na determinacdo das CIMs dos agentes
antifingicos, tais como a incorporacdo de painéis para testes antifingicos in vitro com
indicadores colorimétricos, a determinagao de CIM através de espectrofotometros,
métodos alternativos utilizando agar, métodos de disco-difusdo e o E-test (ESPINEL-
INGROFF et al., 2000).

Desta forma, observa-se que apesar da tentativa do CLSI em padronizar os

métodos empregados para testes de suscetibilidade a antifungico em leveduras, ainda
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nao foi encontrado um método que pode ser considerado padrao ouro para a execugao

destes ensaios.

2.3 Modelos de Avaliagdo Farmacodinamica

2.3.1 Modelos in vitro

Os testes de atividade de agentes antifingicos incluem o uso de modelos in vitro e
In vivo, sendo que os primeiros constituem a primeira etapa na avaliagdo da atividade
farmacoldgica destes agentes.

Estes modelos sdo limitados pela impossibilidade de considerarem as propriedades
farmacocinéticas e farmacodinamicas da relagdo hospedeiro/microrganismo/farmaco,
especialmente no que se refere a incapacidade de avaliar concentragdes disponiveis in
Vvivo para exercer o efeito (DODDS et al., 2000).

Um dos modelos in vitro empregados na caracterizagdo da farmacodinamica
antifungica consiste na analise de curvas de morte em func¢do do tempo, conhecidas
como time—kill curve, cuja padronizagio foi sugerida na literatura em 1998
(KLEPSER, 1998).

O modelo consiste em varios frascos, onde estdo presentes o indculo padronizado
do microrganismo teste e diferentes concentragdes do farmaco em estudo, as quais
variam em fun¢do da Concentragdo Inibitéria Minima. O sistema ¢ mantido em
agitacdo e temperatura controlada de 35°C e, em tempos pré-determinados, sdo
retiradas aliquotas do meio de cultura, as quais sdao diluidas em série e posteriormente
plaqueadas e incubadas. De posse dos dados da contagem de microrganismos
presentes, sdo plotadas curvas de razdo da CIM versus LOG UFC/mL.

Klepser e colaboradores (2002) avaliaram a farmacodinamica do voriconazol e do
fluconazol contra Candida sp. e C. neoformans empregando esta metodologia. As
concentragdes avaliadas variaram na faixa de 0,0625 a 16 vezes o valor de CIM
encontrado para o farmaco. Este estudo permitiu concluir que estes antifingicos
apresentam atividade fungistatica para as espécies estudadas, tendo uma

farmacodinamica concentragdo- independente.
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Mais recentemente, Li e colaboradores (2006) realizaram uma avaliagdo
farmacodindmica do voriconazol também por esta metodologia, frente a isolados
clinicos de Candida albicans, Candida glabrata e Candida parapsilosis e ainda cepas
ATCC 90029 e SC 5314. Neste estudo, as concentracoes avaliadas foram de 0,25 a 16
vezes o valor da CIM, a qual foi determinada por E-test®. Para todas as cepas testadas
foi observada uma inibi¢do do crescimento em valores de concentracdo menores do
que 1 vez a CIM, indicando a potente atividade inibitéria do voriconazol sobre as
leveduras.

Uma desvantagem deste modelo se deve ao fato de que as concentragdes as quais a
levedura ¢ exposta, ndo variam em funcao do tempo, sendo mantida uma concentragao
fixa do comego ao fim do experimento, o que ndo reflete a condigado real que ocorre in
vivo, onde o microrganismo ¢ exposto a concentragdes plasmaticas/teciduais
flutuantes, devido ao processo de eliminag¢ao do farmaco (POLAK, 1998).

Um segundo modelo de infecg¢do in vitro empregado na analise farmacodinamica
pode oferecer uma caracterizacdo mais realista da cinética em humanos. Este
mimetiza um sistema de cinética de um compartimento. O compartimento central
contém o inoculo e uma quantidade do farmaco ¢ adicionada ao sistema, gerando
concentragdes que simulam as presentes no plasma em humanos. Durante um periodo
de 24/48 horas de coleta, o farmaco livre no meio ¢ removido gradativamente do
compartimento central em velocidade similar ao tempo de meia-vida do farmaco em
humanos (RUSSEL et al., 1998), sendo que este processo pode se dar através de
diluigdes sucessivas ou bomba peristaltica (LEWIS et al., 1998; AVILES et al.; 2001).

Esta dinamica permite uma comparacdo mais verdadeira das caracteristicas

farmacodinamicas nos pacientes (DODDS et al., 2000).
2.3.2 Modelos in vivo

Modelos animais para caracterizar a farmacocinética e as propriedades
farmacoldgicas dos agentes antifungicos historicamente resultam em melhores

previsoes da eficacia antiflingica quando comparadas aquelas observadas nos testes de

suscetibilidade antiftingica in vitro. Isto se deve ao fato de que os fungos comportam-
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se de forma diferente in vivo e in vitro, modificando sua morfologia, fisiologia e
algumas vezes a propria resposta ao antifungico (GRAYBILL, 1995).

A demonstracao de eficicia antifingica através destes modelos, entretanto, ¢ muito
dependente das condigdes experimentais, sendo influenciada por fatores
farmacocinéticos como a absorcao, distribuicdo e depuragcdo do farmaco, assim como
por fatores farmacodinamicos como o tamanho do indculo e a rota de infecgdo, a
condi¢do imunologica do hospedeiro e a duracao do tratamento (GRAYBILL, 2000).
Nestes modelos, os parametros mais comuns empregados para a avaliagdo
farmacodinamica sdo o tempo de sobrevivéncia dos animais, a reducdo do dano
tecidual, e a contagem do ntimero de células fungicas no tecido, sendo que o tecido
avaliado depende do agente etioldgico empregado no modelo.

Um modelo in vivo empregado com freqiiéncia nas investigagoes
farmacodinamicas de antifungicos ¢ o modelo de candidiase sist€émica em murino
neutropénico (ANDES et al., 2003), que apresenta varias modificagdes na literatura.
Este modelo consiste na infeccdo de animais imunocomprometidos pela via
intravenosa, utilizando a veia caudal, com um inéculo na ordem 10* UFC/mL de
levedura e na remog¢ao dos rins apos um periodo de tratamento pré-determinado. O
tecido renal ¢ homogeneizado, diluido e plaqueado e o efeito farmacodinamico ¢
expresso pelo niamero de UFC/mL, obtidos apds o tratamento antifingico em
comparacao com o controle nao-tratado.

A Candida albicans ¢ uma espécie de fungo altamente patogénica em murinos,
ocasionado a morte em um periodo de 1-2 semanas apds a inoculacdo por via
intravenosa de 10° UFC em animais imunocompetentes (GRAYBILL et al., 1995),
sendo ainda necessarios 1 a 2 dias para o microrganismo germinar e a infecgdo se
estabelecer, antes de iniciar o tratamento com o antifiingico.

Uma vez que as candidemias geralmente acometem individuos
imunocomprometidos, a eficacia de agentes antifingicos sobre este microrganismo
envolve também a utilizagdo de animais imunocomprometidos.

O processo de indugdo do imunocomprometimento ¢ realizado através da
administracdo de ciclofosfamida (150 - 100 mg/kg) ou S-fluorouracil (75 — 125

mg/kg) o que reduz a contagem de leucdcitos para valores inferiores a 100 células/mL.
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Neste grupo de animais a dose letal de inoculacio com C. albicans é na ordem de 10*
UFC e pode-se observar morte em apenas 1 dia, se esta exceder 10" UFC.

Para as espécies de Candida n&o-albicans, como a viruléncia é menor, a
neutropenia ¢ uma condi¢do primaria para a inducdo do processo infeccioso. C.
glabrata, C. tropicalis e C. krusei podem ser estudas em camundongos neutropénicos,
sendo que para C. glabrata o inéculo deve ser maior do que 10’ UFC para ocorréncia
da infec¢do. As taxas de mortalidade sdo frequentemente menores do que 100% nos
casos de infeccdo experimental por esta espécie de Candida, de forma que as
contagens do numero de células no tecido sdo mais indicadas para a avaliagdo de
eficacia.

Modelos animais para avaliagdo farmacocinética e farmacodindmica de
antifingicos, embora extensamente descritos na literatura, apresentam limitagdes que
ndo podem ser negligenciadas no momento da sua escolha. Uma delas se refere a
natureza aguda da doenga resultante (DODDS et al., 2000) ¢ a propria ectiologia da
mesma. Roedores ndo sdo colonizados naturalmente por espécies de Candida, de
modo que a infeccdo experimental no animal ndo reproduz uma condi¢do de doenga
existente naturalmente na espécie. Além disso, a resposta do hospedeiro e as
diferencas farmacocinéticas, principalmente relacionadas ao metabolismo, devem ser
consideradas antes de tentar extrapolar os resultados para humanos (POLAK et al.,
1998). Aspectos éticos como o sofrimento e o grande nimero de animais envolvidos

nestes estudos também devem ser considerados na escolha de um modelo in vivo.

2.4 Indices Farmacocinéticos e Farmacodinamicos (PK/PD) Aplicados a

Antifungicos

Os indices PK/PD empregados para antifingicos em parte se assemelham aos
aplicados na andlise de antibacterianos. O principal parametro farmacodinamico
utilizado ¢ a concentracdo inibitéria minima, que reflete a menor concentracao de
farmaco capaz de inibir o crescimento fingico visivel. Os métodos para determinagdo

da CIM em antifungicos, no entanto, sdo diferentes daqueles empregados para a

16



maioria dos agentes antimicrobianos, sendo que as técnicas variam entre os grupos de
antifingicos (DODDS et al., 2000), conforme descrito anteriormente.

Quando a morte do microrganismo ¢ aumentada pelo aumento da dose, o
antifungico ¢ considerado concentracdo dependente e neste grupo de farmacos estdo
incluidos os antifingicos poliénicos ¢ as equinocandinas (ANDES et al., 2004).

Com outros grupos de farmacos a atividade antiflingica ¢ aumentada ndo em
funcdo do aumento das concentracdes plasmaticas totais, mas sim pelo aumento do
tempo de exposi¢cdo ao farmaco, sendo estdo definidos como tempo-dependentes, ou
concentragdo-independentes, estando incluidos neste grupo os antifiingicos triazolicos
¢ a flucitocina (ANDES et al., 2004).

Os indices PK/PD utilizados na avaliacdo de antifungicos sdo: ASC/CIM, Cx
/CIM e Tempo > CIM (Figura 2). O Tempo > CIM avalia o percentual de tempo em
que os niveis plasmaticos estdo acima da CIM, a C,;,/CIM expressa a razao entre a
Concentragdo maxima (C) € a CIM e finalmente a ASC/CIM, expressa a razdo ente
a Area Sob a Curva e a CIM.

Estes trés parametros tém sido tradicionalmente empregados para descrever a

relagdo entre a exposi¢do do farmaco e o efeito do tratamento.
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Figura 2. Indices Farmacodinamicos/Farmacocinéticos empregados na avaliago
de eficacia de antimicrobianos (Adaptado de ANDES, 2004).

O efeito pos-antifungico (PAFE), caracterizado pela persisténcia da atividade

do farmaco apds atingir-se concentracdo abaixo da CIM, ¢ outro paradmetro
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farmacodinamico empregado. Estas concentragcdes sdo chamadas de sub-inibitorias,
nao sendo passiveis de doseamento.

Experimentos realizados em animais e in vitro foram utilizados para descrever
o PAFE para a maioria dos antifingicos. Estudos in vivo com poliénicos,
equinocandinas e triazdlicos tém demonstrado uma supressdo prolongada no
crescimento fungico (ANDES, 2004), caracterizando um PAFE importante.

O PAFE do voriconazol foi estudado por Manavathu e colaboradores (1998), e
comparado ao da anfotericina B, da caspofungina, da micafungina e outros azolicos

(Tabela 1).

Tabela 1. Efeito pos-antifingico (PAFE) dos principais agentes antifingicos de
uso sistémico frente a Aspergillus fumigatos e Candida albicans.

Antiflngico PAFE (h*)
A. fumigattus C. albicans

Anfotericina B 7,50 5,30
Itraconazol 0,50 <0,50
Voriconazol 0,50 <0,50
Posaconazol 0,75 <0,50
Ravuconazol 0,40 <0,50
Caspofugina <0,50 5,60
Micafungina <0,50 5,00

*Tempo necessario para a célula fingica se recuperar apos breve
exposicao ao antiflingico teste.

Os resultados apontaram que o VRC apresenta baixa atividade pds-antifingica
frente a Aspergillus fumigatus em comparagdo a anfotericina B. Nao foi observado
efeito PAFE frente a Candida albicans.

Em relacdo aos estudos de PAFE em modelos animais, observa-se uma
aplicacdo clinica limitada, uma vez que a sua determinagdo ¢ freqlientemente baseada
na correlagdo entre as concentragdes séricas e a atividade antifungica correspondente

no sitio infeccioso (ANDES et al., 2003). A dificuldade esta relacionada a disparidade
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das concentragdes no plasma e as concentragdes observadas nos rins, sitio mais
comumente utilizado em modelos animais para avaliar atividade antiflingica. As
concentragdes de ANF B observadas nos rins, por exemplo, podem ser 4 vezes
maiores que aquelas observadas no plasma. Esse resultado pode indicar um efeito
antiflingico persistente, o que na realidade ndo ¢, pois as concentragdes do fArmaco no
sitio de infec¢do permanecem significativamente superiores a CIM e continuam a
prover a atividade antifingica enquanto as concentragdes no plasma sdo
subinibiotorias (TURNIDGE et al., 1994).

O significado clinico do PAFE estd indefinido e nio tem sido testado no
tratamento de infecgdes em humanos, porque os estudos in vivo sdo ainda incapazes
de dosar as concentragdes do farmaco livre no local de a¢do (DODDS et al., 2000).

A falta de correlacdo entre o resultado clinico ¢ os obtidos nos testes de
suscetibilidade ocasiona muitas dificuldades no tratamento de infec¢des fungicas
invasivas, envolvendo tratamentos imprecisos € muitas vezes controversos (DODDS
et al., 2000).

Para farmacos que apresentam perfil de atividade tempo-dependente e efeito
pos-antifingico (PAFE) curto ou inexistente, a dosagem ¢ otimizada pelo
prolongamento da duracdo das interagdes entre o fArmaco e o organismo. O parametro
que considera esta exposicao ¢ o T > CIM. Para os farmacos que apresentam morte
concentragdo-dependente e PAFE prolongado, a eficacia ¢ prolongada pela
administracdo de doses maiores menos frequentemente, e os parametros preditivos de
eficacia neste caso sao C,;/CIM e ASC/CIM.

ANDES e colaboradores (2003) utilizaram o modelo de E,; sigmoidal para a
analise da curva dose-efeito do voriconazol em camundongos neutropénicos. Neste
estudo foram avaliados 24 regimes posoldgicos, para as doses de 0,078, 0,3125, 1,25,
5, 20 e 80 mg/kg/24h (g3, 96, q12 e q 24), empregando um n = 2 por tempo de coleta.
Através do modelo foi gerada a curva dose-efeito do fArmaco, e posteriormente foram
analisadas as correlagdes entre os parametros E.,, € DEs, e outros indices PK/PD
como area sob a curva (ASC) e concentragdo inibitoria minima (CIM), avaliando o
valor preditivo de eficacia destes parametros. O estudo demonstrou uma grande

correlacdao entre os valores de CEsy encontrados, para cada um dos quatro intervalos
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de doses, e a relagio ASC,s/CIM, indicando que este ¢ o indice

farmacocinético/farmacodindmico mais preditivo para a eficacia do voriconazol.

2.5 Voriconazol

2.5.1 Caracteristicas Quimicas

O voriconazol (VRC) (Figura 3) ¢ um novo agente antifungico triazolico, cujo
nome quimico ¢ (2R,3S)-2-(2,4-difluorofenil)-3-(5-fluoro-4-pirimidinil)-1-(1H-1,2,4-
triazol-1-i1)-2-butano (Figura 3), com peso molecular de 349,3 kD e f{ormula
empirica C;¢H;4F3N5O. Possui grau intermediério de lipofilicidade (Log ;4 D=1,8) e
um valor de pKa = 1,63 (ROFFEY et al., 2003).

Seu uso foi aprovado nos Estados Unidos em maio de 2002 pelo FDA (Food
and Drug Administration) e no Brasil em julho do mesmo ano (ANVISA, 2002).

Figura 3. Estrutura quimica do voriconazol, antifingico triazolico.

Este antifiingico pertence ao grupo dos azodlicos e foi desenvolvido pelos
Laboratérios Pfizer® com o objetivo de ampliar o espectro de acdo e a poténcia do
fluconazol. O espectro antifngico foi ampliado pela introdugdo de um grupo a-metila
na estrutura principal propila do fluconazol (GIRMENIA et al., 1998) e a substitui¢do
de um anel triazol por uma estrutura 4-fluoropirimidina, a qual promoveu o aumento

da poténcia antifingica (SABO e ABDEL-RAHMAN, 2000) (Figura 4).
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Figura 4. Modificagdes estruturais no fluconazol que originaram o voriconazol.

2.5.2 Propriedades Farmacodinamicas

Assim como outros antifiungicos azodlicos, o VRC exerce seu efeito
primariamente atraveés da inibicao da 14-a-esterol desmetilase (P-450py), uma enzima
dependente do citrocromo P-450, responsavel pela conversao do lanosterol em 14-a-
desmetil-lanosterol em uma das etapas de biossintese do ergosterol. O ergosterol ¢ um
componente essencial da membrana do fungo, regulando a fluidez, a permeabilidade e
a atividade das enzimas associadas 8 membrana (SANATI et al.,1997).

Em leveduras, o ergosterol também compde majoritariamente as vesiculas
secretorias e realiza um papel importante nas reagdes de fosforilacdo oxidativa
(BAMMERT e FOSTEL, 2000), sendo que a eficacia dos azois esta relacionada a
maior afinidade pela P-450py da célula fungica do que pela P-450py de mamiferos
(BODEY, 1992).

A inibicdo da P-450py causa ndao somente a deplecio do ergosterol e,
conseqlientemente, a perda da integridade e funcionalidade da membrana celular
fingica, como também desencadeia o acimulo de precursores de ergosterol toxicos,
incluindo o esqualeno, o zimosterol, o lanosterol, o 4,14-dimetilzimosterol ¢ o 2-4
metilenodihidrolanosterol (SANATI, 1997). O efeito global consiste em inibi¢do da
replicagdo. Uma outra conseqiiéncia ¢ a inibicdo da transformacdo das células de
levedura da Candida em hifas, a forma invasiva e patogénica do microrganismo

(RANGE et al., 2001).
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Estudos de avaliagao da morte fungica em funcao do tempo foram conduzidos
para o VRC com o objetivo de caracterizar seus efeitos como fungicida ou
fungistatico (JEU et al., 2003).

Manavathu e colaboradores (1998) verificaram, empregando o método de time-
kill curves, que o farmaco possui atividade fungistatica para Candida sp. e fungicida

para Aspergillus fumigatus, conforme pode ser observado na Figura 5.
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Figura 5. Atividade fungicida e fungistatica do voriconazol contra Aspergillus
fumigatus (a) e Candida albicans (b) mostrada por estudos de morte em
fungdo do tempo (time-kill studies). (Adaptado de MANAVATHU et

al.,1998)

Semelhante aos demais antifingicos azolicos, a atividade fungistatica do VRC
foi também confirmada através dos estudos in vitro conduzidos por KLEPSER e
colaboradores (1998), nos quais o farmaco foi testado contra espécies de Candida e
ndo causou morte fungica apds 24 h, com 80 a 85 % do crescimento inibido. Além
disso, as concentragdes de VRC de 5 a 10 pg/mL ndo causaram morte concentracao-
dependente, sendo que os valores de CIMsy, e CIMgy, em 24 h ndo mostraram
diferenca. A CEs5, (concentracdo necessaria para obter 50 % do efeito maximo de
morte fungica), foi da ordem de 0,8 vezes a CIM enquanto o CEg, apresentou valores

aproximados de 3 vezes a CIM.
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Em contraste, o VRC, apresentou atividade fungicida contra espécies de
Aspergillus, Furasium e Scedosporium. Estes dados permitiram caracterizar sua
farmacodinamica como espécie-especifica (JEU et al., 2003).

As principais caracteristicas farmacodindmicas do farmaco sdo mostradas na

Tabela 2.

Tabela 2. Principais caracteristicas farmacodindmicas do voriconazol
(Adaptado de THEURETZBACHER et al., 2006).

Parametro Caracteristica

Atividade Candida sp: fungistatico
Aspergilus sp: fungicida

Relagao Tempo-Efeito Candida sp: tempo-dependente fungistatico
Aspergilus sp: tempo-dependente fungicida
lento

PAFE in vitro Candida sp: Nao apresenta

Aspergilus sp: Curto efeito

Indice PK/PD
ASCf0_24 /CIM

ASCioo4=area sobre a curva de 24 h da fracdo livre no plasma; PAFE= efeito pds-antifungico;

Para o tratamento de candidose oral, a eficacia do VRC situa-se na faixa de 80
a 100 %, o que ¢ explicadopela inibi¢do do ergosterol dose-dependente que o VRC
apresenta sobre espécies de Candida, quando comparado a grupos ndo-tratados
(SANATI, 1997).

Inimeros estudos estdo publicados na literatura envolvendo testes de
suscetibilidade de Candida sp. ao VRC. Os resultados de alguns destes ensaios estio

sumarizados na Tabela 3.
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Tabela 3. Atividade in vitro do VRC contra diferentes espécies de Candida
(Adaptado de JEU e colaboradores, 2003).

Espécies de N° de ClIMg, Faixa da Referéncias
Candida isolados (ng/mL) CIM
clinicos (ng/mL)
testados

PFALLER et al.,1998.
C. albicans 5616 0,015 0,008 - 0,5 | PFALLER et al.,2002.
CHAVEZ et al.,1999.
MARCO et al., 1998.

PFALLER et al.,1998.
C. glabrata 939 0,250 0,030 - 8,0 | PFALLER et al.,2002.
CHAVEZ et al.,1999.
MARCO et al., 1998.

PFALLER et al.,1998.
C. krusei 234 0,500 0,060 - 4,0 | PFALLER et al.,2002.
CHAVEZ et al.,1999.

CIMy, - Concentragao Inibitoria Minima para inibigao do crescimento em 90% das amostras testadas.

Em geral, os testes de suscetibilidade de espécies de Candida ao VRC tém
apresentado uma valor de CIMy, entre 0,015 e 0,5 pug/mL, e uma ampla faixa de
CIMs, que varia de 0,008 a > 8 pg/mL.

Em estudos comparativos realizados por Pfaller e colaboradores (1998), sobre a
suscetibilidade de C. albicans, C. glabrata e C. krusei aos azolicos fluconazol,
itraconazol e voriconazol, este demonstrou espectro de atividade similar ao do
fluconazol e superior ao do itraconazol. Os resultados também indicaram que o
voriconazol apresenta maior poténcia que o fluconazol (em 89% dos testes), com
valores de CIMy, < 8ug/mL para o fluconazol versus CIMy, < 0,25 pg/mL para o
VRC.

Espinel-Ingroff (1998) realizou estudos comparativos quanto aos valores das
CIMs obtidos para diferentes antifiingicos contra espécies de Candida (Tabela 4) e os
resultados encontrados indicam valores de CIM para o voriconazol sempre menores
ou iguais ao do antifiingico mais potente para cada espécie, o que caracteriza uma de

suas principais vantagens farmacodinamicas.
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Tabela 4. Comparagdo entre a atividade in vitro de diferentes antiflingicos contra
espécies de Candida (adaptado de ESPINEL-INGROFF, 1998).

Levedura Agentes Testados ClMgo (ng/mL)
Candida albicans Voriconazol 0,5
(n=32) Anfotericina B 2
Itraconazol 0,5
Fluconazol 32
Candida glabrata Voriconazol 4
(n=14) Anfotericina B 2
Itraconazol 2
Fluconazol 64
Candida parapsilosis Voriconazol 0,25
(n=18) Anfotericina B 1
Itraconazol 0,25
Fluconazol 2
Candida kruseli Voriconazol 0,5
(n=12) Anfotericina B |
Itraconazol 1
Fluconazol 16
Candida lusitaniae Voriconazol 0,06
(n=17) Anfotericina B 2
Itraconazol 0,25
Fluconazol 2

O VRC foi aprovado pela Food and Drug Administration (FDA) para o

tratamento da aspergilose invasiva, de infecgdes invasivas graves por Candida

resistentes ao fluconazol (incluindo C. krusei), infecgdes fingicas graves causada por

Scedosporium spp. ¢ Fusarium sp.

2.5.3 Propriedades Farmacocinéticas

A farmacocinética do VRC ¢ descrita na literatura tanto para animais

(ROFFEY et al., 2003) quanto para seres humanos (LEVEQUE et al., 2006). Os

parametros farmacocinéticos obtidos apos administracio oral e intravenosa de

farmaco a cinco espécies animais sao mostrados na Tabela 5.

Em ratos, o estudo conduzido por Roffey e colaboradores (2003) com um

pequeno numero amostral (n = 2), a farmacocinética mostrou-se nao-linear e género-
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dependente, com uma menor distribuicio em ratos machos do que em fémeas
(ROFFEY et al., 2003) (Figura 6). A analise ndo-compartimental dos dados ¢
mostrada na Tabela 5.

O modelo farmacocinético que melhor descreveu os dados do VRC para
estudos em animais foi o modelo de 1 compartimento com elimina¢do baseada na
equacdo de Michaelis-Menten. Através deste modelo, se pode obter pardmetros como
Vmax (velocidade maxima), Km (constante de Michaelis-Menten) e C (concentragao
no tempo zero) e calcular o valor aparente de depuragdo (Vmax/Km) e o valor do

volume de distribui¢do (Dose/Cp) (ROFFEY et al., 2003).

Tabela 5. Parametros farmacocinéticos do voriconazol em diversas espécies

animais.

Parametros Camundongo Rato Coelho Cobaio Céo
Género Macho Macho | Fémea Fémea Fémea Macho/

(n=3) n=2) | (n=2) (n=23) (n=1) Fémea

(n=4)

LPP* (%) 67 66 66 60 45 51
Administracao iv
Dose (mg/kg) 10 10 10 3 10 3
ASCO-t 41,7 18,6 81,6 1,1 38,5 32,1
(ugh/mL)"
ASCO-t 8 6,7 13,9 1,6 22 17,9
(ng'h/mL)”
Administragao oral
Dose (mg/kg) 30 30 30 10 10 6
Cmax 12,4 9,5 16,7 1 4,1 6,5
(ng/mL)
tmax (h) 2 6 1 1 8 3
ASCO-t 98,8 90 215,6 3,2 29 88,8
(ugh/mL)*
ASCO-t 353 323 57,4 4.4 32,3 52,2
(ng'h/mL)™
f 81 159 88 87 75 138

*=Ligacdo as Proteinas Plasmaticas; u = dose nica; m = dose multipla (uma vez ao
dia por 10 dias), exceto para cobaio (3 vezes ao dia). (Adaptado de ROFFEY et al.,
2003).
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Figura 6. Perfil de concentragdo plasmatica de voriconazol (administra¢do oral
(M) e intravenosa (@) em fungdo do tempo em ratos machos e fémeas
para a dose de 30 mg/kg (Adaptado de ROFFEY e colaboradores,

2003).

Estudos do VRC marcado com '*C em ratos avaliaram a distribuicio tecidual
da dose de 10 mg/kg (JEU et al., 2003). Apds 5 minutos da administragdo intravenosa

por infusdo continua, o firmaco apresentou maiores concentragdes no figado (21
ng-Eq/g) e cortex da adrenal (10,4 pg-Eqg/g). Concentragdes significantes também
foram detectadas no sangue (4,3 ng-Eq/g), cérebro (8,1 ug-Eq/g), retina (13pg-Eq/g) e

pulmodes (5,8 ng-Eq/g).

Em humanos, o voriconazol ¢ rapida e completamente absorvido apos
administragdo oral, com t,,, menor do que 2 horas (PURKINS et al., 2002),
apresentando alta biodisponibilidade oral, com perfis muito similares aos obtidos para

administragdo intravenosa, conforme pode ser observado na Figura 7.
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Figura 7. Perfis de concentragao plasmatica do Voriconazol para administragdo i.v.

por infusdo continua de 1 hora, nas doses de 3, 4 ¢ 5 mg/kg (a) e oral (b) em
humano sadios (Adaptado de PURKINS e colaboradores, 2002).

O tempo de meia-vida do VRC em humanos ¢ de aproximadamente 6-9 horas
para a dose de 200 mg v.o. ou 3 mg/kg i.v., com taxa de ligacdo as proteinas
plasmaticas em torno de 58 %, a qual mostrou-se ndo concentragdo-dependente na
faixa terapéutica utilizada (THEURETZBACHER et al., 2006).

Este moderado percentual de ligagao a proteinas difere do perfil observado para
os demais triazdlicos (ravuconazol e posoconazol) os quais possuem altas taxas de
ligagdo (em torno de 95%) (LEVEQUE et al., 2006). A principal conseqiiéncia deste
aumento na fragdo livre ¢ o elevado volume de distribui¢do, 2 a 4,6 L/kg, em uma

administragdo de 3 mg/kg/h em infusdo continua, observado para o VRC em
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comparag¢do com os demais antifungicos, o que sugere uma extensa distribuicdo nos
compartimentos intra e extra-celular (THEURETZBACHER et al., 2006).

Hé4 poucos dados na literatura sobre a distribuigdo tecidual do VRC em
humanos. Lutsar e colaboradores, em 2003, avaliaram concentracdo de voriconazol
em fluido cérebro espinhal (FCE) de pacientes imunocomprometidos que faziam uso
do farmaco em ambiente hospitalar. Os resultados apontaram uma relacao linear entre
as concentragdes de voriconazol no plasma e no liquor , com uma razao de propor¢ao
entre as concentragdes em torno de 0,46, indicando uma excelente taxa de penetragao
do farmaco no sistema nervoso central.

O estado de equilibrio fo VRC ¢ alcangado apos 5 ou 7 dias de tratamento
(THEURETZBACHER et al., 2006) mas esta dificuldade pode ser superada com a
administracdo de duas doses de ataque de 6 mg/kg, a cada 12 horas, o que reduz este
periodo para um dia (PURKINS et al., 2002).

O voriconazol apresenta farmacocinética nao-linear em humanos, comprovada
em estudos de dose-multipla nos quais observou-se que os valores de ASC,
aumentaram desproporcionalmente com a dose, tanto para administracao oral, quanto
para intravenosa.

Os graficos do valor ASCy_ vs dose para as duas vias de administragao testadas,

sdo mostrados na Figura 8 (PURKINS et al., 2002).
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Figura 8. Aumento desproporcional da area sob a curva de concentragdo por tempo
no steady-state (ASCs) em relacdo a dose observado para o voriconazol
ap6s administragdo de dose multipla iv (a) e oral (b) (Adaptado de
THEURETZBACHER et al., 2006)
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Muitos autores associam a ndo-linearidade da farmacocinética do VRC a
saturacdo do metabolismo (PURKINS et al., 2002), uma vez que o farmaco ¢
eliminado primariamente pela via hepatica, sendo aproximadamente 80 % da dose
eliminada na urina (2 % na forma inalterada) e 20 % nas fezes (FDA, 2001).

O VRC ¢ metabolizado no figado através de enzimas do citocromo Pys,, sendo
que seus metabdlitos apresentam atividade antifingica negligencidvel (LUMBRERAS
et al.,, 2003). Oito metabolitos foram identificados, sendo a via primaria de
metabolizagdo a N-oxidagdo do grupamento fluorpirimidina (72 % da metabolizacao
ocorre dessa forma) (FDA, 2001). Os parametros farmacocinéticos obtidos para

humanos sadios podem ser observados na Tabela 6.

Tabela 6. Parametros farmacocinéticos do voriconazol em humanos sadios.

Paréametros Humanos sadios
Fra¢do Biodisponivel (jejum) (%) 96
Ligacdo as proteinas plasmaticas (%) 58
Vd (L/kg) 4,6
t %2 (h) 6
Depuracgao (L/kg/h) 33,7
Chax (ng/mL)

v 3,01

Oral 1,89

tmax ()

1v (infusdo continua) 1

Oral 1,5-3,0

ASC plasma 0-t (Mg*h/mL)

Iv (infusdo continua) 13,9

Oral 9,8

Dose iv = 3mg/kg ; Dose oral = 200mg/12h // adaptado de PURKINS et al.,
2002)

LAZARUS e colaboradores (2002) avaliaram a farmacocinética do voriconazol
em individuos com alto risco de adquirir infecgdes fingicas sist€émicas, caracterizada
pela imunodepressdao, com contagem de neutrofilos totais < 500 células/mL. Os
resultados estdo dispostos na Tabela 7, ao lado dos dados obtidos para individuos

sadios.
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Tabela 7. Comparagdo entre os parametros farmacocinéticos de humanos
imunocomprometidos e sadios.

Parametros Individuos sadios Individuos Individuos
Farmacocinéticos Dose de imunocomprometidos | imunocomprometidos
200mg/12h (V.0.)' | Dose de 200 mg/12h | Dose de 300 mg/12h
(V.0 (V.0)?
ASCo (ng*h/mL) 9,8 20,31 36,50
Chax (Lg/mL) 1,89 3,0 4,66
tmax (h) 1,5-3,0 1,7 3

1. Purkins et al., 2002 // 2.Lazarus et al., 2002

A comparacao entre as duas doses de voriconazol testadas para os individuos
imunocomprometidos demonstra que a sua farmacocinética permanece ndo-linear
neste grupo. O estado de equilibrio nestes pacientes também foi atingido entre 4-7
dias, e a ASCypara os pacientes que receberam 300 mg v.o. a cada 12 h foi 1,8 vezes
maior do que a obtida para aqueles que receberam a dose de 200 mg, no mesmo
intervalo de tempo (LAZARUS et al., 2002).

Observa-se uma diferenca na extensdao da absorcdao nos individuos sadios e
imunocomprometidos, com um aumento da absor¢ao no grupo imunocomprometido,
que tiveram valores de ASC, muito superiores aos obtidos para os individuos sadios
(Tabela 6).

A nao-linearidade da farmacocinética do VRC leva a necessidade da avaliacao
do perfil farmacocinético de todas as doses a serem empregadas na modelagem PK-

PD, para possibilitar um ajuste mais preciso do modelo proposto.

2.6 Microdialise

As concentragdes livres de farmacos no fluido intersticial sdo as responsaveis pela
resposta farmacoldgica do mesmo no organismo. Visando a determinacao do perfil de
concentracdo livre intersticial de farmacos, a microdidlise (MD) in vivo tem
encontrado importantes aplicagdes no campo da farmacocinética, especialmente na
investigacdo dos processos de distribuicdo tecidual e metabolismo (BRUNNER et al.,
2005).

31



Através desta técnica, originada na década de 60 para a avaliacio de
neurotransmissores, pode-se acessar a fragdo livre do farmaco, através do implante de
uma sonda de didlise no tecido ou 6rgao de interesse, a qual € constantemente irrigada
com um liquido de perfusdo compativel, com fluxo constante e controlado,
mimetizando a fun¢do de um capilar sanguineo.

Na por¢ao terminal da sonda (Figura 9) situa-se uma membrana semipermeavel,
que obedece aos principios da difusdo passiva, que ¢ mantida constantemente sob
condi¢do sink. Como somente substancias de baixo peso molecular sdo difundidas
através da membrana, esta técnica permite determinar as concentragdes livres da
substancia em estudo uma vez que apenas a fragdo nao ligada a proteinas presentes no
liquido intersticial sofrera o processo de difusdo através da membrana. As substancias

difundidas sdo coletadas na outra extremidade da sonda, para posterior analise.

Figura 9. Esquema de transporte na sonda de microdialise (Adaptado de PLOCK e
KLOFT, 2005).

Estas concentracdes coletadas no dialisado, no entanto, ndo sdo iguais as
concentragdes livres no tecido, em virtude da condi¢do sink estabelecida. Como a
sonda ¢ constantemente perfundida por uma solugdo sem o analito, o equilibrio entre
os dois meios nunca ird se estabelecer e desta forma, a concentragao no dialisado
representa uma fragdo da concentragao livre no tecido tecidual.

Para possibilitar a determinagdo da fracdo livre tecidual, a razdo entre a
concentragdo no dialisado e no tecido pode ser calculada e recebe o nome de
recuperacao relativa (RR), que pode ser determinada por técnica de retrodidlise
(perda) ou didlise (ganho). Um esquema destes processos ¢ mostrado na Figura 10

(PLOCK e KLOFT, 2005).
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Figura 10. Esquema para determinagdo das taxas de recuperagdo in vitro por dialise
e retrodialise (Adaptado de PLOCK e KLOFT, 2005).

Para a determinacdo das taxas de recuperagdo relativa in vitro por dialise
(recuperacgdo por ganho) a sonda ¢ inserida em uma solucao contendo o farmaco (meio
externo), ¢ um liquido calibrador (que mimetiza o fluido intersticial) ¢ perfundido
através da sonda, promovendo a retirada do analito do meio. Como a concentragdo de
farmaco no meio externo € conhecida, a taxa de recuperagdo ¢ determinada pela

relagdo (ELMQUIST e SAWCHUK, 1997):

RR (%) = ZL x 100 (1)

ext

onde RR ¢ a taxa de recuperacao relativa, C., ¢ a concentragao conhecida do meio
externo e Cgy;, € a concentracao do soluto no dialisado.

Quando a taxa de recuperacdo ¢ determinada por retrodidlise, a ordem dos
componentes no sistema ¢ invertida, ou seja, uma solugdo com concentragao
conhecida do farmaco ¢ infundida através da sonda de MD que inserida em recipiente
que contém a solu¢cdo que mimetiza o liquido intersticial sem o fArmaco. Neste caso, a

equacgao que descreve a taxa de recuperacao relativa ¢ (PLOCK e KLOFT, 2005):

perf

RR (%) = 1oo—[ﬁx 100] 2)
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onde RR ¢ a taxa de recuperacao relativa, C., ¢ a concentragao conhecida do meio
externo e Cgy;, € a concentracao do soluto no dialisado.

Diversos fatores determinam a taxa de recuperacao das sondas de MD. Entre estes
fatores pode-se citar a taxa de perfusdo, a area superficial da membrana, o peso
molecular méximo difundido através da mesma, a temperatura, o tipo de soluto a ser
analisado e as propriedades do meio externo (MENACHERRY et al., 1992).

Os testes para determinagdo da recuperagdo in vivo sdo mais complexos, uma vez
que a determina¢do da concentragdo no meio externo € o objetivo final do estudo. A
determinagdo da recuperagdo in vivo, no entanto, ¢ imprescindivel pois as diferengas
nas caracteristicas do meio externo observada in vitro e in vivo podem determinar
diferencas nas taxas de recuperagdo obtidas (ELMQUIST e SAWCHUK, 1997).

Dentre as técnicas para a determinagdo da recuperagdo in Vivo pode-se citar duas
de maior aceitagdo: o método do fluxo liquido zero e a retrodialise (ELMQUIST e

SAWCHUK, 1997).

2.6.1 Fluxo liquido zero (FLZ)

LONNROT e colaboradores, em 1987, desenvolveram esta técnica que esti
baseada na determinacao do transporte de massa do soluto através da membrana como
funcao da concentragdo do mesmo no liquido de perfusao (perfundido).

Para a realizagdo deste experimento, ¢ necessario que o farmaco a ser avaliado
esteja em concentragdo de steady state no animal em estudo, o que ¢ obtido pela
administra¢ao do mesmo por infusdo continua. A sonda de MD ¢ irrigada com solugao
contendo diferentes concentragdes do farmaco sob investigacdo. Quando a
concentragdo do farmaco ¢ menor no perfundido que no meio externo, a difusdo
ocorre do meio externo para a sonda de MD. A situacdo ¢ inversa quando a
concentragdo do fairmaco ¢ maior no perfundido, direcionando a difusdo da sonda
para o meio externo. O ponto onde ndo ha transporte liquido do soluto (fluxo zero) ¢ a
condicdo na qual os meios interno e externo possuem igual concentracdo. Este ponto
pode ser obtido por regressdo linear da concentracao liquida transportada em funcao

da concentracdo do perfundido. A concentracdo liquida transportada ¢ determinada
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pela subtragdo da concentragdao da substancia recuperada no dialisado da concentragcao

original da solucao perfundida (Figura 11).
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Figura 11. Grafico que permite a analise da taxa de recuperagdo pelo fluxo
liquido zero.

A equacdo que descreve a relacao entre fluxo liquido e concentragdo do perfundido
tem como inclinacdo a recuperacao relativa (RR) da sonda de MD (ELMQUIST e
SAWCHUK, 1997):

-C dial

4)

perl

onde Cgiy € a concentragdo no dialisado, C,r € a concentragdo no perfundido, RR ¢ a

taxa de recuperagdo relativa.

2.6.2 Retrodialise

Esta técnica pode ser considerada um caso especial do fluxo liquido zero, onde um
analogo do farmaco de interesse (calibrador) ou o préprio farmaco ¢ adicionado ao
perfundido. A concentragdo do calibrador, que deve possuir difusibilidade semelhante
a do farmaco de interesse, caso ndo seja o proprio farmaco, € zero na regido externa da
sonda.

Por isso, o fluxo liquido ¢ sempre negativo (ELMQUIST e SAWCHUK, 1997) e a

recuperagdo pode ser calculada do mesmo modo que in vitro (equagao 2).
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A retrodidlise tem a vantagem de permitir um monitoramento continuo da
recuperagdo in vivo durante o experimento propriamente dito, quando se usa um
calibrador, sendo amplamente utilizado nos estudos de microdialise em humanos, em
virtude da maior conveniéncia para os voluntarios (DE LANGE et al., 2000).

A determinacdo da recuperacdo das sondas por retrodidlise estd baseada no
conceito de que o transporte da substancia do interior da sonda para o meio externo
(perda) e deste para o interior da sonda (ganho) ¢ idéntico nos dois sentidos. Esta
premissa, no entanto, ndo ¢ valida para todos os tipos de farmacos, como mostrou o
trabalho de GROTH e JORGENSEN (1997), através do estudo comparativo destas
relagdes para farmacos hidrofilicos e lipofilicos. Os resultados obtidos por estes
autores indicaram que a medida que aumentam as caracteristicas lipofilicas do
farmaco, esta relacao vai se deslocando cada vez mais no sentido da perda, ou seja, o
transporte do farmaco para o meio externo aumenta, mas sua entrada para o interior da
sonda ¢ reduzida. O mesmo, no entanto, ndo acorre com farmacos hidrofilicos, que
mantém a relacdo entre suas taxas de perda e ganho iguais a 1.

Essa diferenca no transporte das substancias lipofilicas de um meio para o outro ¢
explicada por uma possivel adesdo do farmaco ao material que ¢ utilizado para a
fabricacdo das sondas.

Para que se possa avaliar a recuperacdo das sondas quando se trabalha com
farmacos lipofilicos, que apresentam diferenca entre perda e ganho, uma alternativa ¢é
a determinacao da recuperagdo em relagdo a perda e ao ganho de maneira distinta, e o
calculo de um fator de correcdo, pelo qual as recuperagdes serdo corrigidas (GROTH e
JORGENSEN, 1997).

De posse da taxa de recuperagdo das sondas, o valor real das concentracdes
teciduais livres € obtido através da normatizacao dos dados obtidos de MD, utilizando
a taxa de recuperagao de cada membrana usada nos experimentos.

Para analise do dialisado pode-se empregar diversos tipos de instrumentagdo
como, por exemplo, espectrometria de massas, cromatografia liquida de alta eficiéncia
(CLAE), eletroforese capilar e imunoensaios. Todas essas técnicas exigem amostras
purificadas, o que na microdidlise € uma vantagem, uma vez que a amostra coletada

pode ser analisada diretamente, sem processamento, pois estd isenta de proteinas.
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Além da pureza, a MD possibilita 0 monitoramento de mais de um compartimento,
bem como de mais de uma substancia de interesse simultaneamente, no mesmo animal
experimental (JOHANSEN et al., 1997).

A MD apresenta algumas desvantagens, tais como o pequeno volume coletado em
cada amostra e a necessidade de testes de recuperacdo das membranas in vitro ¢ in

vivo, como discutido anteriormente (JOHANSEN et al., 1997).

2.6.3 Microdialise em tecido renal

O uso da técnica de microdialise em tecido renal é relativamente recente e, em
geral, aplicado a determinagdo de substancias enddgenas como 6xido nitrico (AWAD
et al, 2004), angiotensina I e II (NISHIYAMA et al., 2002 ¢ AWAD et al., 2004),
calcio e adenosina (MUPANOMUNDA et al.,2000).

MUPANOMUNDA e colaboradores (2000) realizaram a determinagdo das
concentragdes livres intersticiais renais de célcio, com o objetivo de avaliar sua
interferéncia em receptores de célcio presentes nos nervos sensitivos dilatadores da
rede perivascular renal. A sonda foi inserida na regido do cortex renal e infundida com
um fluxo de 1 pL/min com uma solugdo tampao contendo 120 mmol/L de NaCl e 20
mmol/L de acido N'-2-etanosulfonico-N-2-hidroxietilpiperazina, por um periodo de 90
minutos. As taxas de recuperacdo in vivo da sondas foram determinadas pela técnica
de fluxo liquido zero e o método foi capaz de determinar as concentragoes deste ion
no tecido renal, provando a influéncia dos receptores de célcio na dilatacdo da rede
perivascular renal.

Em estudos conduzidos por NISHIYAMA e colaboradores (2002), a MD foi
empregada para a analise das concentracdes livres intersticiais renais de angiotensina
I e II frente a presenga de um inibidor da enzima conversora de angiotensina (ECA).
A sonda igualmente foi inserida no cortex renal e perfundida com solugdo de Ringer
suplementada com albumina bovina a 1%, sendo que as taxas de recuperagdo in vivo
foram determinadas por retrodialise. Neste estudo, a microdilise permitiu determinar
que o inibidor da ECA tinha uma acao especifica sobre a formagao de angiotensina II,

no nivel do cortex renal.
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Até o momento ndo ha relatos na literatura da utilizagdo da MD renal para a

quantificacao de farmacos.

2.7 Modelagem PK-PD

A farmacocinética estuda a variagdo da concentragdo do fArmaco no organismo
em funcdo do tempo. A farmacodinamica, por sua vez, pode ser definida como o
estudo dos efeitos bioquimicos e fisioldgicos dos farmacos e dos seus mecanismos de
acdo (HARDMAN et al.,1996), sendo que modelos farmacodinamicos descrevem o
equilibrio entre a concentracdo do fairmaco e o efeito, independente do tempo. Desse
modo, a concentracdo, que ¢ o ponto de intersec¢do entre esses dois ramos da
farmacologia, € o pardmetro mais importante na relacdo efeito-tempo, que ¢ avaliada
na modelagem farmacocinética-farmacodinamica (PK/PD).

A modelagem PK/PD pode ser definida como a descricdo matematica da
relagdo efeito/tempo, que permite prever a variagdo do efeito com a variacdo da
concentragdo do farmaco no organismo, em fungdo do tempo (HOLFORD e
SHEINER, 1981; DERENDORF e HOCHHAUS, 1995).

Os modelos farmacodindmicos mais utilizados para descrever a relagao
concentragdo Vversus efeito do farmaco sao os modelos E. .. e E,.x-Sigmoidal
(DERENDORF e MEIBOHM, 1999). Estes modelos possuem duas propriedades
importantes: determinar o efeito nulo na auséncia do farmaco e prever o efeito
maximo que um farmaco pode produzir.

O modelo E,. descreve o efeito do farmaco em relacdo a variacdo da
concentragdo através de uma relagao hiperbdlica. O modelo de E,,.c-Sigmoidal, que ¢
uma variacdo do primeiro, ¢ utilizado quando a curva concentragdo-efeito nao pode
ser descrita de forma hiperbolica simples. O modelo sigmoidal € descrito pela seguinte

equacdo (DERENDORF e HOCHHAUS, 1995):
E_ .C"

max

=—5—— 5
CE;, +C" ©®)
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onde E ¢ o efeito do farmaco; E, .« € o efeito maximo obtido pelo farmaco; C ¢ a
concentragdo do farmaco; CEsy ¢ a concentragdo do farmaco que produz 50 % do
efeito maximo; n ¢ o fator de Hill, que influencia a curvatura da curva efeito-
concentracao.

O modelo de E,.x foi modificado por NOLTING e colaboradores em 1996,
para avaliar o efeito bactericida da piperacilina sobre Escherichia coli in vitro. O
desenvolvimento desse modelo foi realizado a partir de simulagdes, utilizando modelo
de infecg@o experimental in vitro, do perfil de concentragéo tecidual livre esperado em
tecido muscular de humanos apds administracao i.v. bolus de piperacilina.

Na auséncia do farmaco, o crescimento bacteriano pode ser expresso pela
variagao do numero de colonias em funcdo do tempo (dN/dt), que ¢ fungdo direta da
constante de geracao bacteriana (k) e do nimero de unidades formadoras de colonias

no tempo zero (N) ou indculo:

aN_ N ©)
dt

Quando o antibidtico ¢ inserido no sistema, sua concentracdo passa a
influenciar negativamente a constante de geracdo bacteriana, e o efeito do antibiodtico

pode ser determinado através da equagdo (NOLTING et al.,1996):

dN _ K - K - C N (7
dt CE,, +C

onde dN/dt ¢ a variacdo do numero de bactérias em funcdo do tempo; k ¢ a
constante de geragdo bacteriana na auséncia do antibiotico; k;.x € a constante de
morte bacteriana maxima na presenga do antibiotico; C € a concentracdo livre do
antibidtico no tecido infectado; CE5, ¢ a concentracdo que produz 50% do efeito
maximo ¢ N ¢ o numero de bactérias no indculo inicial. Nesta equacdao, C ¢
substituido pela equacdo que descreve o perfil de concentragdo livre intersticial do
farmaco no tecido infectado. Deste modo, a variagao de tempo leva a variacao tanto na
concentragdo de farmaco na biofase quanto no niimero de bactérias ou colonias
presentes no local de infec¢do, que determinam o efeito.

Ao contrario da utilizagdo da CIM, que ¢ um pardmetro estanque, obtido com

uma concentracao fixa do fairmaco, este modelo estabeleceu trés novos parametros
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para a avaliagdo do efeito antimicrobiano sobre o microrganismo: k, k.., € CEs, Estes
parametros servem para descrever todo o perfil de efeito observado devido a flutuacao
do farmaco no local de infec¢ao, em fungdo da eliminacdo. Outra vantagem do
modelo ¢ permitir a previsdo, através de simulagcdo, do efeito esperado apos a
administragdo de diferentes posologias do farmaco podendo ser utilizado para
comparacao de diferentes doses e intervalos de dose de modo mais dindmico e efetivo
(NOLTING et al., 1996).

Diversos antibacterianos tiveram seu perfil de morte em fun¢do do tempo
avaliados pelo modelo de E, sigmoidal modificado e este modelo foi capaz de
descrever as relagdes entre efeito e tempo para a piperacilina in vitro (NOLTING et
al., 1996) e in vivo (ARAUIJO, 2000), piperacilina associada ao tazobactam (DALLA
COSTA et al., 1996), cefaclor (DE LA PENA et al, 2004) entre outros.

Uma importante alteracdo para o modelo E.; sigmoidal, foi proposta por
Mouton ¢ colaboradores (1997), baseando-se no fato de que modelos in vitro
apresentam fatores limitantes do crescimento do microrganismo como, por exemplo,
nutrientes € espago. Apos a etapa de crescimento exponencial, uma cultura bacteriana
atinge um platd6 em que a velocidade de multiplicacdo das bactérias diminui. Desse
modo, foi proposta pelos autores a adicdo de um termo na equacao de E.
modificada, representado por N,.x, que indica o maior nimero de bactérias que uma

cultura in vitro suporta antes de entrar na fase de plato:

d_N _ k 1 _ N _ kmax 'Ct7
dt N CEl +C/

max

(8)

onde, N,.x € 0 nimero maximo de bactérias que o sistema permite crescer sem
limitagdo; e y ¢ o coeficiente de Hill, que age como um fator de ajuste das curvas
concentragdo-efeito em modelos PK-PD.

Nao ha descrito na literatura a aplicagdo de modelos PK/PD para antifungicos,
e considerando-se que a cinética de crescimento de leveduras nao ¢ muito distinta das
estudadas para bactérias, no que se refere as limitagdes de crescimento, neste trabalho
pretende-se testar a aplicabilidade dos modelos descritos na literatura e modifica-los

casos seja necessario para descrever a relagdo entre o efeito e o tempo do VRC.
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Candidiase experimental disseminada induzida por espécies albicans e n&o-
albicans em Ratos Wistar

Resumo

Este estudo teve como objetivo a adaptagdo do modelo de candidiase disseminada,
previamente descrito na literatura para camundongos, a ratos Wistar. Foi avaliada a influéncia
do sistema imune e da espécie de Candida no desfecho da infec¢do. Os parametros avaliados
foram: variacdo de peso (g), dano tecidual e grau de colonizacdo das leveduras nos rins
(média + dp). Os ratos foram infectados através da injecio intravenosa de 2,5.10 > UFC de C.
albicans, C. glabrata ou C. krusei. Dois ou sete dias apos a inoculagdo, os animais foram
sacrificados e a metade de cada rim foi processada para a contagem de leveduras. A outra
metade foi utilizada para histopatologia. Os animais imunocomprometidos apresentaram uma
grande perda de peso; o grupo albicans foi o mais afetado. Os grupos albicans
imunocompetentes mostraram Log UFC/g de 5,51 £ 0,56 ¢ 6,29 + 0,25 apds 2 e 7 dias,
respectivamente. Os grupos albicans imunocomprometidos apresentaram altas contagens de
leveduras ap6s 2 dias (Log UFC/g 6,43 + 0,59) e todos os animais morreram no periodo de 4
dias. Os grupos imunocompetentes infectados com Candida glabrata e Candida krusei
apresentaram Log UFC/g de 2,48 + 0,46 ¢ 2,98 + 0,27 ap6s 2 dias, respectivamente, € nao
foram observadas leveduras nos tecidos em 7 dias. Os grupos ndao-albicans
imunocomprometidos correspondentes tiveram infec¢des mais pronunciadas. Todos os
animais infectados com C. krusei morreram ap6s 5 dias. A histopatologia mostrou maiores
danos nos animais imunocomprometidos do grupo albicans. A infec¢do experimental

mostrou-se reprodutivel e mimetiza a candidiase disseminada observada em humanos.

Palavras-chave: candidiase disseminada, modelo de infecg¢do experimental, Candida sp.,

ratos Wistar
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1. Introduction

Animal infection models are very useful tools given that they provide further
information about the physiopathological mechanisms involved in the infection
process, in a controlled environment, thus allowing a precise analysis of the cause-
effect interactions between host and pathogen (2, 15). Furthermore, after validation,
these models can be also applied for pharmacodynamic evaluation of new
antimicrobial agents, as well as for pharmacokinetic investigation, allowing
comparisons between antimicrobial drugs tissues distribution in infected (6) and in
healthy animals (10).

Among the yeast experimental infection models reported in the literature, the
disseminated candidiasis is extensively described in animal species such as mouse (3),
guinea pig (11) and rabbits (13).

The importance of the disseminated candidiasis model can be attributed to its
versatility, being applied for the analysis of virulence factors expression such as
proteinases and phospholipases (9), for the pharmacodynamic evaluation of antifungal
agents (3) and also in studies dealing with the histopathological alterations caused by
Candida sp (4). Some authors consider this last application one of the main
advantages of the model due to the great similarity observed between tissue alterations
in human at the clinical setting and those observed in animal tissues experimentally
infected. This similarity makes it possible to identify the physiopathology of the
infectious process helping the determination of new drug targets for infection
treatment (8, 11).

Recently, animal infection models have also been used as a tool to evaluate
changes in drug penetration into infected and inflamed tissues in comparison to the
healthy equivalents (10).

Alterations on antifungals tissue penetration due to Candida infection have not
been reported in the literature so far because a suitable experimental infection model
is not available. In this context, an animal model that reproduces the tissue alteration
observed after Candida infection in humans and, at the same time, allows the
determination of the kinetics of antifungal tissue penetration would be of great

importance for therapy optimization. Hence, the aim of this paper was to adapt and to
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evaluate the mouse disseminated candidiasis model to Wistar rats, which is a more

suitable animal for pharmacokinetic investigations.

2. Material and methods

2.1 Microorganisms

Strains of Candida albicans (ATCC 10231), Candida glabrata (ATCC 2001)
and Candida krusei (ATCC 6258) were employed in this study. All strains were
kindly donated by Profa. Dra. Maria Lucia Scroferneker from the Laboratory of
Mycology (ICBS-UFRGS) and maintained on Sabouraud agar plus dextrose (SDA) (4
%) slants, at 37 + 1°C.

2.2 Animals

All experiments were approved by the Ethics in Research Committee of
Universidade Federal do Rio Grande do Sul (Protocol # 2004300).

Wistar rats (weighting 200-250 g) were purchased from FEPPS (Fundagao para
Pesquisa e Produgdao em Saude, Porto Alegre — RS, Brazil) and maintained in
accordance with the criteria of the Canadian Council on Animal Care (12). The

animals received water and standard rat chow ad libitum.

2.3 Experimental Design

The experimental design took into consideration the different degrees of
virulence in animals and humans of the three Candida strains used and the immune
conditions of the hosts, an important factor associated with systemic candidiasis. Eight
experimental groups, of 6 animals each, were evaluated in this study:
immunocompetent rats infected with C. albicans (G1) or C. glabrata (G2) or C. krusei
(G3); immunocompromised rats infected with C. albicans (G4) or C. glabrata (G5) or
C. krusei (G6). Two additional groups (G7 and G8) were included as controls, which
allowed for the histopathological comparisons between healthy immunocompetent

(G7) and immunocompromised (G8) animals.
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The course of infection was evaluated in two different moments: two (n =
3/group) and seven (n = 3/group) days after inoculation. The parameters evaluated
were the weight loss during the observation period, the degree of kidney
histopathological damage and the yeast growth in the kidney, determined by the

number of colony forming units per gram of tissue (Log CFU/g).

2.4 Induction of Immunosuppression

The animals from groups G4, G5, G6 and G8 were rendered
immunocompromised (polymorphonuclear cell count < 100/mm’) by injecting
cyclophosphamide (Asta-Médica Oncology) intraperitoneally 5 days (150 mg/kg) and
1 day (100 mg/kg) before inoculation.

The total leukocytes were counted five days after the treatment with
cyclophosphamide and compared with those of control group, which received saline
solution in same volume and dosing regimen as the drug. These analyses were
conducted by the Laboratory of Clinical and Toxicological Analyses of Faculdade de
Farméacia (UFRGS, Porto Alegre — RS), employing flow cytometric technique.

2.5 Inoculum Preparation and Animals Inoculation

Viewing to prepare a calibration curve, yeast suspensions from colonies grown
for 48 h in Sabouraud Dextrose Agar (SDA) 4% 37 £ 1 °C were prepared in 0.9%
sterile saline solution in different concentration and the transmittance of these
suspension were read in spectrophotometer (Analyser 800) at 530 nm (3). Suspensions
were prepared in order to produce transmittances of 40, 50 and 60%. The experiment
was performed in triplicate. After the transmittance was determined, the yeast
suspensions were successively 10-fold diluted, plated in SDA 4% and incubated at 37
+ 1 °C for 48 h, in duplicate. Total yeast count was determined for each absorbance
band. A calibration curve was build by plotting the transmittance vs. yeast cells count.
The chosen inoculum size for the following experiments (2.5-10° CFU/mL)

corresponds a transmittance of 50%.
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For the infection process, the animals were restrained in a plastic restrainer and
were injected intravenously, through the lateral tail vein, with 0.1 mL of inoculum in

saline (2.5-10° CFU) determined using the calibration curve.

2.6 Evaluation of Infection Progress and Weight Loss

The animals were weighted in the beginning of the infection experiment (day
zero) and on the 2™ or 7" day post-infection. Animals’ behavior was observed during
the whole experimental period. Piloerection, weight lost and weakness were used as
markers of the infection progress.

The total weight variation expressed in gram (g) for each group was calculated
as the perceptual ratio between total animal weight, measured right before inoculation

(day zero) and total animal weight after two or seven days of inoculation.

2.7 Determination of CFU in the Kidney and Histopathology

Two and seven days after inoculation, the animals were sacrificed by
decapitation and the kidneys were removed and weighted. The left and the right
kidney’s half of each animal was homogenized (PowerGen® 125) in 0.9% sterile
saline and two aliquots of the homogenate were 10-fold diluted six times. The
dilutions were plated in SDA 4%, and incubated at 37 + 1 °C for 48 h, when the viable
yeast counts were determined. The lower limit of detection of kidney CFU was 100.

The CFU per gram of kidney from each animal was converted to Log for
statistical analysis. The results from the different groups were compared by ANOVA
three ways using the software SigmaStat® (o = 0.05).

The other kidney’s half of the animals were submitted to histopathological
examination. The kidney was removed and immediately fixed in 10 % formalin. The
histopathological analyses were performed by the Laboratory of Histology of
Universidade Regional Integrada (Santo Angelo-RS-Brazil), after embedding in
paraffin. Five micrometers thick sections (n = 3) from the kidney of each animal were
stained with hematoxylin and eosin (HE), and the degree of damage was evaluated by

microscopic examination with 25 x and 40 x.
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3. Results
3.1 Evaluation of Infection Progress and Weight Loss

During the evaluation of immunesuppression induced by cyclophosphamide, a
severe and significant leukocytopenia was observed, characterized by
polymorphonuclear cells count around 78 + 12 cell/mm’ in comparison to the 6,800 +
1,500 cell /mm’ determined for the control group (G7) (p < 0.05).

The general signals of infection progress observed, piloerection and weakness,
seem to be associated to the immunosuppression induced and were observed for three
groups: the immunocompetent (G1) and immunocompromised rats infected with C.
albicans (G4) and the immunocompromised C. krusei (G5). Lethargy, anorexia and
hunched posture were observed only for the C. albicans groups (G1 and G4). The
animals in the other groups did not present any visible difference in comparison to the
control groups (G7 and GS8).

The weight loss, however, was observed for several groups investigated, in
different degrees. The total weight variation of each group is shown in Table 1. It can
be seem that the immunosuppression lead to weight loss in the control group (G8) in

opposition to the weight gain observed for the immunocompetent control (G7).

Table 1. Degree of weight loss or gain observed in different experimental groups of
Wistar rats infected by Candida sp after 2 and 7 days of infection, expressed
as perceptual variation of total weight (A%) regarding to the day of
inoculation (day zero) expressed as average = sd (n = 6/group).

Immune Immunocompetent Immunocompromised

ndition | Day2 (A%) | Day7(A%) | Day2(A%) | Day7(A%)

Strains

C. albicans -98+2.2 -55+1.5 -23.8+34 1

(G1 and G4)

C. glabrata +12.4+2.8 +12.8+2.7 -98=+1.0 -12.5+2.0

(G2 and GY)

C. krusei +11.8+3.2 +10.6+1.0 -9.6+1.2 T

(G3 and G6)

Control groups +14.1 £3.1 +20.5+28 -5.6+04 -89+1.1

(G7 and G8)

(+) = weight gain; (-) = weight loss, (1) = death.
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The infection reduced the weight gain of all infected groups investigated,
compared to the respective control groups. Furthermore, a weigh loss could be
observed for the C. albicans infected group, immunocompromised or not. Candida
albicans immunocompetent group recovered a little bit of weight after 7 days of
infection, in comparison to the second day post infection, suggesting a recovery of the
infection.

Among the immunocompromised groups, all animals showed a weight lost
compared to day zero. This effect was more pronounced for C. albicans group (G4),
on the second day post-infection. After seven days, the weight evaluation could not be
followed up for all groups due to animal’s death in C. albicans (G4) and C. krusei
(G6) groups. For the survivor groups, immunocompromised control (G7) and C.
glabrata infected (G5), the weight lost increased in comparison to the second day pos-
infection.

The evaluation of the weight showed that the infection lead to weight
reduction, which was more pronounced in the immunocompromised animals, and lead

to animals death for the most virulent strains.

3.2 Yeast Count in the Kidney

The yeast counts in the kidneys of the infected animals are summarized in the
Table 2.

The immunosuppression allowed the development of a more pronounced
infection for all Candida strains investigated. The yeast counts in the
immunocompromised groups where statistically bigger than those observed for the

corresponding immunocompetent groups (p < 0.05).
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Table 2. Total yeast count in the kidney evaluated 2 and 7 days post-infection for
immunocompetent and immunocompromised Wistar rats infected with C.
albicans and non-albicans strains (average * standard deviation) (n =

3/group).

Immune status/Group Log CFU/g kidney

Day 2 Day 7

Immunocompetent
C. albicans (G1) 5.51 £0.56 6.29 + 0.25
C. glabrata (G2) 248 +£0.27* b.l.d
C. krusei (G3) 2.98 £ 0.46* b.1.d.
Immunocompromised
C. albicans (G4) 6.43 +0.59 death
C. glabrata (G5) 5.60 +0.57 6.98 + 0.48
C. krusei (Go6) 6.02+0.73 death
*Statistical ~ difference in comparison to the corresponding

immunocompromised group (p < 0.001). b.l.d. = below limits of
detection that was equal to 100 CFU.

The comparison among the Candida strains showed the higher virulence of
Candida albicans either for immunocompetent or immunocompromised animals. C.
krusei and C. glabrata were included in this study due to their increased importance
among the non-albicans strains in nosocomial infections. The two non-albicans
strains showed a very similar behavior, characterized by lower infectious potential in
immunocompetent animals with similar Log CFU/g kidney (o = 0.05), which
improved significantly due to the induction of immunosuppression, leading to animals
death in the C. krusei group after seven days of inoculation.

The effects of the immunosuppression on the infection were more evident when
the long-time course of the infection was evaluated (7 days), becoming a determinant
of the infection outcome. In this context, after seven days of infection, for the groups
with preserved immune system (G1 to G3), only the group infected with the most
virulent strain (G1) remained infected, while the others cleared the infection. On the

other hand, for the immunocompromised groups, animal’s death took place around 4-
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5 days post-infection for all groups, except for the C. glabrata, apparently the less

virulent strain against Wistar rats.

3.3 Histopathological Analysis

The histopathological analyses (Figure 1) were performed in kidney tissue
removed two or seven days post-infection, in the cases where the animals survived
until the end of the experiment. Control groups (G7 and G8) were also evaluated after
2 and 7 days after the beginning of the experiments. No kidney histological difference
were observed due to immunosuppression and both groups presented similar
histological findings (Figure 1A)

After two days of infection, a pronounced inflammation with a granulomatous
appearance can be observed in the Candida albicans infected kidney (G1), present in
the whole medulla (Figure 1B and 1C). For the other species a discrete and focal
inflammation was observed (G2 and G3) in this time period (Figure 1D and 1E).

Seven days post-infection, C. krusei and C. glabrata groups did not presented
inflammation signal in the tissue, probably due to the clear the infection observed in
these groups. The evaluation of C. albicans group showed a bigger tissue invasion in

the kidneys cortex and medula (Figure 1F).
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Figure 1. Histological findings in kidney tissues infected with different Candida
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strains, stained with HE (25 x amplification). The arrows point to the
alteration observed. (A) Normal aspect of renal tissue, from the control
immunocompetent group G7 (B) Pronounced inflammation, present in the
whole medulla, with a granulomatous appearance observed in Candida
albicans (G1) infected kidney two days post-infection. (C) Detail of C.
albicans (G1) infection in the kidneys after two days of infection (40 x
amplification). Discrete and focal inflammation observed after two days in
animals infected with C. glabrata (G2) (D) and C. krusei (G3) (E). (F) C.
albicans invasion after 7 days of infection in immunocompetent animals (G1).
(G) Presence of C. albicans (G4) after two days of infection in
immunocompromised animals. (H) Bowman space alteration and presence of
C. krusel in immunocompromised animals after two days of infection (G6).
(I Tissue alterations observed in immunocompromised animals infected with
C. glabrata seven days post-infection (G5).



Due to the immunosuppression, the leukocytes migration was not observed in
the kidney tissue of the G4, G5 and G6 groups. However, after two days, the animals
infected with C. albicans (G4) and C. krusei (G6) showed a Bowman’s space
alteration, possible associated with the yeasts colonization (Figure 1G and 1H). In
seven days, only the animals infected by C. glabrata (G5) survived and showed low
degree of damage in tissue (Figure 1I). The evaluation of C. albicans was not possible

due to the animal’s death, which took place after forth-fifth day post-infection.

4. Discussion

The aim of this study was to develop and to evaluate a protocol to produce an
experimental model of disseminated candidiasis in Wistar rats, a less investigated
animal for this kind of infection, although very useful for pharmacokinetic evaluation
of drugs in pre-clinical studies.

Factors such as size, maintenance costs and amount of drug needed for
administration in rats justify the use of smaller animals, such as mouse, for
experimental infection (14), and new antifungal agents investigations (3, 5, 7). The
use of rats, however, is justified for the evaluation of drugs distribution at the infection
site, using modern techniques such as microdialysis, which are not feasible in mice.

For the rat disseminated experimental candidiasis described in this paper, the key
parameter employed to monitor the infection was the colony forming units, the same
parameter that has been employed by many researchers, especially in
pharmacodynamic and infection progression studies (3, 4).

Although viable counts of Candida sp. have shown a peak in organs such as
liver, lungs and spleen shortly after intravenous infection, this peak is followed by
gradual decline in the number of microorganisms in all organs, except the kidney,
where the viable count steadily increases with the infection’s progress, becoming the
most severely infected organ in disseminated candidiasis. The high predilection of
Candida sp. for the kidney remains unexplained, but this behavior justifies the use of

this organ to assess yeast systemic infection (5, 7).
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Few studies in the literature evaluated the course of disseminated candidiasis in
rats. Most of the studies used Sprangle-Dawley rats and described only the animal’s
behavior and the histopathological characteristics of infection, instead of presenting
the yeast count in the infected tissue. Furthermore, all studies employed fresh clinical
isolates which did not allow for the genotypic and phenotypic characterization of the
yeasts employed (16, 5, 7).

The histopathological findings in the immunocompetent animals showed that
only C. albicans could causes small tissue damage, even after seven days of infection.
In the immunocompromised groups (G4, G5 and G6) however, all strains tested
caused histopathological alterations, with Candida albicans showing the most
invasive behavior. The Candida non-albicans species showed a lower degree of
penetration in both conditions. The better ability of C. albicans to colonize, penetrate
and damage host tissues than other strains is due to the secretion of proteolytic
enzymes and hyphae formation previously reported (9).

Other signals of the infection progress such as lethargy, anorexia, hunched
posture and piloerection were observed only for the C. albicans groups (G1 and G4).
In a study conducted by Balk et al. (5), using immunocompetent adult Wistar rats
infected with C. albicans, similar observation of lethargy, anorexia and hunched
posture, besides ocular porphyrin and nasal secretions, were reported. The
histopathological findings described by those authors were also more expressive than
those described here, and characterized by inflammatory cells and extensive abscesses
filled with polymorphonuclear leukocytes and cellular debris in the tubules, which
were not seen in the glomeruli. The differences observed between the reported work
and the present findings could be explained by the nature of the strain used to induce
the infection. While those authors used fresh clinical isolates, in this present study
ATCC strain -biosafety level 1- were used.

The yeast counts determined in this study showed that all Candida strains
evaluated were able to cause infection, characterized by the yeast presence in the
tissue homogenate after two days of inoculation (Table 2). These results are in
agreement with those reported by Arendrup et al. (4) for immunocompetent mice,

indicating similar infection susceptibility between rats and mice. Both species became
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quickly infected recovering in within seven days post infection, except the C. albicans
infected group (G1).

Among the immunocompromised groups (G4, G5, G6) an increase in the total
yeast counts was observed for all strains two days after infection. The bigger CFU
count observed in these groups is probably due to the immunosuppression, which
played a fundamental role in the infection outcome.

The results obtained with disseminated candidiasis in Wistar rats support the
general concept that the immunosuppression is necessary when investigating
antifungal drugs because it allows keeping the infection for longer periods of time,
while the immunocompetent animals can spontaneously recover from lesser virulent
strains such as C. glabrata and C. krusei, after seven days of inoculation.

The present findings are compatible with those reported by Annaissie et al (1)
that observed a shorter survival and higher organ fungal burden in
immunocompromised mice infected with C. Kkrusei, in comparison with
immunocompetent animals.

As expected, C. albicans, the most pathogenic strain investigated, caused an
infection that persisted after seven days of inoculation in the immunocompetent group
and lead to death, in a shorter period of time than, the immunocompromised group.
For the Candida non-albicans species evaluated in this study, the immune system
depression was a determinant factor for the course of the infection. Only when the
immune system was suppressed it was possible to observe animal’s death and
important yeast tissue penetration with non-albicans strains, phenomena also
observed in immunocompromised patients.

Based on the total yeast count in kidney of immunocompetent mice and in the
histopathological damage observed, Arendrup et al. (4) proposed three virulence
groups of decreasing pathogenicity, among the various Candida species involved in
human infections. According to these authors, C. albicans belongs to the more
virulent group, followed by C. glabrata, which showed an intermediate virulence and
by C. krusei, which shown a lower virulence level than the other species.

The virulence groups defined by Arendrup et al. (4) for mice were partially

confirmed by ours results with Wistar rats. For the immunocompetent groups, C.
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krusei and C. glabrata showed similar levels of total yeast count and histopathological
degree of damage. However, in immunocompromised groups, C. krusei showed

higher potential to cause death than C. glabrata.

5. Conclusions

This work is the first study that evaluated the infection produced by three
standardized strains of Candida inoculated to rats, allowing the comparison among
species that belong to the same biosafety level. The Wistar rat model described is a
very useful tool that can be applied for pharmacodynamic investigation of traditional
and new antifungal drugs. Furthermore, the advantage of this model over the Candida
infection model in mice, is that it allows for blood and tissue sampling for long
periods of times from the same animal, using techniques such as microdialysis,
rendering possible the establishment the pharmacokinetic patterns of antifungal
penetration into infected tissues, fundamental for drug dosing regimen investigation

and optimization.
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Abstract

A rapid, simple and sensitive LO-MS/MS anal ytical method was developed and validated for the detemmination of voriconazale (VRC) inorat
plasma, using ketoconarole as internal standard (15). Analysis was performed on a Shimadzu™ HPLC system using a Shimadezn™ C13 column
and 1socrate eluton with acetonitile—waler—formic acid (60:40:0.05, wivivi, at a Bow of 1.0mLimin (split ratio 1:5), and 4 mass spectrometer
Micromass", equiped with a double quadrupole and an electrospray 1omzation interface, operated in a positive mode. Plasma samples wen
deproteinized with methanol ( 1:2) and 30 pl. of the supernatant was injectedinto the system. The retention times of VRC and I8 were approximately
3.3 and 2.7 min, respectively. Calibration curves inspiked plasma were linear over the comcentraton range of 50-2500 ng/ml. with detenmination
coeflicient 0,98, The lower limitof quantification was 50 ng/ml.. The accuracy of the method was within 5%, Intra- and inter-day relative standard
deviahions were less or equal to 12.5 and 7.7%, respectively. The applicability of the LO-MS-MS method for pharmacokinetic studies was lested
using plasma samples obtained alter ntravenous admin stration of VREC to male Wistar rats. The reported method provided the necessary sensitivity,
linearity, precision, accuracy, and specificity to allow the detemmination of VRO in pre-climcal phanmmacokinetc studies.

@ 2007 Elsevier BV, All rights reserved.

Keywords: Moriconazole; LO-MSME: Pharmacokinetics; Biologic Quid; Validation

1. Introduction

Voriconazole  (VRC)  2R.35)-2-(24-dillucrophenyl)-3-
(S-Auoro-d-pyrimidinyl - 1-( 1 H-1 2 4-riqeol- | -y1)-2-butanc]
(Fig. 1) is a new antifungal agent that belongs to the tiazole
family and was the first drug in its pharmacological group, to
be used in human clinical practice [1].

The compound exhibits a high activity against a broad spec-
trum of medically important pathogens ineluding Aspergifius [2]
and Candida species 3], as well as emerging fungal pathogens
such as Scedosporivmm and Fusarinm species [4].

The pharmacokinetics of VIRC has been investigatedin differ-
enl animal species such as mice [5]. Sprague—Dawley rats and
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Rio Grande do Sul, Av. Tpiranga, 2752, Porto Alegre S0610-000, RS, Brasil
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E-mail address: teresade@ fammacia.ufres.br (T, Dalla Costa).
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coi: 10010 & j pha, 2007 03,026

guinea pigs [6]. Furthermore, there are several clinical phar-
macokinetic evaluation of YRC in humans, including healthy
volunteers, patients and children [7-10].

Many researchers have been using free plasma levels
of trigeolic antifungal drugs w0 evaluate their pharma-
cokinetic/pharmacodynamic indices and predict efficacy in
pre-clinical studies, assuming that these levels are a good sur-
rogale for the concentrations in the interstitial space [5,11,12].
However, the relationship between plasma and free issue levels
of voriconazole has not been established in animals or humans.
Toallow thisinvestigation in animals, a voriconazole quantifica-
tion method that deals with small sample volumes and presents
a lowy limit of quantification is needed.

Voriconazole quantification in all studies is performed using
HPLC with drug detection by ultraviolet [6-8,13,14.15] or mass
spectrometry (MS) [16-19]. The frst report using LC/MS for
voriconazole quantification in biological Huids, aqueous humor,
was made by Zhou etal. [16] who nsed solid-phase extraction for
sample cleaning. The majority of the reported analytical methods
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Fig. 1. Chemical structire of voriconazole (A0 and the intemal standard ketoconazole (B, and fragment jons formed From protonated molecoles.

quantifying voriconazole in plasma by UV or LC/MS require
hig sample volumes, around 1-2 ml. [6-8,13-15] or introduce
a step to improve the limit of guantification, such as solid-phase
extraction [17-19], which raises the cost of analysis. Using
some these methods it is not possible o determined voricona-
zole pharmacokinetic profile following sequential sampling in
the same animal [6,13,14] or to investigate drug disposition afler
the administration of small doses to animals, which are expecled
to produce drug levels in the low ngfml. range [6.17.18].

In this work, a liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) method was developed and validated
for the determination of voriconazole in rat plasma using small
sample volumes and ketoconazole (Fig. 1) as inlernal standard
(18). The bioanalytical methodology was validated consider-
ing the specificity, linearity, precision, accuracy and lower limil
of quantification. The applicability of the LC-MS/MS method
for pharmacokinetic studies was tested using plasma samples
obtained after intravenous (iv.) administrations of voriconazole
ina small dose (2.5 mgfkg) to male Wistar rats.

2. Experimental
2.1, Salvents and chemicals

Voriconazole (Mikatub, India) was kindly donated by
Mikatub Laboratory, Ketoconazole was obtained from Delaware
(Porto Alegre, Brazil). Analytical grade formic acid and HPLC
grade acetonitrile and methanol were purchased from Merck
(Darmstat, Germany). HPLC water from Millipore’s Milli-0)
Systemn was used throughout the analysis.

70

22, Preparation of standard solutiony and quality control
samples

Two separate weighted amounts of voriconaeole were used
to prepare standard stock solutions at 500 pgiml. dissolved
in methanol. One stock solubion was used o prepare work-
ing solutions for the calibration curve standards. The other
stock solution was used to prepare standard working solu-
tioms for the quality control (QC) samples. The calibration
curve samples were prepared by spiking 100 pl. of Wistar rat
plasma with 10l of the appropriate standard working solu-
tion to obtain VRC final concentrations of 50, 100, 250, 500,
1000 and 2500 ng/ml.. Quality control samples were prepared
at 100, 800 and 2000ngfml.. New standard stock solutions,
calibration curve and QC were prepared on each analysis
day.

Standard stock solution of ketoconazole (I8) was prepared
al 500 pg/ml. in methanol. This solution was successively
diluted to result in a final concentration of 4 pgiml. of
ketoconazole. The IS solutions were prepared on the day
of the samples analysis, due to the low stability of IS in
rmethanc.

Chromatographic analysis was carried out on a Shimadzu™
liquid chromatograph and Micromass™ model Quattro LC mass
spectrometer, using LC-10ADVE solvent delivery system with
lonw-pressure gradient low control valve FCV-10ALVE, SCL-
LOAVP systern controller and DGU-14A degasser. The injection
was made with a Shimadzu™ SIL-10ADVP automatic injec-
tor and analyses were performed using MassLynx™ software
i Version 3.5).
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Fig. 2. Representative total ion chromatograms in MRM-EST mode in rat plasma: (A) blank plasma. (B) plasma spiked with VRC and 15 (30 ngf/ml and 133 g/ml.
respectivelyy, (03 plasma spiked with VRO anc 15 (2500 and 133 pgfml., respectivelyy, (D) plasma sample 6 h post-administration of 2.5 mgfkg iy, VRO (plasma
concentration 74 ngdfmly with 15 (133 ngfml.). The following daughter ion sz ratios were monitored 35005 = 2815 for VIRC and 531.5 = 82.5 for IS, The etention

times observed were: L5 27 min and YRO: 3.3 min.
2.3 Sample preparation

Prior to the chromatographic analysis, 100 pL samples were
deproteinized by addition of 190 wL of ice-cold methanol and
10 pL of 18 (4 pgfml), vortexed for 30s and centrifuged at
12,000rpm, 4°C for 15min. The final concentration of keto-
conazole in the samples was 133 ng/ml.. All plasma samples,
including calibration curve, QC and samples from pharmacoki-
netic experiments were processed in the same manner.

2.4, Instrumentation

241 Chrematographic and mass spectrometer conditions

The mobile phase used for the chromatographic separation
was composed of acetonitrile—water—formic acid (60:40:0.05,
viviv), The mobile phase was fillered before using and it was
delivered isocratically at a flow rate of 1.0 ml/min (split ratico
1:5). The analysis was carried out at 40°C using Shimadzu™
Shim-pack HPLC column (150 mm = 4.6 mm i.d.) packed with
5 pm ODS stationary phase, protected by Waters phondapack
guard column packed with 50 pm RP18 material. The autosam-
pler was sel o inject 30 wlL sample aliquots.

The analyte was monitored using mass spectrometer equiped
with a double quadrupole and an electrospray ionization inter-
face, operated in a positive mode (ESI*). Samples were
introduced into the interface through a heated nebulizer probe
seloat 250°C, Nitrogen was the nebulizer and desolvalion
gas, and argon was used as collision gas. The other operating
conditions were: nebulizer gas low =351/h; desolvation gas
Mo = 365 Li/h: ion spray voltage =3.2kV: cone voltage =36V

ion source temperature = 130°C; entrance potential = —13V;
collision energy =—16V: collision cell exit potential=—17V;
collision gas pressure = [8psi. The spectrometer was pro-
grammed in multi ple reaction monitoring (MBM ) mode to allow
the specific transition of precursor ion to fragment for each
compound. The detection of ion species was performed by
monitoring the decay of the mass-to-charge (m/z) ratio 350.5,
corresponding to the parent molecular ion of voriconazole, o
the mfz 281.5 product ion, which correspond to the loss of tria-
#ole group from the parent molecule. IS was detected by decay of
the 531.5 m/z precursor ion to the 82,5 sz daughter ion (Fig. 20,
This decomposition of the molecular ion of voriconazole was
previously documented by Zhou et al. [16] and Egle et al. [19].

2.5, Validation procedures

Standard calibration curve and QC samples were analyeed
in triplicate in two consecutive days. Linearity of calibra-
tiom curves based on peak area ratio (area of analytefarea of
I8) as function of the nominal concentration was assessed
by weighted {l/concentration) least square regression. Slopes,
intercepts and determination coefficients were caleulated. The
selectivity of the method was investigated for potential inter-
ferences of endogenous substances by using six independent
batches of rat plasma samples. Moreover, the chromatograms
of the experimental samples obtained after i.v. administration
of VRC to Wistar rats were compared o the calibration curve
standards chromatograms in order to detect interfering peaks.
Intra- and inter-day precision and accuracy of the analytical
method were shown by triplicate processing and following anal-
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yais of QO samples (100, 800 and 2000 ng/mL). Precision was
calculated as relative standard deviation (R.8.10.) of the experi-
mental concentrations and accuracy as the comparison between
the experimental and nominal samples concentration. The crite-
ria for acceptability of the dataincluded accuracy within £+15%
deviation from the nominal values and precision within £15%
R.5.D. except for the lower limit of quantification (LLOGY),
where it should not exceed 20% of R.5.D. [20]. Recovery exper-
iments (extraction efficiency) was performed by comparing the
analytical results for extracted samples (n=3) with unextracled
standards that represent 100% recovery.

2.6. Stability preliminary studies

Preliminary studies were carried out o eval nate VRC stability
under the conditions used in this work. Analytes stability was
determined during blood sample collection and handling at room
temperature for 2h and after freezing plasma for 15 days at
—367C. Furthermore, the stability of the processed samples was
determined at 4°C for 12 hin the autosampler.

27, Pharmacokinetic study

The animal experiments were approved by UFRGS Ethics in
Research committe (# 2004300,

The applicability of the LC-MS/MS method for pharmacoki-
nelic siudies was tested using plasma samples obtained afler
intravenous administration of YVRC to male Wistar rats (n=16).
The animals were kept under controlled 12h light-dark cycle
during the acclimation period with access o water and food
aed fibitwm. For the experiments the animals were anesthetized
with urethane (1.25 g/kg i.p.) and the carotid artery was used for
blood collection by an indwelling catheter. The exposed artery
and catheter were irrigated with heparinized (125 IUfmlL) saline
after inserting the catheter. For intravenous administration, the
solution was prepared by dissolving VRC in saline containing
20% (wiv) ol dimethyl sulfoxide (DMS0). About 0.5 mlL of the
VRC solution was administered by the fermoral vein, corres pond-
ing to a 2.5 mgfkg dose. Blood samples (200 L) were harvested
immediately before drug administration {ime zero) and at 0.08,
016,025 05, 1.2, 4,6, 8 and 10h after administration. Blood
were harvested into heparinized tubes and immediately cen-
trifuged at 12,000 rpm at 4°C for 15min to obtain plasma. The
plasma samples were frozen and stored at —36 7C until assaved.
Plasmai 100 pl.) samples were processed as described inSection
2.4 for VRC quantification.

X Results and discussions
A0 Selectivity and recovery

The selectivity of the analytical methodology can be ohserved
in Fig. 2 by comparing representative chromatograms  of
independent blank plasma A ), blank plasma spiked with keto-
conmeole (400 ng/ml.) (B), plasma spiked with VRC {50 ng/ml.)
(C) and a sample rat containing VRC and IS (1), No addi-
tional peaks due to endogenous substances were observed that
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Table 1
Calibration curve parameters and statistics for WRC in rat plasma®

Curve Slope v-inkercept Detemmination coefficient
Day 1
1 .00024 00013 (1.998
2 0.00024 00011 0.994
3 0.00026 00016 0.999
Day 2
1 0.0o027 0012 (1.0099
2 (.00028 —0.000d (1,999
3 (.00028 —0.000d (1,999
Mean (m =60 (.00026
s 0.000019
RS (%) 15

b 510, standard deviation; R.5.10., relative standard deviation relerence.

would interfere with the detection of the target compounds. Fur-
thermore, the metabolites described for voriconazole inrats [6]
cannot generate the same daughter fragment used (mfz 281.5),
confirming that only the drug is quantified in this method.

The retention imes of VRC and IS were approximately 3.3
and 2.7 min, respectively. The extraction recovery, 72,1 +2.1%,
was concentration independent of VRC.

3

3.2, Linearity

The linearity of method was observed in the investigated con-
centration range (50-2500 ngfml.). The media calibration curve
was determined in two consecutive validation days for VRC.
Calibration curves of peak area ratio (VRCIS) as function of
nominal concentration were linear using weighted (1 fconcentra-
tiom) linear regression, with a determination coefficient greater
than or equal to 0.994 for all curves (Table 1.

3.3, Lower limit of guantification

The lower limit of guantification (LLOGY was 50 ng/ml.,
which was accepted as the lowest level on the calibration curve
that could be determined with appropriate precision and accu-
racy under the experimental conditions of this anal yvtical method
(Tables 2 and 3) [18]. Previously Keevil et al. [17] described a
LC-MS/MS method for voriconazole guantification in serum
also using small volume sample but a different daughter frag-
ment (mfz 224.1 ), less abundant than the one used in the present
study, was emploved. For that method the reported lower limit
of guantification was 100 ng/ml.. Using the present method
the limit of quantification could be reduced in 50%. Further-
more, only protein precipitaion was needed to clean the sample
in opposition o the solid-phase extraction described by those
authors, showing the advantages of the present method for phar-
macokinelic invest gation is rodents.

A4 Precision and accuracy
The intra- and inter-day relative standard deviation values

for VRC are shown in Table 2. The intra-assay and inter-assay
precision (R.8.10.) values for QC samples were less thanor equal
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Table 2
Intra- and inter-day variation of voriconazole in rat plasma

MNominal concentration Doy Experimental concentrations
Mean (ngfml) 5D LB (%)
Intra-day variation
Sngd/ml (LLOG) 1 56 (.f 0o
2 49 a1 [T
10 ngdml. 1 105 an 1.7
2 g ER] 4.1
Bng/ml. 1 528 41.8 50
2 T48 48.9 0.5
AiEing/ml. 1 20659 a1.9 32
2 1829 2311 KR
Inter-clay variation
Sngd/ml (LLOG) 53 R 12.5
10 ngdml. 100 a2 5.1
Bng/ml. TEE 59 15
AiEing/ml. 1950 151 17

Walues (mean and 5.0, represent = 3 observations®day for intra-day and =6
ohservations for inter-day variation,

to 7.7 and 12.5%, respectively. The method showed an accuracy
within 15%, which can be observed in Table 3. The data obtained
for VRC was within acceptable limits stated for bicanalyiical
methods validation [20].

A5 Swabiliry

Preliminary studies showed that VRC was stable under the
conditions used in this work. The analyte was stable in blood
samples at room temperature for 2 h{99.4% yand in plasma sam-
ples after freering al —367C for 30 days (99.4% ). The stability
of processed samples was determined at 4°C in the autosampler
for 12h. VRC and internal standard did not degrade at these
condition, showing 99.2 and 97.6%, recovery, respectively.

Ju. Applicability of the analytical method

Tov investigate the suitability of this analytical method for
pharmacokinetic studies, it was applied to determine YRC
plasma concentration afler v, administralion of a single
dose (2.5me'kg) to Wistar rats (m=6). The mean plasma
concentraion-time profile of VRC is shown in Fig. 3. The
results indicated that the analytical method is suitable to mea-
sure plasma concentrations of the compound inrat plasma. The
peak plasma concentration was 455.5 £ 300.2 ng/mL.. The esti-

Tahle 3
Acwcuracy for the analysis of voriconazole in mt plasma
Concentration (ng/ml.) Range Acuracy
AT (] 45-59 B8 4-118.4
100 93-113 96 E-113.0
L] EERE EH 92.4-106.9
X 1837-2147 91.6-107.3

5= ohservations,

| G

Plasima Concentration (ng'mL)

1ng
0 1 1 3 4

lime |.h:|

Fig. 3. Mean plasma concentration—time of YR al'ter single intravenous dose
of 2.5 mg'kg o male Wistar rats. The data points are means and positive emor
bars are 510, of six animals.

mated half-life was found to be 24+ 0.6h and the AUCH-~
was 1.54 £ 0.35 pgh/ml.. The elimination phase of VRC was
appropriately characterized considering that the pharmacoki-
netic study was carried oot for 8 hwhich, which corresponds 1o
three elimination half-lives. The resull prove the method dewvel-
oped here has adequate sensitivity for the intended application.

4. Conclusions

A LC-MS/MS bioanalytical method for the determination of
VRO in rat plasma using ketoconazole as IS was established.
This method showed adequate sensitivity, linearity, precision
and accuracy and it has been successfully applied o deter-
mine the concentration-time profiles inpharmacokinetic studies
emploving rodents.
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Abstract

Microdialysis has been employed for the in vivo measurement of endogenous compounds and
a variety of drugs in different tissues. The applicability of this technique can be limited by
drug lipophilicity which can impair the diffusion through dialysis membrane. The objective
of this study was to evaluate the feasibility of using microdialysis to study kidney penetration
of voriconazole, a moderately lipophilic antifungal triazolic agent (Log D74 = 1.8).
Microdialysis probe recoveries were investigated in vitro by dialysis and retrodialysis using
four different drug concentrations (0.1-2 pg/mL) at five flow rates (1-5 pL/min). Recoveries
were dependent on the method used for the determination as well as on the flow rate, but
independent of drug concentration. The average apparent recoveries determined by dialysis
and retrodialysis, at flow rate of 2 pl./min, were 21.1 £ 1.5 % and 28.7 + 2.0 %, respectively.
Recovery by retrodialysis was bigger than the recovery by dialysis. The average apparent
dialysis/retrodialysis recovery ratio in vitro was 0.73 for all concentrations investigated. The
differences between retrodialysis and dialysis recoveries were attributed to the drug’s binding
to the plastic tubing before and after the dialysis membrane which was experimentally
evaluated and mathematically modeled. The in vivo apparent recovery determined by
retrodialysis in healthy Wistar rats kidney was 38.5 + 3.5 %, similar to that observed in vitro
using the same method (28.7 = 2.0 %). The in vivo apparent recovery after correcting for
plastic tubing binding (25.1 £ 2.8 %) was successfully used for determining free kidney
levels of voriconazole in rats following 40 and 60 mg/kg oral dosing. The results confirmed
that microdialysis can be used as sampling technique to determine free tissue levels of
moderately lipophilic drugs once the contribution of tubing binding and membrane diffusion
on the apparent recovery are disentangled.

Keywords: microdialysis, lipophilic compounds, in vitro and in vivo recoveries, voriconazole
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1. Introduction
Microdialysis (MD) is a sampling technique that allows to access substances in
the interstitial fluid and to measure free concentrations of exogenous and
endogenous compounds [1,2]. The main innovation introduced by this technique
was the possibility to determine drugs free fraction at the biophase, which has been

changing some misconceptions about drug tissue distribution [3,4].

One critical step to apply microdialysis is to determine the probe’s relative
recovery. As MD system works in sink condition, where diffusion equilibrium is
never reached, the levels measured in the dialysate will always be lower than the
actual levels in tissue, leading to the need of determining the probe’s relative
recovery, that express the ratio between measured and real concentrations in the
investigated media [1]. The relative recovery, which must be determined in vitro and
in vivo because of the differences in drug diffusion in solution and at the intercellular
fluid, can be evaluated by retrodialysis and dialysis, among other methods, as reported
previously [2].

Several factors affect drug’s relative recovery including perfusion fluid flow rate,
probe’s characteristics such as type, membrane length and diameter, drug’s physico-
chemical properties, experimental conditions such as temperature and sampling time
and matrix tortuosity of the tissues of interest, when the recovery is determined in vivo
[5].

The physico-chemical properties of the drug under investigation, specially the
partition coefficient which affects permeability, have a significant influence on the

diffusion process through the probe’s membrane and, consequently, on drug’s relative
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recovery [6]. For hydrophilic drugs, the diffusion across the microdialysis membrane
leads to equal values of relative recovery by dialysis and retrodialysis [7,8]. For
moderately or highly lipophilic drugs (Log P ~ 1-4), however, retrodialysis and
dialysis recoveries are not similar, probably due to drug binding to microdialysis
probe tubing, making it difficult to determine the real recovery in vivo [6,9].

The first study showing recovery by dialysis and by retrodialysis could differ
depending on the drug investigated was conducted by Groth and J¢rgensen (1997)
who observed that the degree of recovery in vitro was reduced proportionally to the
increase in drug lipophilicity [6]. Nowadays, other authors have shown that
lipophilicity is an important determinant of drug’s binding to the microdialysis device
[9,10].

As a consequence of drug’s binding to the microdialysis probe phenomenon, the
relative recoveries determined do not express the real drug’s recovery from the
medium, i. e., mass transfer in sink condition, but an apparent recovery composed by
the analyte diffusion through the probe’s membrane and its binding to the MD tubing.
The apparent recovery determined restricts the use of microdialysis for moderately
and highly lipophilic compounds.

Some alternatives have been proposed in the literature to overcome this limitation
and allow the use of microdialysis for lipophilic compounds, such as the use of
albumin in the perfusion fluid that appears to prevent drug binding to the probes
tubing, after a time for saturation of the dialysis membrane is observed [10]. This
approach, although has proven to be efficient in terms of eliminating the binding

issue, seems to alter the composition of the perfusion fluid that no longer mimics the
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proteic composition of the extracellular fluid surrounding the probe, modifying the
osmotic pressure and the physiology of the tissue under investigation [11].

Another approach to overcome the limitation of using microdialysis for
lipophilic compounds is to mathematically model the drug’s binding to the probe.
Lindberger and co-workers [9] used a set of equations to separate the binding to the
microdialysis tubing from the drug’s diffusional process through the semi-permeable
membrane and to obtain the real recovery from the apparent recovery determined
experimentally.

Using an independent set of experiments the drug binding to the probe’s tubing
1s determined experimentally and the results are expressed as binding coefficient, a
constant that relates drug binding and perfusion fluid flow rate. By eliminating the
binding component from the apparent recovery, determined by dialysis or
retrodialysis, the diffusional part of the recovery, i. e., the real relative recovery is
obtained.

For antifungal agents, lipophilicity is required to allow drug penetration into the
fungal cell and promote the killing effect. The knowledge of tissue penetration of
these compounds is crucial for determining their efficacy. The echinocandin
caspofugin was evaluated by microdialysis by Traunmiiller and co-workers [10]. The
authors observed significant differences between the recoveries determined in vitro by
dialysis and retrodialysis, probably due to drug binding to the probe’s tubing. The
recoveries were equalized by adding albumin to the perfusion fluid.

Voriconazole is a triazolic compound introduced in the clinical practice

recently as a therapeutic alternative to treat deep fungal infections such as invasive
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aspergilosis and hematogenous candidiasis, which usually disseminate to kidney, liver
and brain. Deep fungal infections are the fourth most common cause of nosocomial
bloodstream infections in the US [12], responding for 40-60 % of the deaths by fungal
sepsis in Brazil [13].

In this context, the present study aimed to investigate the feasibility of using
microdialysis to evaluate the tissue penetration of voriconazole, a moderatly lipophilic

compound (Log D74 = 1.8).

2. Material and Methods
2.1 Chemicals

Voriconazole was donated by Mikatub (India) as a powder (102.3 % purity).
Sodium chloride, calcium chloride, potassium chloride and ammonium monobasic
phosphate were purchased from Reagen® (Brazil). Acetonitrile and methanol, HPLC
grade, were purchased from Merck® (Germany). HPLC water from Millipore’s Milli-

Q system was used throughout the analysis.

2.2 Standard solutions preparation

Standard stock solution of voriconazole was prepared on the day of the study
by dissolving the drug in methanol. The stock solution (500 pg/mL) was diluted in
Ringer’s solutions viewing to obtain different final concentrations for the calibration
curve and microdialysis studies.

Ringer’s solution contained: 148 mM Na+, 2.3 mM Ca++, 4 mM K+, and 157

mM CI.
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2.3 VRC guantification

The determination of VRC in microdialysate samples was conducted using a
HPLC method adapted from previously published work [14]. The HPLC system
consisted of a Waters® 600 pump, a Waters® UV 2487 dual A absorbance detector, a
Waters® Plus 717 autosampler and a Waters® 746 integrator. The mobile phase,
acetonitrile:ammonium monobasic phosphate buffer (60:40, v/v, pH 6.0), was pumped
at a flow rate of 1 pL/min. A Shimadzu® C18 reverse phase column (4 x 150 mm)
preceeded by a pre-column filled with the same packing material was used as
stationary phase. VRC was detected at 254 nm.

A linear calibration curve was obtained in the range of 25-2500 ng/mL using
drug peak area. The method was validated by performing three calibration curves on
each of two consecutive days and by analyzing quality control samples (75, 1000 and
2000 ng/mL). VRC retention time was approximately 2.9 min. The intra-assay and
inter-assay precision were bigger than 94.9 and 95.8 %, respectively. The method
showed accuracy bigger that 89.1 %. The results obtained for VRC was within the
acceptable limits stated for bioanalytical methods validation [15].

The microdialysate samples obtained were directly injected by the autosampler
(30 pL) without previous preparation. All samples were kept frozen at —20°C until

analysis by HPLC.

2.4 Microdialysis system
The microdialysis system consisted of a syringe infusion pump - MD-1001

Baby Bee Syringe Drive-connected to a MD-1020 Bee Hive Controller (Bioanalytical,
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USA). A microliter syringe (I mL, gas-tight) was used to provide the perfusate
solution. CMA/20 microdialysis probes (membrane length: 4 mm, cutoff: 20 kD,

CMA/Microdialysis AB, Sweden) were employed in this study.

2.5 Microdialysis experiments

The microdialysis experiments were carried out to investigate VRC binding
effect to the microdialysis device (inlet and outlet tubing), as well to investigate flow
rate and concentration influence on the relative recovery determined by dialysis and

retrodialysis methods.

2.5.1 Influence of perfusion flow rate and VRC concentration on in vitro recovery

The influence of flow rate on the relative recovery of voriconazole was
evaluated using five distinct flow rates: 1, 2, 3, 4 and 5 uL./min.

For the determination of VRC in vitro recovery by retrodialysis the probes (n =
3), continuously perfused with Ringer’s solutions containing voriconazole 1 pg/mL,
were inserted into tubes containing Ringer’s solution devoid of drug, kept at 37 + 1
°C. The system was allowed to equilibrate for one hour and, 30 min interval samples
were collected up to 2 h. For determination of recovery by dialysis similar procedure
was used, but the probes were perfused with Ringer’s solution devoid of drug and the
medium surrounding the probes consisted of voriconazole 1 pg/mL in Ringer.

For the determination of VRC concentration influence on recoveries the flow
rate was fixed at 2 pL/min and four different VRC concentrations were used to

determine the recovery by retrodialysis and dialysis: 0.1, 0.5, 1.0 and 2.0 ug/mL. The
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systems were allowed to equilibrate for one hour before 30 min interval samples were
collected up to 2 h.

All experiments were conducted in triplicate using different microdialysis
probes (n = 3).

The relative recovery by dialysis (RRp) was calculated as [1]:

R 0/\_ Cdial
Ry (%)=| < <100 Eq. 1

ext
where Cg;, 1s the drug concentration on the dialysate and Ce, is the drug concentration
on the medium surrounding the microdialysis probe.

The relative recovery by retrodialysis (RRgp) was calculated as [1]:

0/\_ Cperf—CdiaI
RRyp (%0)=| ————x100 Eq.2

perf

where C, 1S the drug concentration in the perfusate solution.

2.5.2 Binding Experiments in the inlet/outlet tubing

To investigate the drug’s binding to the microdialysis device, three
polyurethane inlet/outlet tubing, with a length of 200 mm, were separated from the
probes dialysis membranes and perfused with 1 ug/mL of voriconazole solution at
flow rates of 1, 2, 3, 4 and 5.0 uL/min. This experiment was conducted twice.

Binding (B) to the tubing was expressed as the proportion of drug lost during
perfusion thought the tube [9]:

:1_C(|b =Ly)

Eq. 3
Cd, =0) a
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where C is the drug concentration, l, is the position variable along the tubing,
expressed in mm, and L, is length of tubing, also expressed in mm.
After the establishment of the tubing’s binding, the drug binding coefficient

(K}) was calculated by the relationship [9]:

K,=—~ 2% ln(}__ B)¢ Eq. 4
b

where ¢ is the flow rate.

When drug binds to the tubing the apparent recovery determined is the product
of binding and dialysis process that are independent but additive phenomena. In this
case, the determination of Ky is crucial for the establishment of the real value of

drug’s diffusional mass transfer coefficient (K ), which is employed to correct the

apparent recoveries determined in vitro.

2.5.3 Determination of diffusional mass transfer coefficient (Ky) in different flow

rates

After the establishment of the drug binding coefficient (Ky) and the apparent
recovery (R,p,) by dialysis and retrodialysis for the different flow rates investigated,
the diffusional mass transfer coefficient (Kg), expressed in mm?/min, was calculated

using equation 5 [9]:
Rapp = {1 - exp(_K;Ldﬂ exp(1-B) Eq.5

where R, is the apparent recovery (determined experimentally) and L, is the length

of dialysis membrane, expressed in mm.
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By the determination of R,,,, K4 and K, constants it was possible to calculate
the real relative recoveries determined in vitro and in vivo. VRC binding (B) to the
outlet tubing was considered negligible and no correction was used for the recovery
determined by dialysis. The binding to the inlet tubing (B) was used to determine the
real perfusion concentration (Cp) in order to calculate the real recovery by

retrodialysis.

2.5.4 In vivo recovery

The experiments involving animals were approved by UFRGS Ethics in
Research Committee (protocol # 2004300). Specific-pathogen free male Wistar rats,
weighting 200-250 were used for all studies. Animals were maintained in accordance
with the criteria of the Canadian Council of Animal Care [16].

VRC in vivo recovery was determined by retrodialysis. Three male Wistar rats
were anesthetized with uretane (1.25 g/kg 1.p.). After anesthesia, the animals were put
in the lateral decubitus position. Skin was surgically removed, the kidneys were
exposed and the probes were inserted into the kidney cortex. The microdialysis probes
were perfused with Ringer’s solution at a flow rate of 2.0 uL/min and were allowed to
equilibrate inside the kidneys for 1 h. After equilibration, plain Ringer’s solution was
replaced by Ringer’s solutions containing VRC 1 pg/mL, which was perfused at the
same flow rate. Microdialysate samples were collected from each probe in 30 min
intervals, up to 2 h, after 1 h equilibration. Drug concentrations in the dialysate sample

(Cgia) and in the perfusate solution (Ce) were determined by HPLC.
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The in vivo apparent recovery by retrodialysis (R,p,) was calculated using
equation 2. For the flow rate used in the in vivo experiments (2 pL/min) VRC binding
(B) to the outlet tubing was considered negligible and no correction was used. The
binding to the inlet tubing (B) determined in vitro was used to calculate the real
perfusion concentration (C,es) in order to estimate the real in vivo recovery by

retrodialysis.

2.5.5 Determination of free renal concentrations of VRC in rats

Two groups of 6 animals were used. After anesthesia with urethane (1.25 g/kg
1.p.) the animals had the carotid artery catheterized for blood sampling. MD probes
were inserted into the kidney cortex as described previously and allowed to equilibrate
for 1 h. VRC 40 or 60 mg/kg was administered orally by gavage to each group. Blood
(200 pL) and microdialysate samples (60 pL, 30 min intervals) were collected at pre-
determined time-points up to 18 h. Plasma was separated, frozen and stored at —20 °C
until assayed by an LC-MS/MS validate method [15]. MD samples were frozen and
assayed by HPLC.

The total plasma and free kidney concentrations versus time profiles were
analyzed individually. The AUC(.i3 pasma and AUCy.ig kianey Were calculated by
trapezoidal rule, employing Excel® v. 2000 software (Microsoft®). The ratio

AUCqigney/ AUCpasma Was used as a measure of drug penetration into the organ.
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2.6 Statistical Analysis
The relative recoveries determined by dialysis and retrodialysis were compared
by two-way analysis of variance (ANOVA), where flow and recovery method were

considered as factors. The differences were determined by Bonferroni test (¢ = 0.05).

The AUCs were compared by one-way ANOVA (o = 0.05).

3. Results

The investigation of VRC concentration influence on MD probes recovery
showed that the recoveries determined by retrodialysis and dialysis in vitro are
concentration independent on the range investigated (Figure 1). The recoveries
determined by each method, however, were statistically different. The average relative
recovery determined by dialysis was 21.1 + 1.5 %, while the average recovery by

retrodialysis was 28.7 + 2.0 %, under the same experimental conditions.

1.0

0.8
o
5 06+
(S ]
5 ]
g 04
= ]
] — : § 3
0.2 4« 5
DD LA L L L L L L e
0o 0.5 1.0 1.5 20 2.5

Concentration (pgiml)

Figure 1. Concentration effect on VRC relative recovery by dialysis (m) and
retrodialysis (@) (average + SD) (n =3 probes).
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The in vitro recoveries determined by dialysis and retrodialysis were different
from each other and flow rate dependent, as shown in Figure 2, decreasing with the
increase of flow rate in both methods. For the slower flow rates (1 and 2 pL/min) the
difference between dialysis and retrodialysis recoveries was statistically significant (p
<0.001). For flow rates higher than 3 uL/min, no differences in recoveries for the two

methods investigated were observed.

1.
ng .
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0.7
0. ]
0.5
El.dl—-

Apparent recovery
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0.1

nn T 77T T
a 1 2 3 4 5
Flowy rate (uLimin

Figure 2. Recoveries determined by dialysis () and retrodialysis

(®) for different flow rates ( n = 3).
Voriconazole binds to the inlet and the outlet tubing devices of the
microdialysis probes. The values of the binding coefficient (K;) determined for each
flow rate evaluated are shown in Table 1. The most important binding phenomenon

was observed in the inlet tubing, which showed an average K, of 0.0023 £+ 0.0009
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Table 1. Results of in vitro voriconazole (1 pg/mL) binding experiments after perfusion of tubing (200 mm) with a at different
perfusion rates. Three samples were collected from each tubing at each flow rate (n = 6).

Inlet tubing
Flow (uL/min) 1 2 3 4 5
B 0.357 £ 0.166 0.179 £ 0.036 0.135+£0.049 0.132 £ 0.047 0.125+£0.010
K, (mm*/min) 0.0023 +0.0009 0.0022 +0.0015 0.0022 + 0.0009 0.0029 £ 0.0011 0.0027 £ 0.0002
Outlet tubing
Flow (uL/min) 1 2 3 4 5
Binding (B) 0.193 £0.037 0.068 £0.016 0.074 £0.012 0.075 £ 0.015 0.075 £ 0.007
Ky, (mm®/min) 0.0011 +0.0002 0.0007 + 0.0002 0.0011 +0.0002 0.0015 £ 0.0003 0.0019 £ 0.0002

B= proportion of voriconazole bound to the tubing; K, = calculated binding coefficient for voriconazole
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Table 2. VRC pharmacokinetic parameters determined after oral administration of 40 or 60 mg/kg to Wistar rats (n = 6/group)

(average = SD).
Parameters 40 mg/kg 60 mg/kg
AUC. 8 plasma (ng'h/mL) 45.6 +£10.8 77.0£9.0
AUC. 18 kidney (Hgh/mL) 15.1+3.1 26.2+3.9
Kidney Penetration 0.33+0.03 0.34+0.09




mm”/min, twice the average K, observed for the outlet tubing (0.0011 + 0.0004
mm®/min).

The influence of flow rate on the relative recovery was modeled by equation 5,
taking the binding effect to the outlet tubing under consideration. The mean K, in the
outlet tubing (0.0011 + 0.0004 mm?/min) was used in equation 5 to determine the
diffusion mass transfer coefficient (K4) The mean value of K4 was determined to be
0.122 + 0.0133 mm?*/min. The apparent recoveries (Rqapp) determined experimentally
for the different flow rates investigated by dialysis and the real recoveries calculated
using equation 5, considering no VRC binding to the probe’s tubing are shown in

Figure 3.
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Figure 3. In vitro apparent recoveries (Rapp) determined experimentally (H) by
dialysis method (average + sd), and the values modeled by eq. 5 using
mean value of Ky (0.122 mm*/min) and K, (0.0011mm?*/min) are
described by solid line (—). Real recoveries, assuming no binding to
the microdialysis device are shown by hatched line (---).
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VRC in vivo apparent recovery (R,p,) determined by retrodialysis was 38.5 +
3.5 %. This recovery, however, can not be used to determine the free fraction of VRC
in tissue because the binding to the tube device observed in vitro has to be considered.
To take binding into account, the percentage of inlet binding determined for the 2
uL/min flow rate (17.9 %) was used to calculate the real perfused concentration (Cpef)
in the in vivo experiment. In this way, the real relative recovery was determined to be
25.1 £ 2.8%, similar to the real recovery determined by retrodialysis in vitro using the
same flow rate and approach, 23.1 £ 5.4 %, (o = 0.05). The real in vivo average
recovery was used to back calculate VRC tissue levels in the animal experiments.

Figure 4 shows the total plasma and free kidney profiles observed after VRC 40
and 60 mg/kg oral dosing. The pharmacokinetic parameters determined in plasma and
tissue are presented in Table 2. The drug penetration calculated by the ratio AUC_i5
kidney/ AUC.18 plasma Was around 0.33 - 0.34, similar to the free fraction of voriconazole

in rat plasma, reported to be 0.34 [17].
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Figure 4. Total plasma (®) and free kidney (m) levels of voriconazole after oral
administration of 40 (A) and 60 (B) mg/kg to healthy Wistar male rats (n =
6/group) (average £ SD).
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4. Discussion

Microdialysis is a very useful technique to access real tissue concentrations of
drugs or endogenous compounds in vivo. Given that the probe is continuously flushed
by the perfusate solution, the equilibrium between drug concentration in the tissue
surrounding the probe and drug concentration in the internal medium is never reached,
resulting in lower levels of the drug in the dialysate in comparison to the real levels in
tissue, leading to the need of establishing probes recovery. The relative recoveries in
vitro and in vivo can be determined by different methods, including dialysis and
retrodialysis [3-4].

Drug’s binding to the microdialysis tubing have been reported for lipophilic
drugs such as bethametasone dipropionate [6], calcipotriol [6], caspofungin [10] and
antiepileptic drugs as phenytoin, carbamazepine and phenobarbital [9]. In the cases
where the drug binds to the microdialysis device, the binding should be predictable
and acceptably low in order to allow the use of this technique to determine the drug
free tissue levels in vivo.

In the present work the feasibility of using microdialysis to determine free renal
levels of the antifungal agent voriconazole was investigated. Relative recoveries
determined by dialysis and retrodialysis were compared and the reason for the
differences observed were investigated and mathematically analyzed.

Initially, the influence of VRC concentration on the relative recovery by both
methods was investigated because in vivo tissue concentrations change over time and
it is essential to confirm that the recovery is not affected by these fluctuating

concentrations. The four concentrations investigated were selected based on the free
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plasma levels determined in rats after 30 mg/kg oral dosing [17]. VRC recoveries were
not concentration-dependent regardless of the recovery method used. For a 2 uL/min
flow rate, the average apparent recovery by dialysis was 21.1 £ 1.5 % and by
retrodialysis it was higher, 28.7 £ 2.0 %. The ratio between retrodialysis and dialysis
recoveries was constant for all concentrations evaluated (Figure 1), showing that the
recovery will remain constant during VRC pharmacokinetic profiling in tissue.

Dialysis and retrodialysis recoveries were influenced by the perfusion fluid
flow rate used. The inverse effect of flow rate on the relative recoveries of drugs is
extensively demonstrated in the literature [1-4] and is expected for hydrophilic and
lipophilic drugs. Furthermore, the recoveries differ depending on the method used for
its determination, being the gap less pronounced with increasing the flow rate (Figure
2). VRC binding to the microdialysis tubing could explain the bigger recoveries
observed by retrodialysis. Lindberger and co-workers reported that, for lipophilic
compounds which bind to the microdialysis probes tubing, the influence of unspecific
binding will be less pronounced when high flow rates are used because the contact
time of the substance with the system tubing will be decreased [9]. The results
obtained for voriconazole in the present study support this statement. For the lower
flow rates investigated (1 and 2 pL/min), the differences between recoveries by
dialysis and retrodialysis was more pronounced than those observed for higher flow
rates (3, 4 and 5 pL/min), where similar recoveries were determined.

The hypothesis of VRC binding to the microdialysis device was confirmed by
the tubing binding experiments. From Table 1 it is possible to verify that for lower

flow rates, 1 and 2 pL/min, VRC binding to the inlet tubing was 35.7% and 17.9%
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and to the outlet tubing it was 19.3% and 6.8%, respectively. For flow rates higher
than 3 pL/min binding was constant and two times more pronounced in the inlet
tubing (13.3%), compared to the outlet tubing (7.5%). This finding showed that the
drug binds to the plastic tubing of the microdialysis system, before and after the semi-
permeable membrane, leading to an apparent recovery by retrodialysis bigger than that
determined by dialysis. The increased recovery by retrodialysis does not represent a
higher drug diffusion from inside to outside the membrane but the drug’s adherence to
the tubing walls. For the flow rates higher than 2 pL/min the outlet binding was
statistically similar probably because the contact time between the drug and the
binding sites is decreased. The same principle holds true for the binding to the inlet
tubing.

It can also be observed from Table 1 that the binding to the inlet and outlet
tubing was different for the same flow rate considered although the polymer
(polyurethane) and length of the tubing are the same. The only plausible hypothesis to
explain these differences is that the adjutants used to prepare the blue inlet tubing are
different from those used to prepare the transparent outlet tubing, resulting in the
differences observed for VRC binding.

Although at 3 pL/min there is no difference between recovery by dialysis and
by retrodialysis, the recovery is too small, around 13%, making it impossible to
determine the free renal levels of voriconazole after 40 mg/kg oral dosing to rats due
to the sensitivity of the HPLC method used. For this reason the flow rate selected for

the in vivo experiments was 2 plL/min.

97



The minimal influence of VRC binding to the outlet tubing can be observed in
Figure 3, where the experimental data seems to be described by both curves the one
that shows the apparent recovery and the one where the recovery was corrected for
binding. Because the binding to the outlet tubing (~7%) had a little impact on the
recovery, it was neglected when the real recovery was calculated. The influence of
VRC binding to the inlet tubing on relative recoveries by retrodialysis was overcome
by using the perfusion concentration taking into account the tubes binding.

Assuming VRC’s binding to the microdialysis probe is the same whether the
recovery is determined in vitro or in vivo, retrodialysis was used to determine the
probes recovery in vivo. The in vivo apparent recovery was found to be 38.5 + 3.5 %,
similar to those determined in vitro using the same method (28.1 + 5.0 %) (o = 0.05).
The similarity between the recoveries observed for VRC in kidney and in vitro could
be due to the high perfusion of this organ and also its histological characteristics,
considering that kidney cortex is a soft and very loose tissue. For the determination of
free VRC levels in renal tissue the in vivo apparent recovery was corrected by the
binding constant (K). VRC recovery in vivo after correction was 25.1 +2.8%

Using the real in vivo recovery of the antifungal, VRC penetration into the renal
cortex was calculated by the ratio between AUC. 3 yigney and AUC.i3 plasma. VRC
penetration, independently of the dose investigated, was similar to the plasma free
fraction reported in the literature for rats (0.34) [17]. This finding indicates that
unbound VRC concentrations in plasma and renal tissue are comparable, and the free

plasma levels provide a good estimate of the interstitial drug concentrations.
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5. Conclusions

The experimental results indicated that voriconazole is a suitable drug to be
evaluated by microdialysis, despite its moderate lipophilicity. Employing the
mathematical modeling it was possible to account for the drug’s binding to the probes
tubing and to correct the apparent relative recoveries determined in vitro and in vivo
allowing the investigation of free renal levels of voriconazole in healthy rats after
administration of 40 and 60 mg/kg doses. VRC free renal and plasma concentrations
were similar indicating that free plasma levels can be used to estimate the drug

concentrations at the biophase.

Acknowledgements
The authors acknowledge CNPq-Brazil for financial support (# 473317/2004-4)
as well as for the individual grants received. The authors wish to thank Roberto

Debom from Cristalia® (Brazil) for helping with the donation of voriconazole.

References
[1] N. Plock, C. Kloft, Eur J Pharm Sci. 25 (2005) 1-24.

[2] E.C.M. De Lange, A.G. De Boer, D. D. Breimer, Adv Drug Deliv Rev. 45 (2000)
125-148.

[3] M. Miiller, A. Dela Pena, H. Derendorf, Antimicrob Agents Chemother. 48 (2004)
1441-1453.

[4] P. Liu, R. Fuhrherr, A. I. Webb, B. Obermann, H. Derendorf, Eur J Pharm Sci. 25
(2005) 439-444.

[5] V.J. Schuck, [.Rinas, H. Derendorf, J Pharm Biomed Anal.36 (2004) 807-813.

[6] L. Groth, A. Jorgensen, Anal Chim Acta 355 (1997) 75-83.

99



[7] L. Sasongko, K. M. Williams, R. O. Day, A. J. McLachlan, Br J Clin Pharmacol
56 (2003) 551-561.

[8] L. Simonsen, A. Jorgensen, E. Benfeldt, L. Groth, Eur J Pharm Sci. 21 (2004) 379-
388.

[9] M. Lindberger,T. Tomson, L. Stdhle, Pharmacol Toxicol. 91(2002)158-165.

[10] F. Traunmiiller, I. Steiner, M. Zeitlinger, C. Joukhadar, J Chromatogr B Analyt
Technol Biomed Life Sci. 843 (2006) 142-146.

[11] A. J. Rosenbloom, D.M. Sipe,V.W. Weedn , J Neurosci Methods. 148 (2005)
147-153.

[12] C.I.Bustamante, Curr Opin Infect Dis. 18 (2005) 490-495.

[13] M.G. Barberino, N. Silva, C. Rebougcas, K. Barreiro, A.P. Alcantara, E.M. Netto,
L.Albuquerque, C. Brites, Braz J Infect Dis. 10 (2006) 36-40.

[14] R. Gage, D. A. Stopher, J] Pharm Biomed Anal. 17 (1998)1449-1453.

[15] B.V. Araujo, D.J. Conrado, E.C.Palma, T. Dalla Costa, J] Pharm Biomed Anal. 44
(2007) 985-990.

[16] CCAC. The Care and Use of Experimental Animals, Vol.1, 2nd Edn. (1993)
(http://www.ccac.ca/en/CCAC Programs/Guidelines Policies/GDLINES/Guidelis.ht

m)

[17] S. Roffey, P. Cole, D. Comby, S. G. Gibson, A. N. R. Jezequel, D. A.
Nedderman, D. K. Smith and N. Wood, Drug Met Disp.31 (2003) 731-741

100



Capitulo 6: Modeling of voriconazole non-linear
pharmacokinetics and oral bioavailability
determination in Wistar rats






Modeling of voriconazole non-linear pharmacokinetics and oral bioavailability

determination in Wistar rats

B.V. Araujol, C.F. Silva®, S.E. Haas', T. Dalla Costa'*

1 r ~ ‘A . A . 2 ]
Programa de Pos-Graduacao em Ciéncias Farmacéuticas, “Faculdade de Farmacia,

Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

Running Title: Pharmacokinetics of voriconazole in Wistar rats

Key Words: voriconazole, non-linear pharmacokinetics, Michaelis-Menten kinetics,

bioavalability in non-linear kinetics, rodents.

Research supported by CNPq/Brazil (Project # 473317/2004-4). Teresa Dalla Costa,
Bibiana Verlindo de Araujo and Cristéfer Farias da Silva are recipients of fellowships

from CNPq/Brazil.

Corresponding author:

Teresa Dalla Costa

Universidade Federal do Rio Grande do Sul

Programa de Pos-graduagao em Ciéncias Farmacéuticas
Av. Ipiranga, 2752

90610-000, Porto Alegre, RS, Brasil

Tel.: +55 51 3308 5418

Fax: +55 51 3308 5437

E-mail address: teresadc(@farmacia.ufrgs.br

103



Abstract

Voriconazole (VRC), a new triazole antifungal agent, presents a potent and
wide spectrum of activity. Although the clinical use of VRC is approved and current,
its pharmacokinetics (PK) in rodents is poorly described in the literature and
parameters such as bioavailability have not yet been properly determined. In this
study, VRC PK was investigated in male Wistar rats after oral (40 mg/kg) and 1.v.
administration (2.5, 5 and 10 mg/kg) (n = 6/ group). Six compartmental models were
tested to describe the PK profile of VRC in rats after i.v. administration. VRC
elimination showed saturation in all doses investigated, except the lower 1.v. dose (2.5
mg/kg), where a two-compartmental model with linear elimination was able to
describe the plasma profile. For the other two doses intravenously administered, a
three-compartment model with Michaelis-Menten elimination was able to describe the
data. The values of Michaelis constant (Ky;) and maximum elimination rate (Vy)
calculated after 5 and 10 mg/kg i.v. dosing were 0.54 + 0.25 pg/mL and 2.53 + 0.54
ug/h, and 0.62 + 0.12 pg/mL and 2.74 £+ 0.84 ng/h, respectively. VRC oral absolute
bioavailability was determined to be 82.8%. VRC pharmacokinetics in rats exhibits a
non-linear behavior, described by three compartment disposition after i.v. dosing and
one compartment disposition after oral dosing followed by a saturable metabolic
elimination. The approach used to evaluate VRC, that exhibits non-linear
pharmacokinetics, including the determination of bioavailability, is an important
contribution to pre-clinical pharmacokinetic investigation of drugs that exhibit similar

behavior.
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1. Introduction

Voriconazole (VRC) was the first triazole antifungal agent approved for
humans use in Brazil (1). The drugs main clinical indication is the treatment of
systemic fungal infections such as aspergillosis and disseminated candidiasis (2).

Although FDA has approved the clinical use of the drug in 2003, few pre-
clinical data are available on the drug pharmacokinetic behavior in rodents, and only
one study was published with this purpose (3,4). Besides the determination of
security, efficacy and pharmacokinetic characteristics of new drugs, one recent
application of pre-clinical data is the establishment of pharmacokinetic-
pharmacodynamic (PK/PD) models. For PK/PD modeling it is necessary to test
several dosing regimens to generate information regarding the drug PK and PD
behavior. Similar investigation is not always possible in the clinical setting, turning
the pre-clinical studies into a cheap, rapid and useful alternative to investigate the
drug’s exposure/response relationship.

When compared to other similar antifungal drugs, VRC presents some
pharmacokinetic differences which make it a very peculiar molecule. The structural
modifications of fluconazole that generated VRC allowed a high bioavailability in
humans (96%) and an excellent distribution profile associated to a lower protein-
binding (58%) than other triazole antifungal such as ravuconazole (98%),
posaconazole (98%) and isavuconazole (98%), which permit a quick penetration into
different tissues shortly after oral administration (2,5). However, a half-life reduction
to 6-9 h was observed, shorter than the half-lives of other triazole drugs such as
ravuconazole (76-202 h), posaconazole (12-24 h) and isavuconazole (56-77 h) leading
to the need of twice daily dosing to maintain adequate plasma concentrations.

As other triazole compounds, VRC elimination is achieved due to
metabolization with important participation of CYP2C19, CYP2C9 and CYP3A4. The
enzymatic saturation is pointed as the responsible for the non-linear behavior observed
after administration of multiple VRC doses in humans. It has been shown that the non-
linearity in humans depends on the therapeutic dose administered, occurring in adults

but not in children (6).

105



The non-linear pharmacokinetic behavior of VRC may impose some
difficulties for determining the drug’s absolute bioavailable fraction. The methods for
calculating absolute bioavailability are based on the premise that the overall clearance,
defined as the amount of drug eliminated divided by area under the plasma curve
(AUC), is the same for 1.v. and oral doses, so, it is possible to determine the absolute
bioavailability by the relationship between AUCoral/AUCi.v. when the same dose is
given by both administrations routes (7).

When the elimination of a drug follows non-linear kinetics, as in the case of
VRC, this premise is violated, producing an error in the estimation of bioavailability
(8). Various methods for determining bioavailability of drugs with Michaelis-Menten
kinetics have been proposed in the literature. Waschek and co-workers (1984) (9)
proposed an interesting approach for estimating the bioavailability of drugs with non-
linear kinetics. The method involves the administration of an intravenous reference
dose as a labelled tracer at the time of administration of the oral dose. The same
degree of saturation would be encountered by the drug from an oral as well as from an
intravenous dose, resulting in equal values of clearance. This method offers the
advantages of requiring fewer assumptions about the appropriate pharmacokinetic
model. When the pharmacokinetic model is known, the authors suggest that is
possible to fit the model simultaneously to both i.v. and oral profiles, if sufficient data
are available, and determine the absolute bioavailability in this process This last
approach to determined absolute bioavailability, however, has not been used before
and is the object of the present study.

Thus, in this work, VRC pharmacokinetics was elucidated in rodents after the
administration of different doses by i.v. and oral routes viewing to characterize the
drug’s non-linear elimination process as well as to determine its oral bioavailability.
Due to VRC metabolism saturation at higher doses a new approach was used to

determine the bioavailability.
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2. Material and methods

The animal studies were approved by the Ethics in Research Committee of
Universidade Federal do Rio Grande do Sul (Porto Alegre-RS-Brazil) (Protocol #
2004300).

Before the experiment, the animals were maintained at UFRGS Faculdade de
Farmaécia bioterium with controlled temperature (23 + 2 °C) and 12-hour photoperiod
(7:00 am-7:00 pm). The animals received water ad libitum and food (certified Nuvilab
CR1%) and were kept in collective cages containing no more than 5 animals each.

Previously to the oral VRC dosing, the animals remained in fast condition for 12 h.

2.1 Experimental design

Male Wistar rats (200-250 g) were used. Four groups of six animals each were
evaluated as follows: three groups received VRC intravenous doses of 2.5, 5 or 10
mg/kg and 1 group received an oral dose of 40 mg/kg.

The VRC solutions for intravenous administration were prepared in
dimethylsulfoxide:water (20:80, v/v) and for oral administration the drug was

prepared in polyethileneglycol 400:water (4:96, v/v), shortly before administration.

2.2 Surgical procedures

For the collection of samples, the animals were anesthetized with
intraperitoneal urethane (1.25 g/kg) and placed in supine position on the surgical
board. The carotid artery was cannulated for blood collection using a polystyrene
cannula connected to a 1 mL syringe containing heparine in saline solution (25
IU/mL). For groups that received the i.v. bolus doses, the drug solution was
administered in the right femoral vein. For the oral group, VRC was administered
through gavage with the aid of a curved steel cannula.

Blood samples were harvested into heparinized tubes at time zero (right before
drug administration) and after 5, 10, 15 and 30 min and 1, 2, 4, 8, 12, 16, 18, 20 h
dosing. Blood samples were centrifuged at 18000 g for 15 min at 4 °C, plasma was
separated and kept frozen at —36 °C until analysis through LC-MS/MS, employing a
method previously validated (6).
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At the end of experiment, the animals were sacrificed through cervical

dislocation.

2.3 Analytical methodology

The method described by Araujo and coworkers (2007) (10) was employed for
plasma samples processing and analyzing. Briefly, plasma aliquots of 100 uL. were
precipitated with 190 uL of cold methanol and 10 puL of ketoconazole solution in
methanol (4 pg/mL — internal standard) and centrifuged at 18000 g at — 4 °C for 15
min. The supernatant (30 uL) was injected into the LC-MS/MS system (Shimadzu®
SCL-10AVP system controller, LC-10ADVP solvent delivery system and an FCV-
10ALVP valve with a Micromass® Quattro LC mass spectrometer in tandem). A
Shimadzu® Shim-pack column (150 mm x 4.6 mm i.d.) protected by a Waters®
ubondapack guard column packed with 50 pum RP18 material was used. The mobile
phase consisted of acetonitrile:water:formic acid mixture (60:40:0.05, v/v/v). The
detection was performed by monitoring the parental fragment transitions in 351.5 <
281.5 m/z for VRC and 531.5 < 82.5 m/z for ketoconazole. The analyses were
conducted by the MassLynx software (version 3.5). The method was previously
validated according to FDA guidelines and was sensitive, exact and precise within the

concentration range of 50 to 2500 ng/mL.

2.4 Pharmacokinetic analysis

Individual compartmental analysis were conducted with the aid of the non-
linear regression program Scientist® v.2.01 (MicroMath®, USA) using the EPISODE
(Adams) algorithm.

Six pharmacokinetic models were used to fit the plasma profiles observed after
i.v. dosing. These models were proposed by Fujimiya and coworkers (1989) to
describe the elimination kinetics of ethanol in rabbits. The models describe, by a
system of two differential equations, drug distribution into one or two compartments
with Michaelis-Menten elimination alone or in association with first order elimination
(11). A three compartmental model with first order elimination or Michaelis-Menten

elimination were also tested (12).
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A three-compartment open model with first order elimination was initially used

to fit the plasma profiles (12):

Ez_(klz‘*‘ke‘*‘K13)*C1*’(kzl*vz/vl)*cz +(k31 *V, V) *C,

t Eq. la
oC
Ezz(klz*vl/vz)*cl_kzl*cz Eq. Ib
oC
?:(klz*vl/vs)*cl_kal*ca Eq. e

where C; C, and C; are VRC concentrations in the central and peripheral
compartments, respectively; ke is the first-order elimination rate constant; k;,, ky; ks;
and k3 are the first-order distribution rate constants out of and back into the
compartment 1; and V,, V, and V; are apparent volumes of distribution in central and
peripheral compartments, respectively. The relationship ki,/k,;=V,/V, was
considered.

The first non-linear model tested corresponded to a one compartment model
with Michaelis-Menten elimination (MM), where the elimination rate constant is
determined by the ratio between the maximum elimination rate (Vy;) and the

Michaelis-Menten constant (Ky;) (11):

oC V.
L=— M *Cl Eq. 2
ot Ky +C)

In the second non-linear compartmental model investigated, the elimination
does not take place exclusively through MM, but a fraction of the drug is
concomitantly eliminated through linear kinetics described by ke. In this case, the

equation that describes the model is (11):

Eq.3
oc, _ Vy, O Py
ot K, +C)) i
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The third model describes a MM elimination process after the distribution of
the drug into two compartments. In this case, the drug is quickly distributed from the
central compartment (C,) to the peripheral compartment (C,) and follows a non-linear

elimination (Vy/Ky) from the central compartment. The equation that describes the

acl:—|:klz+ke+(—( Vu H*cl+(k21*cz) Eq. 4a

ot K, +C,)
Eq. 4b
oC
8‘[2 =—k, *(C, -C,)

distribution and elimination processes includes the constants of drug transference from
the central compartment to the peripheral compartment (k;;) and vice-versa (ky;),

consisting of an ordinary differential equations system (11):

L et R B
a K, +C)
actz =-k, *(C, -C,) Eq. 5b

A variation of this model, as it was described for the one-compartment model,
is the two-compartment model with simultaneous first-order and zero-order kinetics.

In this case, the elimination is given through the sum of saturated and linear processes

described by the following equation system (11).
A three-compartment open model with Michaelis-Menten elimination from the

central compartment was also used viewing to fit the data (12):

*
—CL, *C, - Vu *Cr +CL, *C, Eq. 6a
aC, Ku +C
ot Vv,
Eq. 6b
oC, |CL *C, +CL,*C,-CL, *C,-CL,*C,
ot Vv,
dC, |CL,*C,-CL,*C4 Eq. 6¢
ot Vv,
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where C;, C, and C; are the concentrations in compartments 1, 2 and 3; V1, V2
and V3 are the volumes of distribution for each compartment; and CL, and CL, are

the distributional clearances between compartments 1 and 2 and 2 and 3.

The search for the most adequate model to describe the plasma profiles was
performed through the fitting of the mean profile of each i.v. administration group to
the linear kinetic and all non-linear equations. After selecting the best model for each
profile, the individual profiles of all animals in each group was modeled with the
selected equation. The criteria employed to select the appropriate model to describe
the mean profiles, given by the computer program Scientist”, were: the coefficient of
determination (r*), the model selection criterion (MSC), a modified Akaike
Information Criterion (AIC), and the mathematical coherence between the
pharmacokinetic parameters determined by modeling and the phenomena
experimentally observed.

The plasma profile obtained after oral dosing of VRC was modeled assuming
one compartment with linear absorption and MM elimination, according to the

following equation (13):

C _|kDF | i V'uxC Eq. 7
ot \% Ky xC

where V is the volume of distribution, D is the dose, F is the bioavailability, k, is the
first-order absorption constant, V’y is the Vy/V ratio, in which V,, is the maximum

enzymatic velocity, and Ky is the Michaelis-Menten constant.

2.6 Bioavailability determination

Individual VRC areas under the curve (AUC,.;,r) were initially determined by
trapezoidal rule for all doses evaluated (7).

The oral bioavailability was determined by simultaneous fitting of the mean
plasma profiles obtained after intravenous dosing of VRC 10 mg/kg and oral dosing of
40 mg/kg using equations 6 and 7, respectively, with the aid of computer program

Scientist® v. 2.0.1.
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After the simultaneous fitting of oral and i.v. doses, the value of the
bioavailability determined was fixed and the individual profiles were fitted allowing

the estimation of Vd, Ka, Ky; and V), for each animal.

2.7 Statistical analysis

The pharmacokinetic parameters obtained from the compartmental analysis for
the different doses investigated were compared using the analysis of variance
(ANOVA) (o = 0.05) followed by Tuckey, with the aid of the software Sigma Stat” v.
3.5 (Systat”, USA).

3. Results and discussion

VRC is a relatively new antifungal agent available in market which has few
reports of pre-clinical pharmacokinetics (3,4). Due to its non-linear pharmacokinetics
in humans and animals (2,3,5), the determination of oral bioavailability is tricky,
requiring the use of alternative approaches.

This work presents a detailed pharmacokinetic analysis of this triazole drug
conducted in Wistar rats throughout the compartmental fitting of plasma profiles
observed after three intravenous doses. Besides, the present work presents an
alternative approach for the evaluation of the VRC’s bioavailability not yet described
in the literature.

Voriconazole mean plasma profile after the administration of 2.5 mg/kg i.v.
bolus administration was adequately fitted by the three-compartment model with

linear elimination (Eq. 1) as can be seen in Figure 1.
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Figure 1. Mean plasma profile after i.v. bolus administration of 2.5 mg/kg of VRC.
(Points represent average * standard deviation of six animals).

Pharmacokinetic parameters determined through individual compartmental

modeling of plasma profiles are shown in Table 1.

Table 1. VRC pharmacokinetic parameters obtained by fitting individual
plasma profiles to a linear three-compartment open model after i.v. bolus
administration of 2.5 mg/kg (n = 6).

Pharmacokinetic Parameters* Average = SD
k> (b7 0.68 + 0.46
ko (h) 3.20+2.18
ki3 (h™) 3.36 £2.00
ks (h) 140+ 1.17
ke (h™) 0.36 + 0.06
Cliot (L/h/kg) 1.66 £ 0.38
MSC range 29-3.6
Determination coefficient range* 0.98 — 0.99

*See the text for parameters definition.
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The two higher i.v bolus doses investigated could not be described by linear
models. The plasma profiles observed after 5 and 10 mg/kg 1.v. dosing showed a
pattern distinct from that observed after 2.5 mg/kg i.v. administration, compatible with
saturation of elimination. VRC mean plasma profiles after theses doses were modeled
using equations 2 to 6. The results can be observed in Figures 2 and 3 for 5 and 10

mg/kg dosing, respectively.

Table 2. Pharmacokinetic and statistical parameters obtained by fitting VRC mean
plasma profiles, obtained in anesthetized Wistar rats after i.v. bolus
administration of 5 and 10 mg/kg doses, to different pharmacokinetic
models (n = 6/group).

Pharmacokinetic | Model A* Model B Model C* | Model D* | Model E*
and Statistic Equation 2 | Equation 3 | Equation 4 | Equation 5 | Equation 6

1
Parameters

Dose (mg/kg) S 101 5 10 |5 10 5 | 10| 5 | 10

Ky (ng/mL) 1098 | 0.60 | 1.00 | 0.69 | 0.62 | 0.64 | 1.18 | 0.95 | 0.74 | 0.57

Vu (ug/h) | 0354 [ 024 | 1237 | 021 | 024 | 0.32 | 0.34 | 0.24 | 1.66 | 2.50

-1 R
ke (h7) nd | nd | 048 | 041 | nd | nd 1'127‘* 035 | nd | nd
MSC 234 [-065| 009 | 0876 | 3.80 | 4.0 | 4.1 |-234| 206 1.98
Determination

0.09 | 023 | 0.43 | 0.08 | 097 | 0.97 | 0.99 | 0.09 | 0.98 | 0.97

coefficient (1)

'See the text for parameters definition; “Model A: one compartment model with
Michaelis-Menten elimination; Model B: one compartment with simultaneous linear
and Micahelis-Menten elimination; Model C: two compartment model with
Michaelis-Menten elimination; Model D: two compartment model with simultaneous
linear and Michaelis-Menten elimination; Model E: three compartment model with
Michaelis-Menten elimination; nd = not determined because it is not part of the model.
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Analyzing Figure 2, one may observe that one-compartment models (panels A
and B) were not capable of describing the experimental data after VRC 5 mg/kg
dosing and did not characterize the quick decline of plasma concentrations observed at
the first two hours after drug administration. The same misfit was observed when
VRC 10 mg/kg was modeled using this equation (Figure 3A and 3B). The failure of
the one-compartment model to fit the experimental data is reflected in the

pharmacokinetic parameters and statistical result (MSC and r*) shown in Table 2.
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Figure 2. Mean VRC plasma profile after i.v. bolus administration of 5 mg/kg to
anesthetized Wistar rats modeled with equations 2 (A), 3 (B), 4 (C), 5
(D) and 6 (E). See text for models explanation. (Points represent
average * standard deviation of six animals).
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The two-compartment model with Michaelis-Menten elimination (Model C)
adequately described the quick decline of the initial concentrations after i.v
administration showing a better MSC and r than the one-compartment models
(Figures 2 and 3, Table 2). The mean pharmacokinetic parameters, Ky and Vy,,
estimated for both evaluated doses, were 0.63 £ 0.01 pg/mL and 0.28 + 0.05 pg/h,
respectively. The two-compartment model with simultaneous Michaelis-Menten and
first order elimination (Model D), although presented a good visual fit and adequate
MSC and r values (Table 2) estimated a ke of 1.2 ¢ for the 5 mg/kg dose; the 10
mg/kg dose was poorly fitted by this model, as it can be observed by the MSC and r
values obtained.

The three-compartment model with Michaelis-Menten kinetics (Model E),
characterized by a quick distribution phase by diffusion followed by a metabolism
saturation stage, during which the drug remains a long time with concentrations
almost constant in the bloodstream, described the VRC pharmacokinetics adequately
in anesthetized Wistar rats after 5 and 10 mg/kg 1.v. doses administration. The mean
values of Ky and V) estimated for both doses were 0.66 = 0.12 ug/mL and 2.08 *
0.59 pg/h, respectively.

Although both multi-compartment models with only Michaelis-Menten
elimination tested have been able to describe the VRC pharmacokinetic profiles, the
values of V) determined by the two-compartment model were not compatible with the
experimental data observed in the oral administration. If the value of V,; were around
0.28 pg/h, as estimated by the two-compartment model, plasma concentrations would
be kept constant for much longer than it was observed experimentally. For this reason,
the three compartment with Michaelis-Menten elimination model was selected as the
best model to describe the plasma profiles of the two higher doses investigated.

After the three-compartment model with Michaelis-Menten elimination (Eq. 6)
was selected, based on the mean profiles, the model was used to fit the individual
profiles obtained after i.v bolus doses of 5 and 10 mg/kg. The results are shown in
Table 3.

116



117

Table 3. VRC pharmacokinetic parameters obtained by fitting individual plasma

profiles to a three compartment model with Michaelis-Menten elimination
after i.v. bolus administration of 5 and 10 mg/kg doses to anesthetized rats (n

= 6/group).

Pharmacokinetic Parameters™ VRC 5 mg/kg VRC 10 mg/kg
Ky (ng/mL) 0.54 +0.25 0.62+0.12
Vu (ng/h) 2.53+0.54 2.74 +0.84
CL, (L/h/kg) 1.39+0.3 1.0 £0.03%*
CL, (L/h/kg) 0.02+£0.01 0.03+£0.01
CL (L/h/kg) 1.16 £0.76 0.69 +0.32
V1 (L/kg) 4.04 +2.01 3.09+1.01
V2 (L/kg) 60.54 + 34,91 58.02 £24.02
V3 (L/kg) 276 £ 56 138 £ 67
Intervals of MSC 1.96 —3.21 1.65-4.09
Intervals of r 0.96 — 0.99 0.98 - 0.99

*See the text for parameters definition; ** statistically different form CL, 5

mg/kg (p <0.038).

Observing the mean plasma profiles for both doses (Figures 2 and 3) one can
see that VRC concentrations reached levels above the average Ky determined (0.58
ug/mL in average for both doses, Table 3). The saturation of VRC metabolization can
also be confirmed by the non-compartmental analysis, were a disproportional increase
in AUC,.,, was observed with increasing the dose. The AUC,., calculated by
trapezoidal rule for 2.5, 5 and 10 mg/kg i.v. bolus doses were 1.5 £ 0.3, 4.3 £ 2.9 and
144 £ 2.9 ug-h/mL, respectively. The AUC,., increased by the 2.8 and 9.4 times
when the doses were doubled from 2.5 to 5 and from 5 to 10 mg/kg, respectively.
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Figure 3. Mean VRC plasma profile after i.v. bolus administration of 10 mg/kg to
Wistar anesthetized Wistar rats modeled with equations 2 (A), 3 (B), 4 (C), 5
(D) and 6 (E). See text for models explanation. (Points represent average +
standard deviation of six animals).
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Table 4. VRC pharmacokinetic parameters obtained by fitting individual plasma
profiles to a one compartment model with first order absorption and
Michaelis-Menten elimination after oral administration of 40 mg/kg doses
to anesthetized rats (n = 6).

Pharmacokinetic Parameters™ Average + 5D
ko (b 6.60 £ 2.30
ky (ng/mL) 0.58 £0.03
Vu (ng/h) 2.32+0.85

V (L/kg) 99+2.7
AUC . plasma (Mg h/mL) 45.6 +10.8

*See text for parameters definition.

The results obtained in the present work can be compared to the only work that
reports VRC pharmacokinetics in rats published in the literature. Roffey and co-
workers (2003) (3) employed a one-compartment model with Michaelis-Menten
elimination to describe the non-linear VRC pharmacokinetics using only a 10 mg/kg
1.v. dose administered to two Sprague-Dawley rats. In this experiment, blood sampling
was not sequential in the same animal. Instead, two animals were used per sampling
time to obtain a single average profile. The authors determined a Ky; of 1.15 pg/mL
and a Vy; of 2.56 pg/h, which are in the magnitude of the values determined n the
present work.

It has been stated that it is essential to determine the parameters Ky and Vy
using more than one intravenous dose in order to attain bigger precision, due to the
complex nature of the physiologic processes under modeling (11). Because Roffey
and co-workers (2003) (3) used only one dose of VRC and produced only a single
mean profile, the parameters determined in the present study certainly better describe

the disposition and elimination process of the drug after administration to rodents.
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A three compartment model was also used to fit the plasma data of the triazole
antifungal ravuconazole after i.v. dosing of 1.25 to 40 mg/kg to rabbits. The authors
reported that the compound revealed a non-linear behavior at higher doses, indicating
saturable clearance or protein/binding (14).

The bioavailability of drugs exhibiting saturable elimination kinetics is usually
difficult to assess. The use of the conventional method for bioavailability
determination, the ratio between the AUCO,.,, oral/AUC_,1.v., requires the clearance
to be constant during elimination. This method is based on the premises that when the
clearance is constant, the AUC is proportional to the total amount of drug eliminated,
which, in turns, equals the amount of drug that reaching the systemic circulation (13).
For drugs that exhibit Michaelis-Menten elimination, however, clearance is
concentration dependent and, for a given amount of drug reaching the systemic
circulation, AUCoral is generally expected to be smaller than AUCi.v. (8). Due to the
non-linear pharmacokinetics of VRC at the doses evaluated, which are equivalent to
the dose the range used in humans, the AUC,., values are not proportional to the
bioavailable fraction, leading the bioavailability of the drug to be incorrectly
determined when the usual method is employed. A reflection of this limitation can be
observed in the oral bioavailability of 159% determined for VRC in Sprague-Dowley
rats after a 30 mg/kg dose administration (3).

To overcome this limitation and present an alternative method to determine the
drug’s bioavailability in non-linear situation, an alternative approach was employed to
determined VRC oral bioavailability in the present work. The validity of the
methodology employed is based on the fact that this drug presents saturation only in
the elimination process and thus, it behaves linearly in relation to absorption, the
biopharmaceutic stage under evaluation in bioavailability determination.

A separation of the absorption and the saturable elimination phases of VRC
plasma profile after oral dosing was achieved by adapting the technique proposed by
Waschek and co-workers (9) and the theoretical considerations in the calculation of
bioavailability of drugs that exhibits Michaelis-Menten kinetics published by Rubin
and Tozer (1987) (8), in order to determine the bioavailable fraction of the dose

administered. This evaluation was easily performed by the simultaneous fitting of
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plasma profile obtained after 10 mg/kg intravenous and 40 mg/kg oral VRC dosing by
equations 6 and 7, respectively using the Scientist” software v.2.0.1. The profiles

simultaneously fitted are presented in Figure 4.

10t

10°

Flasma concentration {mg/L)

107

Time (h)

Figure 4. Simultaneous fitting of mean plasma profiles after i.v. (®) and oral (m)
administration of VRC 10 and 40 mg/kg, respectively, to anesthetized
Wistar rats. (Points represent average + standard deviation of 6

animals/dose).

The approach employed in this study allows for calculating the real
bioavailability, where the saturation of the elimination process was taken into account.
The bioavailability of VRC in anesthetized rats was found to be 82.8 %, similar to the
humans bioavailability reported to be around 96 % (3) and more reasonable that the
159% previously reported for rats (3). The application of this approach make it
possible to determine bioavailability in saturated conditions, being an alternative for
the calculation of this parameter when Ky, and V), are obtained from intravenous
administration data.

The individual plasma concentration versus time profiles after oral
administration of 40 mg/kg were properly described by one-compartment model with
first-order absorption and zero-order elimination (equation 7). The profile presented in

Figure 4 shows a quick VRC absorption, reaching peak plasma concentration around 2
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hours, equivalent to a t,,, between 1 and 2 hours previously reposted (3). The
pharmacokinetic parameters determined by modeling of the oral data are shown in
Table 4. The absorption rate constant (ka) was of 6.6 + 2.3 h™ and the volume of
distribution was 9.91 £ 2.7 L/kg.

Statistical differences were found only among the total clearances for the three
VRC i.v. doses evaluated, showing a significant reduction in the Cl,, with increasing
dose: from 1.66 = 0.38 L/h/kg for 2.5 mg/kg, to 1.16 £ 0.76 L/h/kg for 5 mg/kg and to
0.69 = 0.32 L/h/kg for 10 mg/kg (a0 = 0.05). The values of Ky; and V), determined by

oral and all 1.v. doses tested were statistically similar (Tables 3 and 4) (o = 0.05).

4. Conclusions

The approach applied in this study to determine the VRC bioavailability in rats
1s an important contribution to pharmacokinetic evaluation of drug that displays a non-
linear behavior given that the methodologies to calculate this pharmacokinetic
parameter are scarce in literature and hard to be found.

The pharmacokinetics of VRC in Wistar rats after i.v. administration of
different doses showed a non-linear behavior, best described by a three-compartment
pharmacokinetic model. The drug displayed a non-linear disposition in rats, indicating
a saturable elimination as described for other animal species and humans. After oral
administration VRC is better described by a one compartment model with Michaelis-
Menten elimination, showing a bioavailability of 82.8%.

The comprehensive evaluation of VRC pre-clinical pharmacokinetics presented
here can be applied in the establishment of PK/PD modeling of this antifungal drug
viewing to further elucidate its exposure/response relationship and optimize its dosing

regimens.
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Synopsis
Objectives: The aims of this study were to evaluate free levels of voriconazole (VRC)
in kidney of healthy and C. albicans or C. krusei infected Wistar rats employing
microdialysis, and to establish the relationship between free renal and free plasma
levels in both conditions. Methods: Animals were infected by injecting 2.5-10° CFU
inoculum trough the tail vein (n = 6/group). After 48 h, they were anaesthetized and a
microdialysis probe (CMA 20) was inserted into the renal cortex of the left kidney.
VRC (40 or 60 mg/kg) was administered orally and blood and microdialysate samples
were collected at pre-determined time points up to 18 h. Total plasma and free tissue
concentrations (CTge) were determined by LC-MS/MS and LC-UV, respectively.
Results: The mean AUC,_, increased from 49.2 + 3.94 to 81.4 + 6.4 pg-h/mL for
plasma and from 16.5 = 1.5 to 31.1 = 6.1 pg-h/mL for tissue after 40 mg/kg and 60
mg/kg VRC dosing, showing a non-linear pharmacokinetics described by a one
compartment model with Michaelis-Menten elimination. There was no statistical
differences between the AUC,., ¢ plasma and tissue for healthy an infected groups.
The antifungal tissue penetration was similar for both doses and conditions
investigated (0.34 £ 0.01). VRC protein binding was 66 %, allowing the prediction of
free renal levels. Conclusions: The results showed that VRC free renal and free
plasma levels are similar in healthy and disseminated candidiasis by C. albicans and

C. krusei and plasma levels can be used to optimize the drug’s dosing regimen.

Keywords: voriconazole, microdialysis, Candida sp., renal penetration
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1. Introduction

The incidence of systemic Candida infections has increased substantially in
recent years' The risk of opportunistic infections associated to this pathogen is
markedly increased in patients who are severely immunocompromised due to cancer
chemotherapy, organ or bone marrow transplantation, or human immunodeficiency
virus infection (HIV)> Fungal infections can take place on either mucous membrane
or by hematogenous dissemination. In the second case, the yeasts have the ability to
invade numerous sites, including kidney, liver and brain®. While gradual decline in the
number of Candida sp viable count occur in organs such as liver, lungs and spleen
shortly after intravenous infection, in the kidney the viable count steadily increases
with the progress of the infection, becoming the most severely infected organ in
disseminated candidiasis. The high predilection of Candida sp. for the kidney remains
unexplained, but this behavior justifies the use of this organ to assess yeast systemic
infection®

Although Candida albicans have been the most common specie associated with
the fungal mucosal infections, in the last twenty years there was an increase in the
clinical importance of other species, especially Candida krusei, Candida glabrata and
Candida tropicalis, all associated to high mortality rates in nosocomial infections in
UsA’

The high morbidity and mortality (around 40-50%) observed in systemic
Candida infections are due to the difficulty in establishing the best strategy for
treatment, given that the pharmacokinetic/pharmacodynamic (PK/PD) indexes
predictive of antifungal efficacy are not completely established for this class of
drugs"®.

Many researchers have been using free plasma levels of antifungal drugs to
evaluate their PK/PD indexes and predict efficacy, especially in studies conduced with
triazole drugs, assuming that free plasma levels are a good sugorrate for the
concentrations in the interstitial space®® However, the knowledge of antifungal drugs
tissue distribution is crucial for PK/PD indexes, because only the free fraction of the

drug in the tissue is active against the yeast infection.
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Free tissue levels of drugs can be accessed by microdialysis, a semi-invasive
sampling technique whose principle is the dialysis’. Recent studies employing this
technique for the determination of antimicrobial drugs free tissue concentrations have
indicated that antimicrobial distribution process is characterized by high intertissue
variability and that drug levels at the target site may substantially differ from
corresponding free plasma levels even in healthy tissues'’. In other cases, the impaired
penetration is not observed in healthy tissues but it is associated to the infection or the
inflammatory responses at the infection site, as observed in soft tissue infections',
septic shock'?, pneumonia'® or vascular alterations associated to diabetes'*.

As it occurs with antimicrobial drugs, plasma levels may not be a good
surrogate of free tissue levels observed in healthy and infected organs after
disseminated fungal infection. Only few reports are present in the literature dealing
with this issue.

In this context, the goals of this work were to evaluate free levels of
voriconazole (VRC) in kidney of healthy, C. albicans and C. krusei infected Wistar
rats employing microdialysis and to establish the relationship between free renal and

free plasma levels of the drug in both conditions.

2. Material and Methods

The experiments involving animals were approved by UFRGS Ethics in
Research Committee (Protocol # 2004300). Specific-pathogen free male Wistar rats
were used for all studies. Animals were maintained in accordance with the criteria of

the Canadian Council of Animal Care®.

2.1. Chemicals and reagents

VRC was donated by Mikatub (India) as a powder (purity, 102.3 %) and
ketoconazole (Internal Standard - IS) was purchased from Delaware (Brazil).
Analytical grade formic acid and HPLC grade acetonitrile and methanol were
purchased from Merck (Germany). HPLC water from Millipore’s Milli-Q System was

used throughout the analysis.
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2.2. Determination of VRC in rat plasma and microdialysis samples

The determination of VRC in rat plasma and microdialysate samples was
conduced by LC-MS/MS and LC-UV, respectively.

For VRC quantification in plasma samples a previously published method was
employed'®. Briefly, plasma aliquots of 100 puL were precipitated with 190 pL of cold
methanol and 10 pL of ketoconazole solution in methanol (4 pg/mL — internal
standard) and centrifuged at 18000 g at — 4 °C for 15 min. The supernatant (30 pL)
was injected into the LC-MS/MS system (Shimadzu® SCL-10AVP system controller,
LC-10ADVP solvent delivery system and an FCV-10ALVP valve with a Micromass®
Quattro LC mass spectrometer in tandem). A Shimadzu® Shim-pack column (150
mm x 4.6 mm i.d.) protected by a Waters ubondapack guard column packed with 50
pum RP18 material was used. The mobile phase consisted of acetonitrile:water:formic
acid mixture (60:40:0.05, v/v/v). The detection was performed by monitoring the
parental fragment transitions in 351.5 <281.5 m/z for VRC and 531.5 < 82.5 m/z for
ketoconazole. The analyses were conducted by the MassLynx software (version 3.5).
The method was previously validated according to FDA guidelines and was sensitive,
exact and precise within the concentration range of 50 to 2500 ng/mL.

For quantification of VRC in microdialysate samples, which were injected
directly into the system without processing, a previously reported LC-UV method was
adapted'’. The HPLC system consisted of a Waters® 600 pump, a Waters® UV 2487
dual A absorbance detector, a Waters® Plus 717 autosampler and a Waters® 746
integrator. The mobile phase, acetonitrilezammonium monobasic phosphate buffer
(60:40, v/v, pH 6.0), was pumped at a flow rate of 1 uL/min. A Shimadzu® C18
reverse phase column (4 x 150 mm) preceded by a pre-column filled with the same
packing material was used as stationary phase. VRC was detected at 254 nm.

A linear calibration curve was obtained in the range of 25-2500 ng/mL using
drug peak area. The method was validated by performing three calibration curves on
each of two consecutive days and by the analysis of quality control samples (75, 1000
and 2000 ng/mL). VCR retention time was approximately 2.9 min. The intra-assay

and inter-assay precision were bigger than 94.9 and 95.8 %, respectively. The method
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showed accuracy bigger that 89.1 %. The results obtained for VRC was within the

acceptable limits stated for bioanalytical methods validation'®.

2.3. Experimental design

Male Wistar rats (weighting 200-250 g) were randomly distributed in six
groups of six animals each: two healthy groups received either 40 or 60 mg/kg oral
dose of VRC by gavage; the other four groups were infected by Candida albicans or

Candida krusei and received either one of the two doses by the same route.

2.4. Induction of infection

The infection protocol in Wistar rats was previously development and
certified'’. The animals were infected with C. albicans (ATCC 10231) or C. krusei
(ATCC 6258) two days prior to the pharmacokinetic experiment by injecting
intravenously, through the lateral tail vein, 0.1 mL of the inoculum (2.5-10° CFU)

prepared in 0.9% sterile saline.

2.5. Surgical Procedure

In the day of the experiments the animals were anesthetized with urethane (1.25
g/kg 1p). The carotid artery was used for blood collection via an indwelling catheter
was irrigated with heparinized saline (25 IU/mL). The rat was put in the lateral
decubitus position, skin and muscle were surgically removed and the kidney was
exposed. The microdialysis probe was inserted into the kidney cortex with the aid of a
needle, which was removed after insertion. The CMA/20 microdialysis probe (4 mm
membrane length, 20 kD cutoff) (CMA/Microdialysis AB, Sweden) was perfused with
Ringer’s solution at a flow rate of 2.0 pL/min. The probe was allowed to equilibrate
inside the kidney for one hour before drug administration by oral gavage. VRC
solutions for oral administration was prepared in water using polyethylene glycol 400
(Sigma, USA) as co-solvent (96:4,v/v).

Blood samples (200 pL) were collected immediately prior to dosing and at
0.25,0.5, 1, 2,4, 6, 8, 10, 12, 14, 16, and 18 hours after drug administration. Blood

were harvested into heparinized tubes and centrifuged immediately after collection.

132



The plasma was separated, frozen and stored at —36 °C until assayed. Microdialysis
samples, collected over 30 min intervals, were also frozen and stored at —36 °C until

assayed.

2.6. Determination of probes recovery in vivo

VRC microdialysis probe recovery in vivo was determined by retrodialysis. A
group of three animals was anesthetized with urethane (1.25 g/kg ip) and the
microdialysis probes were inserted into the kidney as previously described. The
probes (CMA 20), perfused with Ringer’s solution at a flow rate of 2.0 uL/min, were
allowed to equilibrate for 1 h. After equilibration, Ringer’s solutions was replaced by
VRC 1 pg/mL in Ringer’s solutions. Microdialysate samples were collected from each
probe in 30 min intervals, during two hours.

Dialysate (Cgia) and perfusate (C,ef) concentrations were determined by LC-
UV. The in vivo recovery (RR) by retrodialysis was calculated as™:

RR (%):100—£ﬁxlo()} )

perf

VRC average recovery in vivo of was used to determine the free tissue levels of

the drug in all experiments.

2.7. Protein binding

VRC binding to rat’s plasma protein was determinated by ultrafiltration.
Different VRC concentrations (0.5, 2.5, 5.0 and 10.0 pug/mL) were investigated, based
on the total plasma concentrations observed in the animals after oral administration of
40 and 60 mg/kg doses. Plasma samples spiked with VRC were incubated at 37 °C for
one hour and an aliquot was separated for the determination of total plasma
concentrations. An aliquot of 1000 plL was placed into the upper part of the
Centrifree® ultrafiltration device (95 mm, 30 kDa cutoff, Millipore, USA) and
centrifuged at 2000 g for 15 min at 25 °C. The ultrafiltrate was collected and VRC
concentration was determined in each sample by LC-MS/MS as described early.
Duplicates were analyzed for each concentration. VRC free fraction was determined

by the ratio between ultrafiltrate and total plasma concentrations. VRC binding to the
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ultrafiltration device was determined in the same range of concentrations employing

drug aqueous solutions.

2.8. Pharmacokinetics evaluation
For the description of VRC plasma profiles a one-compartment open model
with first-order input and Michaelis-Menten elimination was used”':

dC _[K.D] i V'mC @
dt V Km+C

where C is the drug concentration in the volume V at time t, D is the absorbed dose,
K, is the first order absorption rate constant, V’m = Vm/V, where Vm is the maximal
rate of metabolism, and Km is the Michaelis constant. To model the data, the values of
Vum (2.63 pg/h), Ky (0.58 pg/mL) and bioavailability (0.82) previously determined in
anesthetized rats were fixed™.

Free kidney concentrations (CTy.) were predicted based pharmacokinetic

parameters obtained from plasma data using the following equation:

dcT '
e _ fyx| KaD |grer _ V. MC 3)
dt Km+C

where fu is the unbound fraction of the drug in plasma.

The compartmental analysis was performed using the computer program
Scientist® version 2.01 (MicroMath®, USA). The criteria employed for the
evaluation of the pharmacokinetic model suitability to fit the experimental data were
the coefficient of determination (r), which is a measure of the fraction of the total
variance accounted for by the model and the model selection criterion (MSC), a
modified Akaike Information Criterion (AIC).

The plasma and tissue concentrations versus time profiles were analyzed
individually for each animal. The total plasma concentration area under the curve
(AUCp.s plasma) and the free kidney area under the curve (AUC). issue) Were
determined by trapezoidal method”'. The ratio AUCq.. s/ AUCq plasma  Was

calculated as a measure of drug penetration into the organ.
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2.9. Statistical analysis
The pharmacokinetic parameters obtained from each group were compared by

analysis of variance (ANOVA) (a = 0.05).

3. Results

VRC binds to microdialysis probes plastic tubing as it was shown by our
group®. After correcting for plastic tubing binding, microdialysis probes recovery in
Vivo by retrodialysis was found to be 24.2 + 2.8%. The average value of 0.24 was
employed to correct the renal free levels measured by microdialysis in healthy and
infected animals.

VRC binding to the ultrafiltration device was 5.2 + 3.0% and this value was
taken into consideration for the protein binding determination. Protein binding was
concentration independent and it was determined to be 66.0 + 4.0%, in the range of
VRC concentrations evaluated (0.2 — 10 pg/mL). This result agrees with previously
published data that report a protein binding of 66 % in rats™

Concentration Vvs. time profiles of VRC total plasma and free kidney
concentrations after administrations of 40 and 60 mg/kg to healthy and infected Wistar
rats are shown in Figure 1. Total plasma concentrations were fitted using equation 2
and free tissue levels were predicted using pharmacokinetic parameters derived from
plasma and protein binding, using equation 3. The one compartment model with first
ordem absorption and Michaelis-Menten elimination adequately fitted the plasma data,
with MSC levels between 3.45 and 2.69 and correlation coefficient levels between
0.96 and 0.99.

The pharmacokinetic parameters determined by individual modeling of plasma
data using equation 2 are summarized in Table 1. There were no statistical differences
between the parameters estimated for both doses in healthy and Candida infected

animals.
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Table 1. Voriconazole pharmacokinetic parameters determined by fitting plasma profiles of healthy and infected Wistar rats after

oral administration of 40 and 60 mg/kg (n = 6/group) (average + SD).

VRC 40 mg/kg VRC 60 mg/kg

Pharmacokinetic
Parameters' Healthy C. albicans C. krusei Healthy C. albicans C. krusei

animals infected infected animals infected infected
ka(h'l) 6.6+2.3 4.4+1.8 36x1.9 32+1.2 64+1.5 3.7t1.6
V (L/kg) 99+27 80x+1.5 8.12+1.7 95+1.1 7.85+2.1 693+2.1
AUC.5 plasma 45.6 £10.8 534+ 13.6 485+7.8 77.0+9.0° 88.8 +6.3° 78.5+21.1°
(ng*h/mL)
AUC. tissue (Lg*h/mL) 15.9+ 3.1 20.80 + 4.1 153+£2.8 26.2+39 202 +4.2 28.1 £3.6
Kidney penetlration2 0.35+0.09 0.39+0.10 0.32 +£0.04 0.34 +£0.09 0.33 £0.05 0.36 £0.08

'For symbols definition see text; 2kidney penetration determined as the ratio of AUCO_ tissue /AUC 0 plasma

“b<Statistical difference compared to the equivalent group that received smaller dose (o = 0.05).
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Figure 1. Mean concentration-time profiles of voriconazole in total plasma (filled
squares) and free kidney (filled circle) determined by microdialysis in
healthy (panels A and D) and infected Wistar rats by Candida albicans
(panels B and E) or Candida krusei (panels C and F) after administration of
a single oral dosage of 40 mg/kg (left panels) or 60 mg/kg (right panels).
Lines represent total plasma levels fitted using equation 2 and free tissue
levels predicted using equation 3. See text for details. (Average £ SD of 6

animals/group).

20



138

4. Discussion

In the present study, voriconazole renal penetration was evaluated in healthy and
Candida infected rats by microdialysis. Antifungal tissue penetration is fundamental
to better design dosing regimens because fungal infection mainly occurs in tissues and
only the free fraction of the drug in the interstitial fluid is responsible for the
antifungal effect. In this context, the efficacy of antifungal agents is strongly
influenced by its distribution characteristics.

Many researches have demonstrated that microdialysis is a powerful tool to
investigate tissue distribution of antimicrobial agents. In the last decade, many
research papers were published showing tissue penetration of different drugs such as
B-lactams™, quinolones'', aminoglycosides™, among others antimicrobial agents'**®
The information accumulated in these studies have shown that it is crucial to evaluate
each compound independently, because, even in the same antimicrobial class, is not
possible to forecast whether free plasma concentrations will be capable of predicting
the free tissue levels of the drug. The differences in tissue penetration of these drugs
are associated to many factors, especially protein binding, lipophilicity and the
physiological mechanisms involved in antimicrobial distribution. Furthermore, even
when a relationship is established between plasma and tissue levels in healthy
individuals, the infection process and the inflammation that follows can change this
equilibrium?’,

Similar to antimicrobial agents, antifungal agents can have diverse tissue
penetration in healthy individuals. Furthermore, changes in free drug equilibrium
between plasma and interstitial space can also be expected when Candida sp.
infections are present, due to the secretion of lytic enzymes like phospholipases and
proteinases, which play an important role in the endothelial cells invasions, changing
the physiological conditions in tissue and inducing an inflammatory response by
macrophages®. The influence of these factors on drug penetration has to be evaluated
to better understand the pharmacokinetics of the antifungal agent under investigation.

Studies employing microdialysis to determine free tissue concentrations of
antifungal agents are rare in the literature. There are two articles reporting fluconazole

. . . 29 . .. . . 30
brain penetration in rats” and subcutaneous tissue distribution in humans™ . The use of
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microdialysis to evaluate free skin levels of voriconazole was described recently by
Saunte and co-workers’' in a guinea pig infection model of dermatophytosis. The
tissue penetration of the drug in skin was compared in healthy and M. canis infected
animals. The authors found similar unbound concentrations of free voriconazole in
tissue interstitial fluids in healthy and infected skin, showing that drug penetration was
not influenced by inflammation response.

Due do VRC extensive metabolism, it presents a non-linear pharmacokinetic
elimination that can be fitted to the one-compartment model with first order
absorption and Michaelis-Menten elimination after oral dosing”. VRC shows a rapid
absorption, with an absorption rate constant around 4.0 h™', which was not dose
dependent or altered by the disseminated candidiasis. This rapid absorption is due to
the drug’s moderated lipophilicity (Log D74 = 1.8), responsible for its ability to cross
biological membranes™.

Parameters determined from individual VRC plasma fitting adequately predicted
free kidney levels of the drug as can be seen in Figure 1 by the good agreement
between concentrations measured by microdialysis and the predicted ones for all
groups investigated. VRC kidney penetration, determined by the ratio AUC.,
tissue/ AUC0.0 plasma> 0.34 1n average, was similar to the free plasma fraction of the drug
(0.34), indicating that the free tissue levels are similar to the free plasma levels. This
finding indicates that, at equilibrium, unbound VRC concentrations in plasma and
renal tissue are comparable, and free plasma levels are a good surrogate of the drugs
active concentrations in healthy and Candida infected kidney.

Lutsar’> et al. (2003) evaluated VRC concentrations in the cerebrospinal fluid
(CSF) and brain tissue of guinea pigs using tissue homogenate. The authors observed
that VRC penetrates the CSF and brain tissue with a mean ratio of CSF/plasma
concentration of 0.68, near to the free fraction of the drug determined in these animals
(0.55). In the same study, the correlation between CSF/plasma concentrations for
immunocompromised patients was evaluated and the ratio was 0.46, closer the free
plasma fraction determined in humans (0.42). These results corroborate the findings

described in the present study, indicating that VRC shows an excellent diffusibility,



140

which is reflected by the good agreement between free tissue and free plasma
concentrations observed.

Although, there are many papers relating imparted tissue penetration of
antimicrobials due to the inflammatory process and in infected tissues, the present
results showed that VRC kidney penetration is not affected by the Candida albicans
or Candida krusei disseminated infection. These results indicating that the kidney
alterations described in disseminated candidiasis™'"® were not enough to change VRC

distribution in the experimental conditions employed.

5. Conclusions

As a conclusion, the present study showed that VRC easily penetrates the kidney
and that pharmacokinetic parameters determined in plasma can be used to predict free
kidney levels of the drug assuming the drug’s protein binding is known. Furthermore,
Candida sp. infection did not interfere with VRC kidney penetration indicating that
free plasma concentrations are a good surrogate for active levels in healthy and
infected kidney and can be used to establish and optimizing the drug regimens to treat

disseminated candidiasis.
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Abstract

Although the minimal inhibitory concentration has been used as the most popular
prediction tool for antifungal action, lately integrated into the PK/PD indexes, this
pharmacodynamic parameter do not consider time-related antifungal effects, such as
killing rate. The concept of PK/PD modeling, an integrative and more predictive
approach that has been used to improve antimicrobial dosing regimens in clinical
practice, has not been applied to antifungal agents yet. Thus, the aim of this study was
to propose a PK/PD modeling for voriconazole (VRC), against C. krusei (ATCC
6258) and C. albicans (ATCC 10231) employing an in vitro infection model. A one-
compartment in vitro model was used to simulate free VRC tissue levels expected
after oral administrations of 200 and 300 mg doses (q8h, q12h and q24h) and constant
infusion (2 and 4 mg/kg up to 24 h). VRC was added to the model to reach
concentrations equivalent to the free peak tissue levels expected after each dose and,
by sequential dilution, the drug’s half-live of 6 h was simulate into the system. The
antifungal effect was evaluated by determining the number of yeasts over time up to
24 h. An E,.x-model was used to model the dynamic effect as a function of time and
fluctuating concentrations with the aid of the Scientis® v 2.01 software. VRC showed
a fungistatic effect against C. albicans and C.krusei as described in literature
previously. The PK/PD parameters obtained by the modeling were: ECsy or 2.96 £
2.11 pg/mL and Ky of 0.26 £ 0.18 h' for C. albicans and ECsyof 3.47 + 1.18
pg/mL and Kz of 0.51 + 0.33 h' for C. krusei. A significant difference was
determined for the maximum effect indicating that C. krusei is more susceptible to the
drug. The PK/PD model tested adequately described VRC antifungal activity and can
be used to compare and optimize drug regimens for this drug.

Key words: voriconazole, PK/PD modeling, antifugal, in vitro infection models
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1. Introducéo

O tratamento das infec¢oes fungicas sistémicas constitui um dos maiores desafios
do século XXI. Devido a baixa prevaléncia dessas infecgdes até o inicio dos anos 80, a
pesquisa de novos farmacos antifingicos € o melhoramento das estratégias
terapéuticas para o manejo dessas doencas nao despertou grande interesse por parte de
clinicos e da propria industria farmacéutica, ao contrario do observado para outras
doencas infecciosas (11,12).

Como conseqiiéncia desse processo, o tratamento das infec¢des fungicas contou
por muitos anos com um reduzido arsenal terapéutico, representado apenas pela
anfotericina B (11,15) Além disso, dificuldades no estabelecimento dos parametros
norteadores da terapia antifingica se refletem até hoje na alta taxa de mortalidade (35
%) observada nos pacientes (12).

A introdu¢do de novos agentes antifingicos, no inicio dos anos 90, levou a
necessidade da padronizacdo dos ensaios de suscetibilidade a antifingicos,
primeiramente proposta pelo NCCLS em 1997. Desta forma, a experiéncia adquirida
com os antibacterianos foi transposta para os antiflingicos, € os parametros
farmacodindmicos concentracdo inibitoria minima (MIC) e concentracdo fungicida
minima (MFC) passaram a ser determinados.

Embora o MIC seja o parametro mais utilizado para a determinacdo da
atividade de farmacos antimicrobianos, ele tem uma série de limitacdes. O ensaio nao
permite, por exemplo, que se observe o comportamento do microrganismo em
concentrac¢des flutuantes, mais proximas da realidade in vivo; a leitura é realizada em
tempos pré-determinados (24 ou 48 h), de forma que o efeito do tempo de exposigdao
ao antibidtico ndo pode ser avaliado; finalmente, ndo sdo obtidos dados sobre a taxa
de crescimento microbiano ao longo do periodo de exposicdo ao farmaco (8,18).
Todos estes fatores tornam o MIC uma medida farmacologica de pouco valor, quando
avaliada isoladamente, uma vez que a dindmica de interagdo farmaco-microrganismo
nao pode ser observada.

Apesar dos problemas do MIC, a integracdo desta medida farmacodinamica
(PD) com parametros farmacocinéticos (PK) como a éarea sob a curva (AUC.../MIC),

a concentracdo maxima (C,,:;,/MIC) e o tempo em que o microrganismo ficou exposto
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a concentragdes do antimicrobiano acima do MIC (Tempo > MIC) sdao propostas na
literatura para otimizar terapias antimicrobianas. Estas relacdes entre PK e PD sdo
conhecidas como indices PK/PD e estdo bem estabelecidas para algumas classes de
antibacterianos (16).

A aplicacdo dos indices PK/PD para os antifiingicos, no entanto, ¢ ainda muito
recente. Andes (2003) (4) propds a classificagdo dos antiflingicos em trés grupos: 1)
antifingicos com efeito concentragdo-dependente e prolongado efeito pos-antifingico
(PAE), que incluem a anfotericina B e as equinocandinas; (ii) antifingicos com efeito
tempo-dependente e PAE curto ou inexistente, que tem como representante a
flucitocina; e (ii1) farmacos com efeito tempo-dependente e prolongado PAE,
representados pelos antifingicos triazolicos.

Embora esses indices PK/PD possibilitem uma maior integragdo entre a
cinética ¢ a dinamica dos farmacos, eles ainda possuem limitagdes, uma vez que o
MIC continua sendo o parametro farmacodinamico utilizado para expressar o efeito.
Desta forma, outros parametros importantes para o desfecho da infeccdo ndo sdo
considerados, como a taxa de crescimento microbiano (k), o efeito maximo do
antifungico em determinada infecgdo (En.x) € a concentragdo de farmaco necessaria
para alcancar 50% do efeito maximo (ECs).

Para superar essas limitagdes, uma abordagem mais realista tem sido aplicada
com sucesso em estudos que relacionam a concentracdo do fairmaco em fung¢do do
tempo e efeito antimicrobiano resultante: a modelagem PK/PD. Nesses estudos, o
modelo de E, ., € utilizado para descrever o curso do efeito em fun¢do do tempo e
parametros como a taxa de crescimento microbiano (k) e o tempo para o efeito
maximo (k.x) podem ser determinados (8,18). A maior vantagem dos modelos
PK/PD estabelecidos ¢ permitir que simulagdes e previsdes do efeito sejam feitas para
diversos regimes terapéuticos, possibilitando a otimizacao da terapia.

Entre os farmacos novos que integram o arsenal terapéutico para o manejo de
infeccOes fungicas sistémicas encontra-se o derivado triazdlico voriconazol (VRC),
que foi aprovado pela Food and Drug Administration (FDA) para uso clinico em
humanos em 2002. Esse farmaco foi aprovado inicialmente para o tratamento de

aspergilose invasiva, de infecgdes invasivas graves por Candida resistentes ao
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fluconazol (incluindo C. Kkrusei) e infecgdes fungicas graves causada por
Scedosporium spp. e Fusarium sp. (9). Devido ao potencial farmacoldgico promissor
que o composto tem apresentado em ensaios in Vitro e in vivo descritos na literatura,
seu uso clinico tem se expandido para o tratamento de outras infec¢des sistémicas,
associadas ao Criptococcus neoformans, por exemplo (14).

Considerando o exposto, no presente trabalho foi realizada a modelagem
PK/PD do efeito fungistatico do VRC frente a Candida albicans e Candida krusei,
duas importantes espécies fungicas associadas a altas taxas de colonizagdo em
pacientes hospitalizados e que apresentam infecgoes sistémicas de dificil tratamento,
visando estabelecer parametros que permitam otimizar a terapia com esse antifingico.
O curso do efeito antifungico em fungdo do tempo foi determinado a partir de
simulagdes das concentragdes livres esperadas do VRC em tecidos humanos apds
administragdo de doses orais e infusdo continua do farmaco em um modelo de

infecg@o experimental in vitro.

2. Material e Métodos
2.1 Preparo da solugdo de VRC

As solugdes estoque de VRC (Mikatub Laboratories”, India) foram preparadas
conforme as recomendag¢des do CLSI (Clinical Laboratory Standartization Institute).
O farmaco foi primeiramente dissolvido em dimetil sulféxido (DMSO) e as solucoes
padrao de VRC empregadas no estudo de foram obtidas a partir da diluicdo da solucao

mae em meio de cultura RPMI 1640 (7).

2.2 Preparo do Inoculo

O preparo do inéculo foi realizado de acordo com o preconizado pela norma
M27-A2 do CLSI (2002) (7). Leveduras (C. albicans ATCC 10231 E C. krusei ATCC
6258) crescidas em Sabouraud dextrose agar (SDA) por 24 h a 35 + 1 °C foram
suspensas em solucao salina estéril (NaCl 0.9 g/L). A turbidimetria de cada suspensao
de leveduras foi ajustada a 0.5 de turbidez através de espectrofotometro

espectrofotdmetro (Analyser” 800) utilizando comprimento de onda de 530 nm. A
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concentragdo final da suspensdo padrio de leveduras continha 1 a 5-10° unidades

formadores de colonia/mL (CFU/mL).

2.3 Determinacéo do MIC

As MIC foram determinadas por macrodilui¢ao, de acordo com a norma M27-
A2 do CLSI (2002). Em tubos de ensaio contendo 0.1 mL de cada uma das diferentes
concentragdes de VRC (faixa 0.03-16 ug/mL), a suspensdo de trabalho produzida foi
diluida em meio liquido RPMI 1640 tamponado com &cido morfolino-propano-
sulfénico (MOPS) 0.165 M, resultando em concentra¢do de 5.0-10% a 2.5-10° células
por mL. Os tubos foram incubados por 24 h at 35 £ 1 °C e procedeu-se a avaliacao
visual.

O valor de MIC corresponde a menor concentragdao de farmaco que mostra uma
diminui¢do do crescimento de leveduras (80% ou mais) quando comparado ao
controle, isento do farmaco. Esta comparagao foi realizada através da dilui¢cdo de 0.2
mL de suspensdo do controle de crescimento, isento do farmaco, em 0.8 mL do meio

de cultura.

2.4 Avaliacéo da taxa de crescimento fungico in vitro

Apds a preparagdo do indculo, uma aliquota de 100 pL foi adicionada a um
frasco contendo 20 mL de meio RPMI 1640 tamponado com MOPS 0.165 M a 35 £ 1
°C, correspondendo a 10* CFU/mL (n = 3). Os frascos foram mantidos nessa
temperatura durante o experimento. Em intervalos de 2 horas, durante 24 horas, foram
coletadas amostras de 20 uL para a quantificagao das leveduras. As amostras foram
coletadas em duplicata de cada frasco e diluidas em série (10 x), sendo as dilui¢des
semeadas em placa contendo SDA e incubadas a 35 £ 1 °C por 24 h. Apds este
periodo, foi realizada a leitura do nimero de CFU/mL, para a determinagdo da taxa de

crescimento flngico in vitro.
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2.5 Modelo de infeccéo in vitro

Um modelo de um compartimento foi utilizado para simular in vitro o perfil de
concentragdo livre tecidual do VRC em func¢do do tempo em humanos. O perfil livre
tecidual simulado foi calculado a partir dos perfis plasmaticos totais e da fracao livre
do VRC em plasma, previamente descritos na literatura (6,13). O modelo simulou as
concentragoes livres teciduais esperadas para o VRC a partir do pico de concentragao
tecidual, considerando apenas a fase de elimina¢do do farmaco do organismo. As
simulacdes assumiram tratamento em dose multipla, apos doze dias de administragdo
de dose Unica diaria de 200 ou 300 mg administradas em uma, duas ou trés tomadas
diarias ou infusdo continua de 2 ou 4 mg/kg por 24 horas. Os parametros
farmacocinéticos utilizadas para calcular os perfis simulados foram: constante de
velocidade de eliminagao de 0.104 h', fracdo livre plasmatica (f,) de 0.42 e C
plasmatico obtido para cada dose, cujos valores foram de 2.35 pg/mL para a dose de
200 mg, 4.96 pg/mL para as doses de 300 mg e 4 mg/kg infusdo continua e 0.607
pg/mL para dose de 2 mg/kg infusdo continua. Os valores de concentracao livre
tecidual de VRC em humanos foram determinados assumindo-se que a concentragao
livre plasmatica ¢ igual a concentragdo livre tecidual, conforme determinado em
roedores em estudo anterior do grupo (5). Desta forma, os valores simulados como
Cmax, N0 modelo de infeccdo experimental in vitro foram iguais a 0.987 pg/mL para a
dose de 200 mg, 2.085 pug/mL para as doses de 300 mg e 4 mg/kg infusdo continua e
0.252 pg/mL para dose de 2 mg/kg infusdo continua.

A nao-proporcionalidade observada entre os valores de C,s para as doses
avaliadas ¢ explicada pela cinética ndo-linear do fArmaco em humanos adultos, que ¢
descrita pelo modelo de um compartimento com eliminagdo tipo Michaelis-Menten.
Apo6s 12 dias de utilizagao continua do fArmaco nas doses terapéuticas, no entanto, os
valores da constante de eliminagdo ficam iguais a 0.104 h™', conforme observado nos
estudo de Purkins e colaboradores (2003), que foi o valor utilizado nos experimentos.

O modelo de infecg¢do in vitro constitui-se de um frasco de cultura contendo 20
mL de meio RPMI tamponado com MOPS 0.165 mM. O indculo utilizado foi de 5-10*

CFU/mL. Apo6s 4 horas de crescimento do inoculo a 35 £+ 1 °C adicionou-se o fairmaco
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em uma concentragdo equivalente ao pico de concentracdo livre tecidual esperado
ap6s a administracdo das doses nos regimes posologicos mencionados. As
concentragoes iniciais utilizadas foram: 0.987 ug/mL para 200 mg q8h, q12h e q24h;
2.085 pg/mL para 300 mg q8h, q12h e q24h; 0.252 pg/mL para infusdo continua de 2
mg/kg e 2.085 ng/mL para infusdo continua de 4 mg/kg. Todas as posologias foram
simuladas por 24 horas. Ap6s a adi¢do do farmaco ao meio realizaram-se dilui¢des do
mesmo mimetizando o tempo de meia-vida de eliminacdo do VRC em humanos (6.5
h) nas posologias que envolviam dose multipla. Para tanto, a cada 30 min, removeu-se
1 mL de meio de cultura, com o auxilio de uma seringa conectada a um filtro estéril
(0.22 pm), e repOs-se 0 mesmo volume com meio de cultura estéril a 35 £ 1 °C, isento
do farmaco, mantendo-se inalterado o volume do sistema. O filtro adaptado a seringa
permitiu a retirada apenas do meio contendo o farmaco, ndo alterando o numero
original de microrganismos no sistema. Nas simulac¢des de infusdo continua nao foram
realizadas dilui¢des no meio, mantendo-se a concentragao constante durante todo o
experimento.

O modelo in vitro foi mantido a 35 £ 1 °C durante todo experimento, que foi
realizado em triplicata para cada dose avaliada. Paralelamente a todos os experimentos
um controle negativo, sem farmaco, serviu para confirmar o crescimento do inoculo in
vitro.

Amostras de 20 uL foram retiradas de cada frasco nos tempos 0 (4 horas apos
inicio do experimento, antes da adi¢ao do farmaco), 2, 4, 6, 8, 10, 12, 14, 16, 18 20,
22 e 24 h. As aliquotas foram diluidas em solucdo salina estéril (10 x) e 20 uL foram
plaqueadas em SDA, em duplicata, e incubadas a 35 £ 1 °C para o desenvolvimento

das colonias, que foram contadas apds 48 horas de incubacao.

2.6 Avaliacédo da concentracdo do VRC no modelo de infec¢éo experimental

Para assegurar que o método de diluicdo utilizado era capaz de simular
adequadamente a meia-vida de eliminagdo tecidual do VRC, as concentracdes do

farmaco no modelo in vitro foram determinadas, em tempos pré-determinados, por um
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periodo de 6 horas. Os experimentos, em triplicata, foram conduzidos conforme
descrito anteriormente, sem a adi¢cao dos fungos ao meio.

Para quantificacdo do VRC nas amostras de meio de cultura foi utilizado um
método de HPLC-UV previamente descrito na literatura (19). O sistema de HPLC
constituiu-se de uma bomba Waters® 600, um detector Waters® UV 2487, um auto-
injetor Waters® Plus 717 ¢ um integrador Waters” 746. A fase movel foi composta de
acetonitrila:tampao monofostato de amonio (60:40, v/v, pH 6.0) e a fase estacionaria
de uma coluna de fase reversa Shimadzu® C18 (4 x 150 mm). A velocidade de fluxo
foi de 1 mL/min e a detec¢do do farmaco foi realizada a 254 nm. As amostras (50 pL)
foram injetadas diretamente no sistema apods diluigdo com metanol (1:1 v/v). O
método foi previamente validado apresentando linearidade na faixa de 100 - 2500
ug/mL, com exatidao maior que 96.6 % e precisdo intra e inter-dia maior que 98.4 % e

96.3 %, respectivamente.
2.7 Modelagem PK/PD

O efeito do VRC sobre as diferentes espécies de Candida em fungdo do tempo
foi determinado através de modelagem matematica, empregando-se o modelo de
Emax sigmoidal modificado, proposto por Mouton e colaboradores (1997) (10):

Y
dN _ | [N k. C

dt ||\ N_J| ECL+C/

max

onde k é a taxa de crescimento microbiano, N é o numero inicial de unidades
formadoras de colonia (CFU) no indculo, N;,,.x ¢ 0 nimero méaximo de leveduras que o
sistema permite crescer sem limitacdo; k;.x € a velocidade méaxima de morte
microbiana, ECs, ¢ a concentragdo necessaria para 50% do efeito maximo, C ¢ a
concentragdo livre tecidual de VRC e y € o coeficiente de Hill, que age como um fator
de ajuste das curvas concentragdo-efeito. Este modelo leva em consideragdo os fatores
limitantes do crescimento do microrganismo em modelos de infecgdo in vitro, como
por exemplo, nutrientes € espago, através da adigdo do termo N,.x, que indica o maior

numero de bactérias que uma cultura in vitro suporta antes de entrar na fase de plato.
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O termo C na equacao 1 foi substituido pela equacao que descreve o modelo de
um compartimento com eliminagdo de primeira ordem simulado in vitro:
. —ke-t
C=C_,¢e

2
onde C ¢ a concentracdo livre do VRC esperada nos tecidos, C,,.x ¢ a concentragao

adicionada ao frasco de infecgdo in vitro e representa a concentragdo maxima livre
esperada no tecido apds administragdo do VRC em diferentes posologias, ke ¢ a
constante de elimina¢do do VRC em humanos.

A modelagem dos dados de cinética, simulados no modelo in vitro, e os dados
de dinamica obtidos (CFU vs. tempo) foi realizada com o auxilio do software
Scientist” v.2.01. (MicroMath®, Salt Lake, Utah, USA). Néo foram usados pesos para
a modelagem matematica dos perfis de efeito em func¢dao do tempo. Para a avaliagao
da adequacdao do modelo empregado aos dados experimentais utilizou-se o critério de
selecdo do modelo (MSC), uma modificagdo do critério de informacao de Akaike, o
coeficiente de determinacdo, que expressa o ajuste dos dados modelados aos pontos

. . 2 .~ .
experimentais (r°), e a avaliagdo visual dos dados modelados.

2.8 Analise estatistica

A comparacao estatistica dos valores obtidos para os parametros da modelagem
PK/PD para as duas cepas de Candida avaliadas e as diferentes posologias foi
realizada através de ANOVA, empregando-se teste de Tuckey para identificar as
diferencas entres os grupos (o= 0.05), com auxilio do software SigmaStat® v. 3.5

(Systat, USA).
3. Resultados
3.1 Valores de MIC

Os valores de MIC determinados através da metodologia de macrodilui¢do para

C. albicans ATCC 10231 e C. krusei ATCC 6258 foram de 0.25 pug/mL e 0.5 ug/mL,
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respectivamente, indicando que ambas as cepas utilizadas nos ensaios eram sensiveis

ao farmaco.

3.2. Avaliacdo da taxa de crescimento fungico in vitro e da concentracéo do VRC
no modelo de infecgdo experimental

Os estudos de crescimento fungico em fun¢do do tempo mostraram um perfil
de crescimento lento, com o inicio da fase de crescimento Log exponencial em
aproximadamente 4-5 horas apds a adicdo do indculo nos frascos de meio de cultura.
Desta forma, determinou-se que o VRC seria adicionado aos frascos de infecgdo in
vitro apos 4 horas de inoculagdo dos mesmos, possibilitando a avaliagdo do efeito do
farmaco em fase de crescimento fungico exponencial.

A avaliacdo da simulagdo das concentracoes livres teciduais no modelo de
infeccdo experimental geraram uma valor médio de constante de eliminacao de 0.108
+ 0.03 h,0 qual foi semelhante ao descrito na literatura e pré-estabelecido para os
experimentos, que era de 0.104 h™. Desse modo, os perfis simulados in vitro para as

diferentes posologias utilizadas sao mostrados na Figura 1.

3.3 Modelagem PK/PD

As curvas de efeito em fungdo do tempo obtidas para o VRC contra C. albicans
e C. krusei modeladas com a equagdo de E... sdo mostradas nas Figuras 2 e 3,
respectivamente. O modelo PK/PD de E,.. modificado foi capaz de descrever
adequadamente os perfis de inibi¢do do crescimento das duas espécies de Candida em
fun¢do do tempo, para todos os regimes terapéuticos avaliados. Os pardmetros PK/PD
determinados estdo apresentados nas Tabelas 1 e 2, para C. albicans e C. krusei,
respectivamente.

A andlise dos parametros PK/PD indicou que a cinética de crescimento das
duas espécies de Candida foi similar, com valores de constante de geragao (k) iguais a
1.19 £ 0.38 h" ¢ 0.93 £ 0.16 h™' para C. albicans e C. krusei, respectivamente. Para a
modelagem PK/PD fixou-se o valor médio de k para cada espécie, calculado a partir

da modelagem de todas as curvas controle de crescimento fingico.
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O numero maximo de leveduras no modelo in vitro nos frascos controle (sem o
farmaco) foi de 9.5 + 0.56 Log CFU/mL para C. albicans e 8.6 + 0.71 Log CFU/mL
para C. krusei.

Em relagdo aos pardmetros determinados na modelagem PK/PD, o VRC
apresentou poténcia semelhante para ambas as espécies de Candida, com valores
médios de ECsg iguais a 2.96 + 2.11 ug/mL para C. albicans e 3.47 + 1.18 ug/mL para
C. krusei. A unica diferenca estatistica observada foi em relagdo ao efeito maximo
(kmay), que foi significativamente maior para C. krusei (0.51 + 0.33 h™") do que para a
C. albicans (0.26 + 0.18 h™") (p <0.008).

4. Discussao

Nesse trabalho um modelo PK/PD de E,..-modificado foi utilizado para
descrever o perfil de efeito em fungdo tempo do antifungico VRC contra C. albicans e
C. krusei apds a exposicao a diferentes posologias do farmaco. O efeito do VRC foi
testado utilizando-se modelo de infec¢do experimental in vitro, onde foram simuladas
as concentracoes livres teciduais esperadas em humanos apos a administracdo das
doses de 200 e 300 mg a cada 8, 12 ou 24 h, bem como as concentracdes esperadas
apo6s infusdo continua de 2 e 4 mg/kg.

A aplicagdo de modelos PK/PD permite que se estabeleca, através de uma
descricdo matematica, a variagao do efeito com a variacdo da concentragao de um
farmaco no organismo, em fun¢do do tempo (8). Esta abordagem apresenta vantagens
em relacdo a outros estudos que objetivam integrar caracteristicas PK e PD de
antimicrobianos em geral como os tradicionais indices PK/PD, por exemplo. A
principal vantagem se refere a verdadeira integragdo PK/PD obtida na pratica, uma
vez que o microrganismo ¢ exposto a concentragdes flutuantes do farmaco, através de
modelos de infecgdo in vitro ou in vivo, e seu comportamento de crescimento, morte
ou re-crescimento ¢ acompanhado ao longo do tempo, permitindo a determinacao das
taxas de crescimento ¢ morte microbianos, muito mais proximos da realidade do que a
simples determina¢cdo da MIC. Além disso, muitos dos modelos PK/PD empregados
sdao derivados dos modelos farmacodindmicos de E,.., 0s quais permitem descrever

tanto a situacdo de auséncia de efeito (quando o fArmaco ndo estd presente) quanto a
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situagdo de efeito, quando alteracdes de concentracdo ndo produzem alteracdo de
efeito.

O modelo de E,.,. modificado utilizado incluiu, além dos tradicionais
parametros velocidade maxima de morte microbiana (ky,.x), concentragdo necessaria
para gerar 50% do efeito maximo (ECs,) e constante de geracdo microbiana (k), um
termo para modelar a formacao de platd de crescimento fungico 12 horas apds o inicio
do experimento (N,,,x). ApOs esse tempo o meio nao tem mais condi¢des de sustentar
as culturas em termos de espago e nutrientes, que entdo param de crescer. Esse plato
de crescimento pode ser observado nas curvas de controles de crescimento das Figuras
1 e 2, para ambas as espécies de Candida testadas.

As curvas de efeito antifungico do VRC em fung@o do tempo contra Candida
albicans e Candida krusei, para os diferentes regimes terapéuticos testados, tiveram as
fases de inibigdo e re-crescimento adequadamente descritas pelo modelo de E, .-
modificado escolhido (Figuras 2 e 3). A analise das curvas mostrou um crescimento
fingico persistente logo ap6s a exposicao das leveduras ao antifingico. O lento
processo de redugdo do crescimento das leveduras, observado para as duas espécies de
Candida estudadas, pode ser explicado pelo mecanismo de agdo do VRC, que envolve
a inibi¢do da enzima 14-a-demetilase, enzima chave no processo de biossintese do
ergosterol, um dos principais componentes da membrana celular do fungo. Como o
processo de sintese do ergosterol ocorre em diversas etapas, com a participacao de
outras enzimas além da 14-a-demetilase, a inibicdo dessa enzima bloqueia apenas em
parte a rota de formagdo da membrana, levando algum tempo para observar-se o
resultado da a¢dao do farmaco (17).

O efeito fungistatico do VRC sobre C. albicans e C. krusei ocorreu em todos
os grupos tratados, independente do regime terapéutico investigado, com uma redugao
maxima de 4.65 = 0.24 Log CFU/mL, observada na dose de 300 mg/kg administrada a
C. albicans q8h e de 3.65 + 0.45de Log CFU/mL observada na dose de 4 mg/kg para
de infusdo continua contra C. krusei.

Para C. albicans, um aumento no pico de concentragdo do VRC simulado in
Vvitro ndo promoveu um efeito mais rapido ou mais pronunciado sobre as leveduras, o

que pode ser observado através da comparagdo do efeito do farmaco apds a
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administracdo de dose tnica de 200 e 300 mg q24h (Figura 2A e 2D). Estas doses
correspondem a valores de pico de concentragdo livre tecidual de 0.987 ug/mL e
2.085 pg/mL, equivalentes a 4 e 8 vezes o valor da MIC determinada para o fungo
(0.25 pg/mL), respectivamente. Esse resultado indica que as doses de 200 e 300 mg
geram concentragdes teciduais superiores as necessarias para a inibi¢do do
crescimento da C. albicans e que as concentragdes muito superiores a MIC néao
alteram significativamente o perfil de morte fingica dessa levedura. O aumento do
intervalo entre doses, mantendo-se a dose total diaria de 600 mg constante, através do
regime 200 mg q8h (3 vezes ao dia) (Figura 2C) ou 300 mg q12h (Figura 2E) (duas
vezes ao dia), promoveu um efeito fungicida semelhante, demonstrando que o VRC
nao apresenta um perfil de efeito tempo-dependente. A andlise dos perfis de efeito em
fun¢do do tempo indica que quando a concentragdo de VRC ¢ mantida em niveis
acima do MIC, um efeito semelhante ¢ observado independente da razao
cocentracao/MIC (Figura 1, painéis C, E, F e G) e quando as concentragdes caem a
niveis abaixo do MIC, ha um re-crescimento da leveduras.

Os estudos de exposicdo continuada de C. albicans a concentragdes teciduais
correspondentes a 0.256 pug/mL (2 mg/kg), e 2.085 pg/mL (4 mg/kg), equivalentes a 1
e 8 vezes o valor de MIC, indicaram mais uma vez que o aumento da concentragdao de
farmaco nao modifica o perfil marcadamente fungistatico do VRC frente ao fungo.

Estudos com diferentes farmacos triazdlicos t€ém demonstrado que o curso da
infecc¢do fungica in vivo é dependente da concentragdo total de farmaco (AUC) e ndo
do intervalo entre dose (1-3), o que ¢ indicativo de que o indice PK/PD mais preditivo
da eficacia para estes agentes seria a razao de AUC/MIC.

Inumeros estudos com antimicrobianos tém demonstrado que a magnitude dos
parametros PK/PD preditivos de eficacia sdo semelhantes para farmacos dentro de
uma mesma classe terapéutica e este fendOmeno parece ocorrer igualmente com os
antifingicos. Estudos in vivo com posaconazol (1), ravuconazol (2) ¢ VRC (3)
demonstraram que quando a razao AUC/MIC destes compostos varia entre 16.9 h e 25
h observa-se a producdo de 50% do efeito maximo dos farmacos. Esses resultados

consideram o valor de AUC da fragdo livre de cada antifiingico investigado.
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O efeito fungistatico do VRC contra C. albicans observado para todas as
posologias investigadas no presente estudo pode ser justificada através da analise dos
valores de AUC/MIC simulados, os quais foram sempre superiores ao valor proposto
para o indice PK/PD do VRC, que ¢ de 24.9 h para uma faixa de dose que varia de 10-
2500 mg/(kg) (3). Desta forma, observa-se que ha efeito do farmaco em todas as doses
investigadas (caracterizado pela diferenca no crescimento dos controles em
comparagdo com os tratados), mesmo para as menores doses. O indice PK/PD, no
entanto, ndo foi eficaz em prever tratamentos efetivos uma vez que a 20 mg q24h e
ql2h nao foram efetivas apesar de apresentarem valores de AUC/MIC considerado
adequados.

Os perfis de efeito das diferentes doses de VRC em fung¢do do tempo para C.
krusei foram muito semelhantes ao observados para C. albicans, com valores médios
de ECsy e k muito proximos (Tabela 1 e 2). Uma diferenga mais marcante no perfil de
efeito do VRC entre as duas espécies de Candida pode ser visualizada quando C.
krusei foi exposta a concentragdes constantes, acima do MIC (Figura 3G e 3H). Na
dose de 4 mg/kg 1C (Figura 3H) pode-se observar um elevado grau de inibi¢do do
crescimento da levedura apos 24 horas, o que ndo foi observado para C. albicans.

A avaliagdo global dos perfis de efeito em funcdo do tempo, obtidos para as
duas espécies de Candida testadas mostra um efeito concentragdo dependente, mais
relacionado a AUC do que ao C,,,. Este resultado, embora discordante em relagdo a
classificagdo dos antifungicos proposta por Andes em 2003, que classifica os
triazolicos em antifingicos com efeito tempo dependentes, estd de acordo com o
observado pelo mesmo autor em estudo no qual avaliou-se o perfil de efeito de varios
farmacos triazolicos em um modelo de infeccdo experimental em camundongos. As
doses de VRC administradas foram de 10 a 50 mg/kg (Andes et al., 2003). Nesse
trabalho, os autores determinaram que o indice AUC/MIC seria mais preditivo do
efeito do VRC do que a relacio T>MIC, baseado nos valores de correlagdo entre o
efeito do farmaco determinado em modelo de candidiase disseminada em
camundongos (Log CFU/mL) e os indices PK/PD. O indice T>MIC mostrou uma

correlacao de 75% enquanto o indice AUC/MIC mostrou 82% de correlagao.
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O efeito fungistatico persistente observado para a maioria dos regimes do VRC
posologicos investigados (Figura 2 e 3), pode ser explicado pela manutengdo dos
niveis de concentragdo acima do MIC por longos periodos de tempo. Simulagdes de
perfis de concentragdes livres teciduais abaixo do MIC, empregando os parametros
PK/PD determinados experimentalmente, mostrariam crescimento microbiano
persistente, semelhantes ao descrito nos painéis A e B das Figuras 2 e 3.

Finalmente, a determinagcdo de um efeito maximo (k.x) superior para a C.
krusei em relacdo a C.albicans pode ser um indicativo de que, exposi¢des mais
prolongadas e em niveis de concentracdo maiores, um efeito de morte mais efetiva
poderia ser obtido para infecgdes com a primeira espécie de levedura, indicando sua
maior susceptibilidade ao VRC.

Os resultados obtidos no presente trabalho nao podem ser extrapolados para a
pratica clinica, em virtude das diferengas existentes em uma infecgdo experimental in
vitro e a infecgdo tecidual in vivo. Entretanto, os resultados comprovam a
aplicabilidade da modelagem PK/PD para a otimizagdo de terapias com antifingicos
triazolicos. Essa ferramenta possibilitou uma melhor compreensdo da dinamica de
interacdo antifingico-levedura, abrindo um novo campo para investigacdo de

antifungicos triazolicos e fungos de diferentes espécies.

5. Conclusdes

Com base nos resultados obtidos através da modelagem PK/PD do antifingico
VRC, pode-se concluir que o firmaco apresenta um perfil de efeito concentragdo-
dependente, sendo que a AUC/MIC parece ser o indice mais preditivo de eficacia. Os
resultados mostraram que a utilizagdo da modelagem PK/PD ¢ possivel para os
antifingicos utilizando-se os mesmos modelos descritos para antibacterianos. Os
parametros PK/PD gerados a partir da modelagem matematica do VRC podem ser
aplicados em simulagdes para previsao do efeito do fairmaco com distintas doses e
intervalos entre doses, possibilitando a racionaliza¢do de sua utilizagdo clinica, sendo

uma abordagem mais descritiva e interativa do que a relagao fixa AUC/MIC.
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Tabela 1. Parametros da modelagem PK/PD do VRC contra C. albicans ATCC 10231.

Parametros® ECs5 k Kinax Coeficiente MSC r
(ng/mL) (h™) () Hill (y)

VRC Doses”
200 mg q24h 1.11 1.9 0.657 4.64 3.3-4.0 0.96-0.99
200 mg q12h 1.05 0.88 0.22 6.92 3.0-3.8 0.98-0.99
200 mg q8h 2.15 0.88 0.198 2.27 2.7-3.9 0.97-0.99
300 mg q24h 2.46 1.63 0.37 4.99 2.9-3.6 0.98-0.99
300 mg q12h 3.08 0.88 0.150 2.10 1.4-3.5 0.97-0.99
300 mg q8h 7.60 0.94 0.319 1.738 2.3-4.6 0.97-0.99
2 mg/kg IC* 4.10 1.24 0.092 2.89 3.7-4.1 0.98-0.99
4 mg/kg IC* 2.26 1.24 0.153 0.98 2.6-3.9 0.98-0.99
Média = SD 296 +2.11 1.19+0.38 026 +0.18 3.31 £2.00 ---

"Ver texto para defini¢io dos pardmetros; 'n = 3 para cada posologia investigada; “IC = infusdo continua.




Tabela 2. Parametros da modelagem PK/PD do VRC contra C. krusei ATCC 6258.

Pardmetros® ECs K Kmax Coeficiente Hill MSC r
(ng/mL) (™) (™) )

VRC Doses”
200 mg q24h 2.88 0.917 0.84 2.87 3.1-4.2 0.96-0.99
200 mg q12h 2.85 0.917 0.94 2.89 2.3-3.9 0.98-0.99
200 mg q8h 2.52 0.917 0.25 2.17 2.1-3.5 0.97-0.99
300 mg q24h 5.98 0.917 0.28 1.69 1.9-4.0 0.98-0.99
300 mg ql12h 3.02 0.917 0.12 1.80 3442 0.97-0.99
300 mg gq8h 2.89 0.917 0.27 2.89 3.0-4.1 0.97-0.99
2 mg/kg IC* 4.57 0.69 0.91 4.96 3.3-4.0 0.98-0.99
4 mg/kg IC* 3.04 1.27 0.46 1.13 2.9-4.6 0.98-0.99
Média £SD 347+1.18 0.93£0.16 0.51+0.33 2.55+1.17 - ---

"Ver texto para defini¢do dos pardmetros; "n = 3 para cada posologia investigada; °IC = infuso continua.
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Figura 1. Perfis de concentragdo livre tecidual do VRC simulados nos experimentos
de infecgdo in vitro. Doses de 200 mg (q24h — painel A; q12h — painel B;
q8h — painel C), 300 mg (q24h — painel D; q12h — painel E; q8h — painel F),
2 mg/kg (infusdo continua - painel G) e 4 mg/kg (infusdo continua - painel
H).
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Figura 2. Perfil de inibi¢do do crescimento de C. albicans ATCC 10231 induzido por
VRC ap6s administragao das doses de 200 mg (q24h — painel A; q12h —
painel B; q8h — painel C ), 300 mg (q24h — painel D; q12h — painel E; q8h
— painel F), 2 mg/kg (infusdo continua - painel G) e 4 mg/kg (infusdo
continua - painel H). Pontos representam a média + DP para experimentos
controles (o) e tratados (A), (n = 3/ ponto).
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Figura 3. Perfil de inibi¢do do crescimento de C. krusei ATCC 6258 induzido por
VRC ap6s administragao das doses de 200 mg (q24h — painel A; q12h —
painel B; q8h — painel C), 300 mg (q24h — painel D; q12h — painel E; q8h —
painel F), 2 mg/kg (infusdo continua - painel G) e 4 mg/kg (infusdo
continua - painel H). Pontos representam a média + DP para experimentos
controles (e) e tratados (A), (n = 3/ ponto).
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Capitulo 9: Consideragdes Finais






A proposta de utilizagdo da modelagem farmacocinética-farmacodindmica
(PK/PD) para o aprimoramento da compreensdo da dinamica de interagdo
microrganismos-antifungicos, aplicada neste trabalho de tese para o voriconazol, ¢
uma abordagem ainda inédita na literatura para essa classe terapéutica.

Diversos fatores contribuiram para a falta de interesse na compreensdo e
melhoramento de estratégias terapéuticas para o tratamento de micoses profundas. No
entanto, o aumento da prevaléncia e a alta morbi-mortalidade observada nos paciente
com infec¢ao fungica sistémica nos ultimos anos tém impulsionado pesquisadores e
clinicos na busca de estratégias mais racionais para conducdo dos tratamentos
farmacoldgicos, as quais tem sido grandemente influenciadas pelos conhecimentos
gerados a partir dos estudos de intera¢do entre bactérias e antimicrobianos, classe de
farmacos para a qual o conhecimento cientifico estd mais consolidado.

Um primeiro reflexo da falta de interesse na 4area de pesquisa e
desenvolvimento de novos agentes antifungicos € a escassez de modelos animais de
infec¢do flngica validados, quando comparados aos modelos animais de infec¢dao
bacteriana, os quais constituem uma ferramenta importante para a pesquisa
farmacoldgica de antimicrobianos. Por esta razdo, a primeira fase desse trabalho foi
dedicada ao estabelecimento e padronizacao de modelo de candidiase disseminada (C.
albicans, C. krusei ¢ C. glabrata) em ratos Wistar, o qual serviria para a avaliagdo das
possiveis alteragdes de penetragdo do voriconazol em tecido renal infectado, em
comparagdo com tecido renal sadio.

Os resultados obtidos nesse estudo demonstraram uma diferenga importante no
nivel de infecgdo causado pelas espécies albicans e né&o-albicans, em animais
imunocompetentes, ¢ o papel desempenhado pelo sistema imune no desfecho da
infeccdo, o que ja tinha sido relatado para as espécies animais convencionalmente
utilizadas em modelos de infec¢do experimental in vivo (cobaios € camundongos).

Apobs a obtencao de um modelo de infeccdo experimental em ratos Wistar
capaz de gerar alteracdes renais compativeis com as infecgdes associadas a Candida
sp. observadas em humanos, utilizou-se o modelo pra avaliar a penetragao renal do

voriconazol através da técnica de microdialise.
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Para executar os estudos de penetracao tecidual do farmaco e avaliacdo de sua
farmacocinética plasmatica e tecidual, métodos analiticos foram validados para a
quantificacao do voriconazol em amostras de plasma e microdialisado de tecido renal.
As amostras de microdialisado foram quantificadas com sucesso, com detec¢dao por
UV a 254 nm. Para as amostras de plasma foi necessaria a utilizagdo de uma nova
metodologia com deteccdo por espectrometria de massas (LC-MS/MS), a qual foi
mais sensivel e adequada para a quantificacdo do farmaco em matriz complexa.

Um segundo pré-requisito para poder-se avaliar a penetracdo renal do
voriconazol apods adminsitracio oral, era conhecer-se detalhadamente sua
farmacocinética em ratos, uma vez que em humanos o firmaco mostrava saturagdo de
eliminagdo em altas doses. A andlise dos perfis plasmaticos do voriconazol apos
administragdo oral das doses de 40 ¢ 60 mg/kg, indicou uma eliminagdo com cinética
de Michaelis-Menten, caracterizada pela pouca flutuacdo dos niveis de concentragao
plasmatica até aproximadamente 10 horas apos a administracdo, € um aumento nao
proporcional de valor de ASC0-24 para as duas doses avaliadas. Como uma avaliagao
detalhada da ndo-linearidade do voriconazol em roedores ndo estava descrita na
literatura, houve necessidade de realizd-la nesse projeto. Apds a determinagdo dos
valores médios de Ky € V) para as doses iv, foi possivel calcular a biodisponibilidade
oral do VRC através do duplo fitting dos dados orais da dose de 40 mg/kg e da dose 1v
de 10 mg/kg, o que resultou em uma biodisponibilidade oral de 82,8%. A escassez de
dados de literatura e a dificuldade de acesso a modelos matematicos que descrevem
cinéticas multicompartimentais nao-lineares possibilitaram a utilizacdo de
metodologia alternativa para determinacdo de biodisponibilidade na condigcdo de
saturacao de eliminac¢do, ainda nao descrita na literatura.

Finalmente, para a avaliagdo da penetragdo renal do voriconazol por
microdialise havia a necessidade de avaliar a taxa de recuperagdao das sondas em
condi¢cdes in vitro e in vivo. Nesse sentido foram conduzidos estudos para
estabelecimento das condigdes de microdialise, nos quais foram avaliadas as
influéncias do fluxo e da concentragdo do farmaco nas taxas de recuperagdo, ¢
investigados os fendmenos de ligacdo do farmaco as tubulacdes do sistema de

microdidlise, o qual poderia ocorrer devido a moderada lipofilia do voriconazol.
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Observou-se uma diferenca nas taxas de recuperacao relativa determinadas por perda
e por ganho, indicando que efetivamente o farmaco apresentava ligacao as tubulagdes.

Através da modelagem matematica desta ligacdo, foi possivel determinar
experimentalmente o valor do coeficiente de ligagdo do voriconazol as tubulagdes do
sistema de microdialise e utilizar esse coeficiente para corrigir a recuperagdo aparente
obtidos in vivo, tornando possivel a avaliagao dos niveis de concentragao livre renal
do voriconazol apds administracido de doses orais a roedores.

Estudos de penetracdo tecidual de antifingicos através de microdidlise sdo
raros na literatura ¢ ainda ndo envolvem o estabelecimento de correlagdo entre as
concentragoes livres teciduais e plasmaticas, como proposto no presente trabalho. Os
resultados obtidos para o voriconazol em ratos sadios e infectados por C. albicans ou
C. krusel mostraram que a penetracdo renal ndo se altera com a candidiase
disseminada, sendo que os niveis plasmaticos livres do farmaco podem ser usados
como substitutos dos niveis livres renais visando ajustes posologicos.

A capacidade preditiva dos niveis renais a partir dos niveis plasmaticos livres
observada em ratos foi extrapolada para humanos, visando o estabelecimento de
modelo PK/PD para o voriconazol. Para atingir esse objetivo maior, o curso temporal
do efeito fungistatico do voriconazol contra C. albicans e C. krusei foi avaliado
através das curvas de morte flngica obtidas in vitro apdés a simulacdo das
concentragdes livres esperadas para o farmaco apds o uso de posologias
tradicionalmente utilizadas na clinica (200 e 300 mg q8h, ql2h, g24h e infusdo
continua de 2 e 4 mg/kg). Os dados de cinética e dindmica foram modelados
utilizando-se modelo de E,; modificado, Os parametros do modelo PK/PD obtidos
foram: CEsy de 2,97 ug/mL e ks de 0,203 h-1 para C. albicans ¢ CEsy de 3,46
mg/mL e ks de 0,531 h-1 para C. krusei. Os resultados mostraram diferenca
estatistica apenas no valor de kmax, indicando uma maior suscetibilidade da C. krusei
frente ao voriconazol.

O modelo PK/PD de Emax-modificado empregado foi capaz de descrever
adequadamente o perfil de inibicdo do crescimento de Candida sp em funcdo do

tempo, para todos os regimes terapéuticos avaliados. Esse modelo pode ser utilizado
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para comparagao de regimes posoldgicos do voriconazol visando o estabelecimento de

terapias mais efetivas para o tratamento de candidiase sistémica.
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