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RESUMO

Implementacao e aplicagdo do modelo in vitro com células caco-2
para estudo da permeabilidade intestinal de farmacos

A absorc¢do oral de um farmaco é controlada fundamentalmente por dois fatores: a
solubilidade aquosa/dissolucdo e a permeabilidade intestinal. Portanto, a
determinacéo dessas caracteristicas ainda nas fases de descoberta e desenvolvimento
de farmacos pode prover moléculas com 6timo perfil biofarmacéutico. Nesse
sentido, esta tese teve dois objetivos: implementar e validar o0 modelo de avaliacdo
da permeabilidade in vitro com células Caco-2 no Laboratorio de Virologia Aplicada
da UFSC, e aplicar esse modelo na determinacdo da permeabilidade de farmacos e
compostos em estudo. Na implementacdo do modelo Caco-2 foi demonstrada a
adequacdo morfologica das células, através do monitoramento da resisténcia elétrica
transepitelial e da permeabilidade do Lucifer yellow. Através da avaliagdo da
permeabilidade  de  farmacos  marcadores  (aciclovir,  carbamazepina,
hidroclorotiazida, propranolol, vimblastina e verapamil) em experimentos de
transporte bi-direcional foi demonstrado que o modelo foi devidamente validado, ja
que foi estabelecida correlagdo entre a permeabilidade in vitro e a absor¢do em
humanos. Adicionalmente, uma metodologia por CLAE-UV foi desenvolvida e
validada para a determinagdo concomitante de todos esses farmacos marcadores. Na
segunda etapa, avaliou-se o complexo talidomida:hidroxipropil-p-ciclodextrina,
desenvolvido e caracterizado no estado sélido por diferentes técnicas, que
comprovaram a complexacdo do farmaco e a reducdo da sua cristalinidade. Essas
alteragdes culminaram em um leve aumento da solubilidade aparente do farmaco,
bem como propiciaram um perfil de dissolucéo superior, quando comparado ao da
talidomida isolada. No entanto, nenhuma altera¢do na permeabilidade foi detectada.
Esses resultados sugerem que esta complexacdo poderia aumentar a
biodisponibilidade oral da talidomida, através do aumento da sua solubilidade nos
fluidos gastrointestinais, bem como facilitando a sua dissolugdo a partir de uma
forma farmacéutica solida. Também foi avaliado o composto anti-herpético galato
de pentila, e foi demonstrado que ele apresenta perfis de permeabilidade intestinal e
cutanea favoraveis para sua absor¢do oral e permeagdo topica, respectivamente.
Assim, ap6s administracdo oral, sua biodisponibilidade n&o seria limitada pela
permeabilidade intestinal, e no que se refere a administragdo topica, ele ficaria
restrito as camadas da pele no local de aplicacdo. Esses dados fornecem informacoes
valiosas para o desenvolvimento de formas farmacéuticas e para a avaliacdo da
atividade antiviral in vivo. Em suma, o modelo com células Caco-2 foi
implementado, validado e aplicado satisfatoriamente, o que permitird a execucao de
estudos colaborativos, sobretudo com o enfoque do Sistema de Classificagdo
Biofarmacéutica.

Palavras-chave: permeabilidade intestinal, células Caco-2, talidomida,
ciclodextrina, galato de pentila, Sistema de Classificacdo Biofarmacéutica






ABSTRACT

Implementation and application of the in vitro model with Caco-2
cells for the study of intestinal permeability of drugs

The oral drug absorption is fundamentally controlled by two factors: the aqueous
solubility/dissolution and the permeability. Therefore, the early determination of
these characteristics during drug discovery and development can secure the
construction of molecules with optimal biopharmaceutical profiles. In this view, this
thesis had two main objectives: to implement and validate the in vitro permeability
model with Caco-2 cells in the Applied Virology Laboratory at UFSC, and employ
this validated model in the permeability determination of cyclodextrin complexes of
thalidomide, developed and characterized within this work, and pentyl gallate, a
compound with promising anti-herpetic activity. During the Caco-2 model
implementation, the cell monolayers morphologic adequacy was demonstrated by
the measurement of the transepitelial electrical resistance and lucifer yellow
permeability. The results obtained in bi-directional transport experiments with
marker drugs (acyclovir, carbamazepine, hydrochlorothiazide, propranolol,
vinblastine and verapamil) corroborated the assay suitability, given that a good
correlation between in vitro permeability coefficients and human absorption was
established. Additionally, an HPLC-UV method was developed and validated for the
simultaneous determination of this group of drugs. In the second phase of this thesis,
thalidomide:hydroxypropyl-p-cyclodextrin ~ complexes  were obtained and
characterized in the solid state through different techniques. The results confirmed
the inclusion of the drug and the reduction of its cristallinity. These modifications
slightly improved thalidomide apparent solubility and enhanced the in vitro
dissolution rate in comparison to the drug alone, even though the in vitro
permeability was not affected. These findings suggest that the complexation could
improve the bioavailability of orally administered thalidomide through the
improvement of its solubility in the intestinal fluids and dissolution from the dosage
form. The study with pentyl gallate showed that this compound presents favorable
intestinal and cutaneous permeability profiles. Its oral bioavailability would not be
jeopardized by limited intestinal permeability, and would be restricted to the
application site when administered by the topical route. These findings provide
valuable information for the formulation development and in vivo antiviral
experiments. In summary, the in vitro permeability model with Caco-2 cells was
implemented, validated and employed suitably. This assay is of great importance for
our research group since it permits future collaborative studies regarding the
Biopharmaceutics Classification System.

Keywords: intestinal permeability; Caco-2 cells; thalidomide; cyclodextrin, pentyl
gallate; Biopharmaceutic Classification System
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INTRODUCAO
DESCOBERTA E DESENVOLVIMENTO DE NOVOS FARMACOS

Nos dltimos anos, os avangos tecnoldgicos ocorridos mudaram
drasticamente as estratégias da pesquisa, desenvolvimento e inovagéo de
farmacos. Essa é uma &rea em continuo aperfeicoamento, conforme
novos conhecimentos, técnicas, métodos e estratégias sdo introduzidos.
O que no passado era um processo basicamente empirico, atualmente
avalia amostras em grande escala, principalmente apés a introdugéo de
modelos farmacologicos in vitro, da quimica combinatéria, do
estabelecimento de relagdes estrutura-atividade quantitativas, e modelos
computacionais, associados ao forte crescimento do conhecimento
relacionado ao desenvolvimento racional de farmacos (LIPINSKI et al.,
1997; HOUGHTON, 2000; WATERBEEMD, GIFFORD, 2003;
GANESAN, 2008; KERNS, DI, 2008).

Basicamente, novas moléculas ativas sdo sintetizadas ou isoladas
de fontes naturais e tém sua atividade farmacolégica identificada.
Passam entdo para o desenvolvimento clinico e, se aprovados pelas
agéncias regulatérias, tornam-se medicamentos disponiveis para o
tratamento de pacientes. Esse € um processo excessivamente complexo
e dispendioso. Os pesquisadores envolvidos interagem em mdaltiplas
linhas de investigagdo, que envolvem diversas disciplinas, muitas vezes
conflitantes, e por fim devem integrar os dados obtidos com o objetivo
de obter um composto balanceado e com bom potencial terapéutico
(HIDALGO, 2001; CHEN et al., 2006; KERNS, DI, 2008).

A pesquisa de novos farmacos pode ser dividida em dois
estagios: descoberta e desenvolvimento (Figura 1). A descoberta
compreende 0s passos iniciais onde alvos farmacoldgicos (enzimas ou
receptores) sdo identificados e moléculas séo isoladas de fontes naturais
e/ou modificadas e/ou sintetizadas e otimizadas. Através da quimica
combinatéria, um grande nimero de compostos €é produzido e
paralelamente avaliado no que se refere a sua interacdo com o alvo
desejado, o que determina a atividade intrinseca da molécula. Outras
propriedades também sdo avaliadas, tais como pKa, solubilidade,
permeabilidade, instabilidade quimica e metabdlica, interacdo com
enzimas, entre outras (WHITE, 2000; BLEICHER et al., 2003;
BALIMANE, HAN, CHONG, 2006; KERNS, DI, 2008).

Em uma plataforma de descobrimento de farmacos sdo tomadas
numerosas decisfes no que se refere a possivel progressdo de uma
molécula ativa as diferentes etapas da pesquisa. Somente moléculas
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tidas como adequadas passardo para as fases seguintes. Decisdes
baseadas nas caracteristicas fisico-quimicas sdo normalmente mais
faceis do que aquelas que envolvem propriedades bioldgicas, uma vez
que essas tém interpretacdo mais problematica, considerando a
complexidade dos sistemas biolégicos. Como se tratam de decisfes
irrevogaveis, com julgamento de “sim ou ndo”, é crucial que se
obtenham informagBes meticulosas e acuradas, a fim de minimizar a
ocorréncia de falsos positivos ou negativos durante esse processo
(WHITE, 2000; BLEICHER et al., 2003; BALIMANE, HAN, CHONG,
2006; KERNS, DI, 2008).

Descoberta Desenvolvimento Aplicacdo Clinica

Identificagdo df’ Formulagio e Manufatura
Alvo Farmacolégico Estabilidade e —
Atividade, Eficici e
Seletividade H‘CECIE em aciente
Sintese L Efeitos Adversos

Avaliagdo Fisico- Toxicidade Melhoramento

Quimica Farmacocinética da Formulagdo

Fasel—
Seguranca e
Cinética em

Humanos
Fase |l - Eficacia
em Humanos

Fase Ill - Estudo
em Grande Escala

Figura 1. Representacdo esquematica da progressdo da descoberta e
desenvolvimento de farmacos. Adaptado de Kerns e Di (2008).

Um pequeno nimero de moléculas identificadas como sendo as
que possuem as caracteristicas mais desejaveis sera entdo selecionado
para progredir para a fase de desenvolvimento. Essa etapa é subdividida
em pré-clinica e clinica. Durante a fase pré-clinica, estudos em animais
sdo conduzidos com o objetivo de reunir a maior quantidade possivel de
dados acerca da seguranca da molécula. Em paralelo, inimeros
experimentos in vitro sdo realizados visando a completa caracteriza¢do
dos perfis fisico-quimico e farmacolégico da molécula. Posteriormente,
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os ensaios clinicos iniciais sdo conduzidos em pequena escala e
englobam apenas voluntarios sadios (fase 1), porém a medida que a
molécula apresenta um efeito promissor, 0s estudos evoluem e passam a
ser incluidos também pacientes (fases 2 e 3) (NEERVANNAN, 2006;
KERNS, DI, 2008).

Em média, 50 projetos de descoberta de farmacos geram em
torno de 10 moléculas candidatas & fase de desenvolvimento, que por
fim levam a um medicamento comercializavel, uma vez que a taxa de
sucesso nhos ensaios clinicos varia entre 10 e 20%, em um longo
processo que leva em média 12 anos e consome diversos milhes de
dolares. Esse custo tremendo ndo inclui apenas as despesas diretamente
associadas com 0 medicamento em questdo, mas também os custos de
todas as moléculas que falharam durante as fases anteriores, das quais
ndo se pode obter lucro algum (DIMASI, HANSEN, GRABOWSKI
2003; DICKSON, GAGNON, 2004; LOMBARDINO, LOWE, 2004;
PREZIOSI, 2004; DIMASI et al., 2010; KAITIN, DIMASI, 2011).

Um estudo realizado na década de 90 revelou que, naquele
periodo, em torno de 40% dos candidatos eliminados na fase de
desenvolvimento eram descartados devido as propriedades
farmacocinéticas precarias (KENNEDY, 1997). Por isso, a industria
farmacéutica decidiu concentrar esforgos na investigacao da absorc¢éo,
distribuicdo, metabolismo e excrecdo (ADME) durante as fases iniciais
do processo de descoberta de farmacos. Tradicionalmente, as
corporacdes farmacéuticas focavam apenas na otimizacdo da atividade
farmacoldgica, baseada em ensaios bioldgicos in vitro e in vivo, atitude
essa que foi modificada através da implementacéo da avaliagdo precoce
do perfil ADME. Como resultado dessa mudanga de paradigma, um
estudo mais recente mostrou que as falhas associadas a ADME na fase
de desenvolvimento reduziram de 40 para 10%. A medida que as falhas
associadas as propriedades ADME foram reduzindo, o foco da indUstria
passou a ser o perfil toxicolégico das moléculas, responsavel atualmente
pelo maior nimero de reprovagdes (KOLA, LANDIS, 2004).

Portanto, a avaliagdo, ainda na fase de descoberta, das
propriedades biofarmacéuticas, tais como solubilidade, permeabilidade,
metabolismo e estabilidade, pode prover importantes informacgdes aos
pesquisadores, esclarecendo dividas, predizendo e diagnosticando
resultados in vivo, guiando rela¢des estrutura-atividade e, sobretudo,
fornecendo uma base sélida para a tomada de decisGes. Farmacos bem
sucedidos podem ser desenvolvidos quando as propriedades
farmacoldgicas sdo otimizadas em paralelo com as propriedades
farmacéuticas (DI, KERNS, 2005).



24

ABSORCAO INTESTINAL DE FARMACOS

Segundo a Organizagdo Mundial da Saude, em 2001, dos
cinguenta medicamentos mais vendidos 84% eram de administracdo
oral (LENNERNAS, ABRAHAMSOM, 2005). Essa via é considerada a
mais segura e conveniente, entretanto, um farmaco administrado
oralmente necessita chegar a circulagdo sistémica para que alcance o
local de acdo na concentracdo e velocidade apropriadas a fim de exercer
seu efeito terapéutico (STORPIRTIS, GAI, 2009).

Muitos sdo os fatores que afetam a biodisponibilidade oral de um
farmaco (Figura 2); entretanto, a absorcdo intestinal é controlada
fundamentalmente por dois fatores: (I) a solubilidade e a taxa de
dissolucéo (que determinam a velocidade na qual o fArmaco atinge sua
concentracdo maxima nos fluidos intestinais), e (II) a permeabilidade
(que esté relacionada com a taxa de fa&rmaco dissolvido que atravessa a
parede intestinal e entra na circulagdo portal) (AMIDON et al., 1995;
BOHETS et al., 2001).

Dissolugdo

Solubilidade Absorgdo

Permeabilidade

Figado

. . Farmaco Biodisponivel
Lumen Intestinal

Fezes Metabolismo Metabolismo
Excrecdo Hepatica/Biliar

Figura 2. Representacdo esquematica dos fatores que influenciam a
biodisponibilidade oral de um farmaco. Adaptado de Waterbeemd (2003).

Portanto, a determinacdo dos perfis de dissolugdo e de
solubilidade (em diferentes pHs), e das propriedades de
permeabilidade de farmacos pode fornecer informacdes valiosas sobre
sua absorcdo oral (BOHETS et al., 2001). Um dos grandes avangos
nessa area foi a criacdo, por Amidon e colaboradores (1995), do Sistema
de Classificacdo Biofarmacéutica (SCB). O principal objetivo do SCB ¢
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estimar o desempenho farmacocinético in vivo de um medicamento a
partir de dados de permeabilidade e de solubilidade/dissolucdo
(KARALIS et al., 2008). Com base nesses parametros, o SCB divide os
farmacos em quatro classes:

e Classe 1 — farmacos com alta solubilidade e alta
permeabilidade. Considera-se que o farmaco é bem
absorvido e que o fator limitante para a absorcdo é a
dissolugdo a partir da forma farmacéutica ou o esvaziamento
gastrico, caso a dissolugdo seja muito rapida.

o Classe 2 - farmacos com baixa solubilidade e alta
permeabilidade. A dissolucéo in vivo é o fator que controla a
absorcdo oral, que normalmente é inferior a obtida com
farmacos da primeira classe.

e Classe 3 - farmacos com alta solubilidade e baixa
permeabilidade. Nesta classe a permeabilidade é o fator
limitante, sendo que o perfil de dissolucdo apresentado sera
bem definido e simplificado.

e Classe 4 — farmacos com baixa solubilidade e baixa
permeabilidade, ou seja, farmacos que apresentam
problemas significativos para a administragdo oral
(AMIDON et al., 1995).

Dessa forma, a utilizacdo dos parametros considerados pelo SCB
durante a descoberta e desenvolvimento de novos produtos
farmacéuticos pode reduzir gastos e tempo. Esse sistema também
representa uma ferramenta regulatéria importante, possibilitando a
substituicdo de determinados estudos de bioequivaléncia por testes de
dissolucdo in vitro, podendo assim reduzir a exposi¢do de voluntarios
sadios a farmacos em  desenvolvimento  (LENNERNAS,
ABRAHAMSSON, 2005).

Os testes de dissolucéo objetivam avaliar a liberagdo do farmaco
a partir de uma forma farmacéutica para um meio aquoso, que mimetiza
as condigdes in vivo (exceto nos casos de avaliacdo da dissolucédo
intrinseca, onde é avaliada a dissolucdo do farmaco no estado solido
sem a presencga da forma farmacéutica), e representam uma ferramenta
indispensavel nas etapas de desenvolvimento farmacotécnico de
medicamentos. A importancia da avaliacdo dos perfis de dissolugdo é
enorme, uma vez que é possivel afirmar que se o processo de dissolucdo
de um medicamento (farmaco/forma farmacéutica sélida de liberacéo
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imediata) é rapido, entdo a velocidade e a extensdo da absorcdo oral
deste farmaco é primariamente dependente da sua permeabilidade na
mucosa intestinal (LENNERNAS, ABRAHAMSSON, 2005; SOUZA et
al., 2007; KERNS, DI, 2008).

Na érea de producdo farmacéutica e controle de qualidade, os
resultados dos testes de dissolucdo podem ser empregados para detectar
desvios na fabricacdo, para assegurar uniformidade durante a producdo,
e para avaliar diferengcas entre polimorfos cristalinos de um mesmo
farmaco. Eles também podem ser utilizados para avaliar mudancas apds
o registro do produto e podem auxiliar na decisdo para a realizagdo de
estudos de bioequivaléncia e quando do estabelecimento de correlagfes
in vitro — in vivo (SOUZA et al., 2007; KOVACEVIC et al., 2008;
CARINI et al., 2009; YANG, 2010).

A solubilidade é outro fator determinante para a liberacdo do
farmaco a partir da sua forma farmacéutica, bem como para sua
absorcdo, ja que o farmaco precisa estar em solugdo aquosa para ser
absorvido na mucosa intestinal (STORPIRTIS, GAI, 2009). Essa
propriedade estd intimamente ligada as caracteristicas moleculares,
sendo que a baixa solubilidade aquosa é causada essencialmente por
dois fatores: alta lipofilicidade e estrutura de rede cristalina muito rigida
(geralmente identificada por um alto ponto de fusdo), o que torna a
solubilizacdo do farmaco no estado sélido um processo altamente
energético (MARTINEZ, AMIDON, 2002; FALLER, ERTL, 2007;
MULLERTZ, 2010).

As definicbes de alta e baixa solubilidade sdo relativas, e
dependem da dose terapéutica esperada e também da poténcia do
farmaco. Como regra geral, uma molécula com poténcia moderada (1
mg/kg) deve apresentar um valor de solubilidade aparente de, ao menos,
0,1 g/L para ser adequadamente solivel. Se uma molécula de mesma
poténcia apresentar solubilidade menor que 0,01 g/L, entdo ela sera
considerada pouco solivel (FALLER, ERTL, 2007). O SCB considera
um farmaco altamente sollvel se a maior dose terapéutica for solGvel
em volume igual ou menor que 250 mL na faixa de pH de 1,0 - 7,5. A
fim de ser enquadrado na classe I, também é necessario que o farmaco
apresente 85% de dissolucdo em 30 min para garantir a sua
bioequivaléncia (US FDA, 2000).

Em geral, farmacos pouco soltveis podem ser divididos em dois
grupos, dependendo da sua lipofilicidade: (1) farmacos nao-lipofilicos e
hidrofobicos, conhecidos como “p6 de tijolo” (do inglés brick dust)
apresentam forte rede cristalina e sdo pouco sollveis também em
lipideos, tais como os triglicerideos; eles podem apresentar uma
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solubilidade razoavel quando em formulagdes contendo surfactantes ou
co-solventes; (2) farmacos lipofilicos e hidrofobicos, conhecidos como
“bolas gordurosas” (do inglés grease balls), de baixa molhabilidade,
soliveis em lipideos, e que podem ter sua solubilidade melhorada
quando formulados em sistemas lipidicos de liberagdo (MULLERTZ et
al., 2010).

A permeabilidade também tem importante papel na absorcéo
oral e penetracdo tecidual de farmacos (por exemplo, 0 sistema nervoso
central). Uma vez que o fa&rmaco tenha sido liberado da sua forma
farmacéutica e seja solivel nos fluidos gastrointestinais, ele esta
disponivel para o transporte através da mucosa intestinal (BALIMANE,
HAN, CHONG, 2006).

A permeabilidade intestinal € um processo complexo e envolve
multiplas vias (Figura 3).

v

Y

Basolateral

Figura 3. Esquema representativo das rotas e mecanismos de transporte através
do epitélio intestinal (BALIMANE, HAN, CHONG, 2006).

A absorcdo passiva pela rota transcelular (1) é a mais comum
entre os farmacos, e ocorre pelo interior dos enterdcitos, sem gasto
energético. A via passiva também compreende o transporte pelos
espacos intercelulares (rota paracelular — 4). A absor¢do mediada por
carreadores ocorre via processo ativo (transporte ativo — 2) ou por
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difusdo facilitada (3). Varios transportadores de membrana, muitos
deles bombas de efluxo, tais como a glicoproteina-P (P-gp), estdo
localizados na porcdo apical dos enterdcitos, atuando na protecdo do
organismo contra xenobioticos (5). Além disso, enzimas intestinais
podem estar envolvidas na metabolizacdo de farmacos na parede
intestinal (6), e, por fim, a endocitose mediada por receptor (7) também
desempenha um importante papel na absorcédo intestinal (BALIMANE,
HAN, CHONG, 2006; PRESS; DI GRANDI, 2008). De forma geral, a
permeabilidade é dependente da concentragdo do farmaco no Iumen
intestinal, e é diretamente afetada por outros fatores, tais como a
presenca de transportadores de membrana, efeitos provocados pelos
constituintes da forma farmacéutica, e outros fatores fisioldgicos e
bioquimicos (AMIDON et al., 1995; HIDALGO, 2001).

Existem diversos métodos disponiveis para a avaliacdo da
permeabilidade intestinal, entre eles modelos fisico-quimicos, modelos
computacionais (in silico), modelos in vitro (células ou tecidos),
modelos de perfusdo in situ e modelos in vivo, cada um apresentando
vantagens e desvantagens perante os demais. (para uma revisao
completa ver BOHETS et al., 2001; MIRET et al., 2004).

Entre os modelos mais amplamente reconhecidos e utilizados
pela indistria farmacéutica estdo o ensaio PAMPA (Parallel Artificial
Membrane Permeability Assay) e o0 modelo que emprega células Caco-
2. Com o ensaio PAMPA é possivel avaliar apenas a permeabilidade
passiva, uma vez que esse modelo baseia-se na separacdo de dois
compartimentos por uma bicamada lipidica simples, enquanto que as
células Caco-2 representam um modelo de mecanismos multiplos, ja
que esta linhagem se diferencia e passa a exibir caracteristicas
morfoldgicas e funcionais similares as dos enterécitos (ARTURSSON,
PALM, LUTHMAN, 2001; BOHETS et al., 2001; MIRET et al., 2004).

A combinacdo dessas duas metodologias fornece uma avaliagdo
diagnostica da permeabilidade. Caso haja uma correlagcdo entre os
resultados obtidos nos dois ensaios, um perfil de permeabilidade passiva
é esperado. Entretanto, se os valores de permeabilidade em Caco-2
forem inferiores ou superiores aos obtidos no PAMPA, é possivel que o
farmaco seja substrato de algum transportador de efluxo ou absorcéo,
respectivamente (DI, KERNS, 2005). As indlstrias farmacéuticas
costumam utilizar primeiramente o ensaio PAMPA como uma
ferramenta de triagem, pois ele é relativamente mais barato, rapido e
simples. O modelo com células Caco-2 é empregado, em um segundo
momento, com o objetivo de identificar um possivel mecanismo de
transporte ativo (BOHETS et al., 2001; MIRET et al., 2004).
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O LABORATORIO DE VIROLOGIA APLICADA DA UFSC

O Laboratério de Virologia Aplicada da UFSC, sob coordenacéo
da Profa. Dra. Claudia Maria Oliveira Simfes, ha varios anos avalia as
atividades citotoxica e antiviral de produtos naturais e compostos
sintéticos, incluindo a elucidacdo dos mecanismos de acéo, através de
diferentes estratégias experimentais. A equipe do laboratério vem
buscando constantemente a implementacdo de metodologias
diferenciadas, a fim de complementar os estudos realizados no referido
laboratério, propiciando a pratica da multidisciplinaridade e uma
formacao mais completa dos recursos humanos envolvidos.

Desde que a predicéo da absorcdo oral de farmacos se tornou um
importante critério de decises na descoberta e desenvolvimento de
farmacos, tornou-se imprescindivel o estabelecimento de métodos
confiaveis e padronizados de avaliacdo das propriedades associadas a
absorcao, tais como os parametros fundamentais descritos pelo SCB,
dissolucéo, solubilidade e permeabilidade. Por exemplo, é previsivel
que compostos com permeabilidade ou solubilidade extremamente
baixas irdo resultar em baixa disponibilidade oral, limitando o seu
desenvolvimento clinico (LENNERNAS, ABRAHAMSSON, 2005).

Nesse sentido, e conforme o projeto de pesquisa apresentado
inicialmente ao Programa de Pds-Graduacdo em Farmécia, o presente
trabalho teve como objetivo principal a implementacdo e validagdo do
modelo de avaliacdo da permeabilidade intestinal in vitro com células
Caco-2, e a sua aplicacdo na avaliacdo do perfil de permeabilidade in
vitro de complexos do farmaco talidomida com ciclodextrinas, e do
galato de pentila, um composto cuja atividade anti-herpética ja havia
sido detectada em estudos prévios.

De acordo com os resultados obtidos, esta tese foi elaborada na
forma de capitulos, que apresentam uma breve revisdo da literatura do
tema abordado em cada capitulo e os respectivos resultados na forma de
manuscritos. O primeiro capitulo descreve os procedimentos realizados
e resultados obtidos durante a implementagdo e validacdo do modelo de
permeabilidade com células Caco-2. No capitulo 2 estdo descritos os
resultados obtidos com os estudos de complexacdo do farmaco
talidomida com ciclodextrinas, e no capitulo 3 é apresentada a avaliacdo
dos perfis in vitro de permeabilidade intestinal e cutdnea do galato de
pentila. Na forma de apéndices, sdo apresentados o artigo publicado
referente ao capitulo 1, e dois manuscritos que sdo fruto de estudos
colaborativos realizados durante o periodo do estagio sanduiche no
Departamento de Farmacia da Universidade de Uppsala, na Suécia.
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OBJETIVOS

1.1.1 Objetivo Geral

Implementar e validar a metodologia de avaliacdo da
permeabilidade intestinal in vitro com células Caco-2, e explorar a sua
aplicabilidade no estabelecimento da permeabilidade intestinal in vitro
de farmacos.

1.1.2 Objetivos Especificos

e Padronizar técnicas de cultura celular no Laboratério de
Virologia Aplicada da UFSC a fim de possibilitar a
implementacdo do modelo de avaliagdo da permeabilidade
intestinal in vitro com células Caco-2. (Capitulo 1)

e Desenvolver e validar método analitico por cromatografia
liquida de alta eficiéncia para determinacdo de farmacos
marcadores empregados na padronizacdo do modelo de
avaliacdo da permeabilidade intestinal in vitro com células
Caco-2. (Capitulo 1)

e Preparar e caracterizar complexos de inclusdo do farmaco
talidomida com diferentes ciclodextrinas. (Capitulo 2)

e Auvaliar a influéncia da complexacdo sobre os perfis in vitro
de solubilidade, dissolucdo e permeabilidade intestinal do
farmaco talidomida. (Capitulo 2)

e Avaliar os perfis de permeabilidade intestinal e cutanea do
composto anti-herpético galato de pentila, a fim de prover
bases para estudos futuros de atividade antiviral in vivo.
(Capitulo 3)

e Estabelecer correlagcdes entre os resultados obtidos com
diferentes metodologias de avaliacdo da permeabilidade
implementadas no Laboratério de Virologia Aplicada.
(Capitulo 3)
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CAPITULO 01

IMPLEMENTA(;AO DO MODELO DE PERMEABILIDADE
INTESTINAL IN VITRO COM CELULAS CACO-2:
Padronizacao do cultivo celular e desenvolvimento de metodologia
analitica para deteccéo de farmacos marcadores

APRESENTACAO

Existem diversos métodos que podem ser utilizados na avaliagcdo
da permeabilidade de compostos. Entre eles estdo modelos fisico-
guimicos, modelos computacionais in silico, modelos in vitro (células,
membranas artificiais), modelos de perfusdo in situ e modelos ex vivo,
cada um apresentando vantagens e desvantagens perante os demais.
Dentre esses modelos, um dos mais populares e reconhecidos pela
indUstria farmacéutica e agéncias regulatorias da area de medicamentos
¢ 0 modelo de permeabilidade in vitro com células Caco-2
(BALIMANE, HAN, CHONG, 2006; EHRHARDT; KIM, 2008).

Tendo em vista a importancia da avaliagdo de permeabilidade de
compostos ainda nas etapas iniciais da pesquisa e desenvolvimento de
novos farmacos, bem como a representatividade do modelo com células
Caco-2, o mesmo foi selecionado para ser implementado e validado no
Laboratério de Virologia Aplicada da UFSC. Seguindo as diretrizes da
agéncia regulatoria norte-americana de medicamentos e alimentos
(FDA)(US FDA, 2000, 2006) e as recomendacdes de especialistas
(HUBATSCH et al.,, 2007), diversos aspectos foram monitorados
durante esse processo, a fim de se garantir as condi¢des ideais para os
experimentos.

Os esforcos empregados culminaram na validagdo do ensaio,
possibilitando a avaliagcdo dos perfis de permeabilidade de compostos
com estruturas quimicas diversas e a¢8es farmacoldgicas distintas. Até o
momento, este é o primeiro relato de implementacdo e validacdo do
modelo de células Caco-2 para avaliacdo da permeabilidade in vitro no
Brasil, o que ressalta o carater inovador da proposta.

Por fim, os resultados obtidos nesta etapa inicial foram
publicados na forma de artigo original no periddico Brazilian Journal of
Medical and Biological Research, Volume 44, Série 6, Paginas 531-
537, 2011. Essa publicacdo é apresentada na integra no Apéndice 1.
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REVISAO DA LITERATURA

Nos anos 70, uma colecdo de linhagens celulares foi estabelecida
a partir de tumores gastrointestinais, com o objetivo de realizar estudos
acerca dos mecanismos do cancer e suas terapias citostaticas
relacionadas (FOGH et al., 1977). Uma década depois, devido as
dificuldades encontradas em se obter culturas de células intestinais
diferenciadas a partir de tecidos normais, atengdo especial foi dada as
propriedades de algumas linhagens de células intestinais tumorais. Na
maioria dos casos, a diferenciacdo era induzida atraves do tratamento
com fatores de indugdo sintéticos ou bioldgicos adicionados ao meio de
cultura (PINTO et al., 1983). Contudo, uma destas linhagens celulares,
chamada de Caco-2, mostrou uma diferenciacdo espontanea, quando
cultivada em longo prazo, sob condi¢Bes normais de cultura.

Os primeiros estudos com as células Caco-2 demonstraram que
essa linhagem, derivada de um adenocarcinoma de co6lon humano,
diferenciava-se e passava a exibir caracteristicas morfolégicas e
funcionais similares as dos enterdcitos, ou seja, capacidade absortiva
(via microvilosidades), juncBGes oclusivas e expressdo de enzimas
intestinais (aminopeptidases, esterases, sulfatases, enzimas do complexo
citocromo P450, entre outras) e de transportadores (carreadores de
biotina e de &cidos monocarboxilicos, PEPT1, glicoproteina P (P-gp),
entre outros) (MIRET et al., 2004; SAMBUY et al., 2005; DEFERME,
ANNAERT, AUGUSTIINS, 2008; LI et al., 2008).

No intestino, uma Unica camada de células epiteliais recobre a
parede intestinal interna e forma uma barreira seletiva para a absorcdo
dos nutrientes, farmacos e demais xenobioticos dissolvidos no liquido
gastrointestinal.  Através da reconstituicdo adequada de uma
monocamada celular diferenciada in vitro é possivel predizer a absorcéo
oral em humanos (HIDALGO et al., 1989; ARTURSSON et al., 1990).

A partir do momento em que as condi¢Ges de cultivo foram
otimizadas, proporcionando a diferenciacdo morfoldgica e funcional
estavel, tais células tém sido extensivamente utilizadas como um
modelo para estudos de transporte de farmacos in vitro (HIDALGO et
al., 1989; ARTURSSON et al., 1990; HILGERS et al., 1990; WILSON
etal., 1990; PRESS; DI GRANDI, 2008).

O transporte de farmacos através da membrana intestinal é um
processo complexo e envolve multiplas vias (BALIMANE, HAN,
CHONG, 2006). A absorcdo passiva ocorre mais comumente através
dos enterdcitos (rota transcelular) ou via juncfes oclusivas presentes
entre estas células (rota paracelular). A absorcdo mediada por
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carreadores ocorre via processo ativo (transporte ativo) ou por difusdo
facilitada. Varios transportadores de efluxo localizados na porcéo apical
da célula, tais como a P-gp, sdo funcionais e podem limitar a absorcéo.
Além disso, enzimas metabdlicas podem estar envolvidas ja nesta etapa
(ARTURSSON et al., 2001; BALIMANE, HAN, CHONG, 2006;
PRESS; DI GRANDI, 2008).

Com a verificacdo, por diversos laboratorios, de que através do
uso de células Caco-2 podia-se estabelecer uma correlagdo entre a
permeabilidade in vitro de um farmaco e a sua absor¢éo oral (AMIDON
et al.,, 1995; ARTURSSON et al., 2001), este modelo tornou-se uma
ferramenta valiosa em estudos de permeabilidade intestinal de
compostos farmacologicamente ativos (a titulo ilustrativo, sdo citados
aqui alguns trabalhos: ZUO et al., 2000; KONISHI et al., 2003;
TAMMELA et al.,, 2004; ZHOU et al., 2005; BALIMANE, HAN,
CHONG, 2006; ZERROUK et al., 2006; BANSAL et al., 2007;
KOLJONEN et al., 2008; PRESS; DI GRANDI, 2008; PANG et al.,
2009; SIISSALO et al., 2010; KIMURA, et al., 2011).

Do ponto de vista experimental, as células sdo cultivadas por,
pelo menos, 21 dias para formarem uma monocamada de células
diferenciadas sobre um filtro poroso do inserto, como ilustrado na
Figura 4. O filtro deve ser de natureza inerte (geralmente policarbonato)
e possuir poros com diametro de até 0.4 um para evitar a migracdo
celular do lado apical para o basolateral. O tempo relativamente grande
de cultivo é necessario para garantir a formacgéo das juncdes oclusivas,
obtencdo da polaridade celular e alta expressdo de transportadores de
membrana (BOHETS et al., 2001).
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Figura 4. Representacdo esquematica do experimento de transporte utilizando o
modelo de células Caco-2. Fonte: Adaptado de Bohets e colaboradores (2001).
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Nos experimentos de transporte os compostos sdo adicionados
em uma das cAmaras separadas pela monocamada celular, e sua taxa de
passagem para a outra camara pode ser medida por cromatografia
liquida de alta eficiéncia (CLAE) acoplada a diferentes detectores, tais
como o ultravioleta ou espectrdmetros de massa. Rotineiramente, o
transporte em ambos o0s sentidos, tanto absortivo (apical para
basolateral) quanto secretdrio (basolateral para apical) sdo investigados
para determinar se algum mecanismo de efluxo estd envolvido no
processo avaliado. Os resultados obtidos sdo expressos como coeficiente
de permeabilidade aparente (Psp cm/s) (BOHETS et al., 2001;
SAMBUY et al., 2005; PRESS; DI GRANDI, 2008).

Embora o modelo de permeabilidade com células Caco-2
apresente diversas vantagens, condi¢fes varidveis de cultura podem
gerar caracteristicas celulares inconsistentes, baixa reprodutibilidade, e
variabilidade intra- e interlaboratorial. Portanto, as técnicas de cultivo
celular e as condi¢Bes experimentais precisam ser muito bem definidas e
rigidamente controladas, a fim de garantir a validade dos dados obtidos
nesses experimentos (US FDA, 2000; VOLPE, 2008).

Para demonstrar a funcionalidade e adequac¢do do modelo, é
necessario estabelecer uma classificagdo entre farmacos com diferentes
coeficientes de permeabilidade, em funcdo da sua absor¢do em
humanos. Para ser considerado adequado, 0 modelo deve ser capaz de
diferenciar perfis de alta e baixa permeabilidade passiva, bem como
apresentar caracteristicas morfolGgicas consistentes. Adicionalmente, o
desempenho do ensaio deve ser monitorado continuamente, através do
uso de farmacos marcadores (alta e baixa permeabilidade)(US FDA,
2000).

A fim de se avaliar a funcionalidade dos transportadores, também
sdo utilizados substratos de transportadores ativos, tal como o
transportador de oligopeptideos (PEPT-1) (ADIBI, 1997), ou de bombas
de efluxo, tais como digoxina (VERSCHRAAGEN et al., 1999),
vimblastina (HUNTER et al., 1993; SHIRASAKA et al., 2008) ou
ciclosporina A (AUGUSTIJNS et al., 1993).

No quesito avaliacdo da morfologia, diversos métodos estdo
disponiveis para avaliar a integridade da monocamada celular.
Comumente, utiliza-se a medida da resisténcia elétrica transepitelial (em
inglés, Trans Epithelial Electrical Resistance — TEER) é utilizada, uma
vez que células confluentes com juncdes oclusivas formadas constituem
uma barreira para a troca de eletrélitos e, consequentemente, geram uma
resisténcia elétrica. As medidas de TEER sdo realizadas através de um
voltimetro acoplado a microeletrodos colocados em ambos os
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compartimentos (apical e basolateral) dos insertos, onde sdo cultivadas
as células, e devem ser feitas antes e apos a realizagdo dos experimentos
(PRESS; DI GRANDI, 2008).

Para garantir a qualidade dos resultados dos experimentos de
transporte, também € desejavel incluir um composto marcador da
integridade da monocamada de células Caco-2, ou seja, um composto
gue possua baixissimo coeficiente de permeabilidade. Varios compostos
sdo utilizados nesse sentido, dentre eles 0 manitol, a dextrana conjugada
ao isotiocianato de fluoresceina e o marcador de permeabilidade
paracelular Lucifer yellow (YAMASHITA et al., 2002).

Apesar da reconhecida aplicabilidade desse modelo na predigédo
da absorc¢do oral, ele apresenta uma série de limitagcBes que devem ser
levadas em consideragdo, tais como a auséncia de muco, a camada
aquosa estatica (UWL), a expressao variavel de enzimas metabdlicas, a
superestimacdo do papel dos transportadores de efluxo in vitro, e a
inviabilidade de estudos que busquem avaliar o impacto das diferencas
entre as regides do intestino sobre a absorcdo oral (INGELS,
AUGUSTIINS, 2003; LENNERNAS, ABRAHAMSSON, 2005).
Adicionalmente, condi¢cdes variaveis de cultura podem gerar
caracteristicas celulares inconsistentes, baixa reprodutibilidade, e
variabilidade intra- e interlaboratorial (HAYESHI et al., 2008; VOLPE,
2008).

Dessa forma, 0 modelo in vitro de permeabilidade com células
Caco-2, quando corretamente implementado e monitorado, é capaz de
fornecer informacdes valiosas sobre a permeabilidade de farmacos,
possibilitando a realizacdo de experimentos mecanisticos, que
contribuem de forma decisiva para a pesquisa e o desenvolvimento
racional de novos farmacos. Por esse motivo, este ensaio é amplamente
aceito pela indlstria farmacéutica e pelas agéncias regulatdrias
internacionais de medicamentos, sendo considerado o ensaio padrdo
para a predigdo da absorcdo oral.
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CAPITULO 02

COMPLEXOS DE INCLUSAO DA TALIDOMIDA:
Influéncia da complexa¢do com ciclodextrinas sobre a solubilidade,
dissolucdo e permeabilidade intestinal in vitro

APRESENTAGAO

A talidomida foi introduzida no mercado farmacéutico por suas
atividades sedativas e antieméticas. A correlagdo de seu uso com o
surgimento de focomelia em recém-nascidos fez com que esse farmaco
fosse retirado dos mercados de alguns paises. Desde entdo, muitas
pesquisas vém sendo realizadas com o intuito de avaliar novas
potencialidades, explorando suas propriedades antiinflamatérias,
imunomodulatérias e antineoplasicas (MATTHEWS; MCCOY, 2003;
FRANKS et al., 2004; TEO, 2005; MELCHERT; LIST, 2007), abrindo
novas possibilidades de aplicagdes clinicas para este farmaco.

A absorcédo da talidomida a partir do trato gastrointestinal é lenta
e limitada, com taxa de eliminacdo superior a de absorcdo, e
biodisponibilidade varidvel (TEO et al., 2004). Na forma de mistura
racémica, apresenta baixa solubilidade em &gua e alto grau de
cristalinidade, estando suas moléculas agrupadas em arranjos cristalinos
que conduzem a formacdo de duas formas polimorficas (ALLEN;
TROTTER, 1970; CAIRA, BOTHA, FLANANGAR, 1994,
REEPMEYER et al., 1994; LARA-OCHOA et al., 2007). Apesar do
grande nimero de estudos envolvendo novas indicagdes de uso para a
talidomida, pouco tem sido investigado no que se refere ao
melhoramento de suas propriedades biofarmacéuticas. Nesse sentido, a
proposta deste trabalho consistiu na avaliacdo da influéncia da
complexacdo da talidomida com varias ciclodextrinas, adotando a
hipotese de que esta complexacdo promoveria um aumento da
solubilidade aquosa, taxa de dissolucdo e permeabilidade intestinal. A
complexacdo deste farmaco também serviu como ferramenta para a
avaliacdo da influéncia de adjuvantes no modelo Caco-2 implementado.

Este projeto foi aprovado pela Fundagdo de Amparo a Pesquisa e
Inovacdo do Estado de Santa Catarina (FAPESC), no ambito do Edital
PPSUS 2006, com apoio financeiro do CNPq, Ministério da Saude, e
SES/SC. Os resultados obtidos foram compilados e submetidos para
publicacdo no periddico Journal of Pharmacy and Pharmacology. Esse
manuscrito encontra-se sob revisao e é apresentado na integra no final
deste capitulo.
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REVISAO DA LITERATURA

A talidomida foi sintetizada em 1954 e lancada no mercado
farmacéutico em 1957 pela empresa German Company Chemie
Grunental como medicamento sedativo e antiemético, prescrito
rotineiramente para o enjoo matinal de gestantes. Nos estudos de
toxicidade em ratos, coelhos e cobaias, realizados naquela época, a taxa
de letalidade ndo foi significativa, mesmo com doses altas. Esse fato fez
com que o farmaco fosse considerado de baixa toxicidade e de maior
seguranca, quando comparado aos barbitdricos, o que contribuiu para
que a talidomida se transformasse em um sedativo popular e de venda
livre em diversos paises, inclusive no Brasil. (OLIVEIRA,
BERMUDEZ, SOUZA, 1999; MATTHEWS; MCCOY, 2003;
MELCHERT; LIST, 2007).

Anos mais tarde, malformagBes congénitas em recém-nascidos
foram associadas ao consumo de talidomida pelas gestantes durante o
primeiro trimestre de gestacdo. Apos a confirmacao da teratogenicidade,
0 medicamento foi retirado do mercado, contabilizando-se milhares de
vitimas de anormalidades (FRANKS et al., 2004). Nos Estados Unidos,
o FDA ndo liberou a comercializagdo do medicamento, pois,
preocupado com a neurotoxicidade, considerou que as evidéncias
disponiveis na época ndo garantiam a seguranca do mesmo, saindo
desse episodio muito fortalecido, passando a coordenar a politica de
regulacdo de medicamentos naquele pais através da emenda Kefauver-
Harris, de 1962 (KELSEY, 1988; OLIVEIRA, BERMUDEZ, SOUZA,
1999). A partir dessa emenda, estudos de eficacia de novos e antigos
medicamentos foram regulamentados pelo FDA, passando a ser exigido
0 cumprimento de um longo e rigoroso processo de comprovagdo da
seguranca e eficacia de cada substancia candidata a medicamento
(KELSEY, 1988; ABRAHAM, 1995; OLIVEIRA, BERMUDEZ,
SOUZA, 1999).

No Brasil, a talidomida comecou a ser comercializada em 1958, e
0s primeiros casos de malformacdes foram relatados em 1960. Apesar
de ter sido banida dos mercados europeu e canadense em 1961, a
talidomida continuou sendo comercializada no Brasil até 1965
(OLIVEIRA, BERMUDEZ, SOUZA, 1999).

Nesse mesmo ano, um dermatologista israelense relatou a
administragdo da talidomida em um paciente com eritema nodoso
leprético (ENL), a principio com o intuito de tratar sua insénia, mas
acabou obtendo como resposta a melhora do quadro inflamatério
cutaneo, com cicatrizacdo total das feridas (OLIVEIRA, BERMUDEZ,
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SOUZA, 1999; MATTHEWS; MCCOY, 2003). Apo6s a descoberta de
sua aplicacdo terapéutica no tratamento do ENL, ela voltou a ser
comercializada em alguns paises incluindo o Brasil (OLIVEIRA,
BERMUDEZ, SOUZA, 1999). Em Julho de 1998, o FDA aprovou seu
uso no tratamento do ENL moderado a grave, e na terapia de
manutencdo para supressdo de manifestagcBes recorrentes do ENL
(MATTHEWS; MCCOY, 2003; FRANKS et al., 2004). No Brasil tal
uso foi regulamentado em 1997 (BRASIL, 1997), sendo sua distribuicao
restrita a alguns programas governamentais de satde. As indicagdes sdo
para tratamento da hanseniase (rea¢do hansénica tipo Il ou ENL), de
Glceras aftdides idiopaticas em pacientes portadores HIV+ ou com
AIDS, de doengas crbnico-degenerativas (lUpus eritematoso, doenga
enxerto contra hospedeiro) (BRASIL, 1997) e de mielomas multiplos
refratarios a quimioterapia convencional (BRASIL, 2002).

Atualmente, o medicamento é produzido exclusivamente pelo
Laboratério Farmacéutico da Fundagdo Ezequiel Dias (FUNED, Belo
Horizonte, MG), sob a forma de comprimidos de 100 mg de talidomida.
Esse medicamento é de uso controlado, restrito a hospitais, sendo
classificado como imunossupressor da classe C3 pela Portaria 344 da
SNVS/MS (BRASIL, 1998). Além disso, a Portaria 354 da SNVS/MS
regulamenta o registro, a produgéo, a fabricacdo, a comercializacdo, a
exposicao a venda, a prescricdo e a dispensacdo dos produtos a base de
talidomida. O medicamento s6 pode ser dispensado com notificagdo de
receita para medicamento especial, contendo dados sobre sua
dispensacdo, sendo que o médico prescritor deve assumir formalmente o
compromisso, a responsabilidade e o esclarecimento ao paciente dos
riscos inerentes ao seu uso, sendo que o0 paciente também deve assinar
um termo de esclarecimento (BRASIL, 1997).

Do ponto de vista fisico-quimico, a talidomida é um farmaco
neutro, derivado do &cido glutdmico. Possui em sua estrutura um anel
ftalimida e um anel glutarimida, que possui um carbono quiral, gerando
dois enantidbmeros: a forma (+)-(R), a qual as propriedades hipnético-
sedativas e antieméticas sdo atribuidas, e a forma (-)-(S), com
propriedade antiinflamatéria, imunomodulatdria e antineoplasica, bem
como potencial teratogénico. Entretanto, os enantibmeros sofrem rapida
interconversdo quiral in vivo e in vitro. Dessa forma, a administracédo
exclusiva de uma forma enantiomérica ndo evita os efeitos teratogénicos
(ERIKSSON, BJORKMAN, HOGLUND, 2001, MATTHEWS;
MCCOY, 2003; FRANKS et al., 2004; TEO, 2005).

O mecanismo de acdo da talidomida é bastante complexo e ainda
ndo foi totalmente esclarecido. Os efeitos antiinflamatérios e
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imunomodulatérios parecem estar relacionados com a reducdo dos
niveis do fator de necrose tumoral o, que regula a cascata inflamatoria e
a conseqliente producdo de interleucina-2 e interferon-y (FRANKS et
al., 2004). O efeito teratogénico, e paralelamente a propriedade
antineoplasica, do farmaco esta relacionado a sua capacidade de inibir a
angiogénese em células jovens, resultando em uma disfuncdo no
desenvolvimento dos vasos sanguineos (FRANKS et al., 2004; TEO,
2005). Os mecanismos moleculares envolvidos nesse processo tém sido
alvo de diversos estudos e ainda ndo estdo completamente elucidados,
entretanto  diversos  mecanismos  podem  estar  envolvidos
simultaneamente nas malformagGes congénitas, tais como a prépria
perda da rede vascular em si (THERAPONTOS et al., 2009) e a ligacdo
da talidomida & uma proteina chamada cereblon (ITO et al., 2010).

Em relacdo & sua farmacocinética, a talidomida possui baixa
solubilidade aquosa (45-60 pg/mL), o que resulta em uma absor¢éo oral
lenta a partir do trato gastrointestinal, sendo que a taxa de eliminacéao é
mais lenta que a taxa de absorg¢do (fendmeno “flip-flop”). Apbs
administragdo oral de 200 mg de talidomida (cépsulas), sua cinética é
melhor descrita por um modelo monocompartimental, com absorgéo e
eliminagcdo de primeira ordem, apresentando concentracdo plasmatica
méaxima (Cmax) de 1-2 mg/L em 3-4 h ap6s a administragéo (tmax) (TEO
et al., 2004). A biodisponibilidade absoluta da talidomida em humanos
ainda ndo foi determinada devido & baixa hidrossolubilidade do farmaco
que impede a veiculacdo intravenosa, entretanto em modelos animais ela
varia entre 67 e 93 % (CHEN et al., 1989). Mais de 90% do farmaco
absorvido é eliminado na urina e fezes em 48 h. Sua eliminacdo €
predominantemente renal, sendo que o farmaco é rapidamente
degradado no plasma por hidrélise espontanea em pH fisioldgico,
formando doze produtos de degradacdo, também eliminados de forma
passiva na urina. A metabolizacdo hepatica do farmaco via enzimas do
citocromo P450 é minima (TEO et al., 1999, 2004; FRANKS et al.,
2004).

Adicionalmente, a literatura descreve a existéncia de, pelo menos,
duas formas polimorficas para a talidomida, denominadas de o e B
(ALLEN; TROTTER, 1970; CAIRA, BOTHA, FLANANGAR, 1994;
REEPMEYER et al.,, 1994). Mais recentemente, Lara-Ochoa e
colaboradores (2007) sugeriram a existéncia de um novo polimorfo, p*,
formado em condicdes especificas de aquecimento, sendo que esta
forma polimorfica exibe enantiotropia com as outras duas formas.
Adicionalmente, Carini e colaboradores (2009) demonstraram que as
diferentes formas polimérficas da talidomida apresentam diferentes
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perfis de dissolucdo intrinseca, que poderiam impactar na
biodisponibilidade e, consequentemente, na agdo farmacoldgica do
farmaco.

Embora exista um grande nimero de estudos acerca das novas
aplicacBes da talidomida, as propriedades biofarmacéuticas precérias
desse farmaco geram perfis farmacocinéticos irregulares, afetando a
eficacia do farmaco e comprometendo os tratamentos (TEO et al.,
2004). Nesse sentido, dois enfoques basicos tém sido empregados para a
obtencdo de uma melhor solubilidade aquosa, uma vez que esse é o fator
limitante, ja que estudos demonstraram que a talidomida possui
propriedades favordveis de permeabilidade intestinal (ZHOU et al.
2005; ZIMMERMANN et al., 2006), outro componente importante na
absorcao oral. O primeiro enfoque envolve a sintese de derivados, como
por exemplo, a lenalidomida, que encontra-se em fase clinica IlI
(REVLIMID®) (MELCHERT; LIST, 2007). O segundo enfoque
abrange a modulagdo da biodisponibilidade através de estratégias
farmacotécnicas (ERIKSSON et al., 2000; CHEN, GU, HU, 2008;
ARAUJO et al., 2011), como a que foi utilizada neste trabalho, por meio
da complexagdo com ciclodextrinas.

As ciclodextrinas sdo oligossacarideos com uma superficie
externa hidrofilica e uma cavidade central lipofilica, que sdo capazes de
formar complexos de inclusdo estdveis com compostos em solucdo
aquosa, através da insercdo da molécula ou de parte dela na sua
cavidade central. Dessa forma, ciclodextrinas tém sido utilizadas como
agentes complexantes para 0 aumento da  solubilidade,
biodisponibilidade e estabilidade de farmacos (LOFTSSON et al., 2005;
LOFTSSON, DUCHENE, 2007). O aumento da solubilidade aquosa e
da estabilidade da talidomida mediante a complexacdo com f-
ciclodextrina e hidroxipropil-B-ciclodextrina ja foram relatados (KOCH,;
STEINACKER, 1988; KRENN et al., 1992; ALVAREZ et al., 2008).
Siefert e colaboradores (1999) relataram o aumento dos niveis de
talidomida no humor aquoso dos olhos de coelhos, ap6s a instilagdo de
uma solucéo contendo de talidomida e de hidroxipropil- B-ciclodextrina,
em comparacdo com a talidomida isolada. Mais recentemente, outro
estudo relatou a administragdo oral da talidomida em combinacéo com a
sulfobutil-éter-7-p-ciclodextrina,  resultando  numa  significativa
diminuicdo do tempo de surgimento e tamanho de tumores em um
modelo de carcinoma em camundongos (KALE et al., 2008). Os autores
sugeriram que tal efeito estaria teoricamente ligado a uma melhor
absorcdo da talidomida a partir do trato gastrointestinal (KALE et al.,
2008), embora estudos farmacocinéticos ndo tenham sido realizados.
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Abstract

Thalidomide is emerging as a therapeutic agent with broad clinical
range, presenting anti-inflammatory, immunomodulatory, and
antineoplasic properties. Although, it’s poor aqueous solubility leads to
erratic and incomplete absorption in humans. In order to circumvent
solubility problems, the complexation of thalidomide with cyclodextrins
has been regarded as a promising strategy. Therefore, the present study
shows the preparation of inclusion complexes of thalidomide with
different cyclodextrins. Hydroxypropyl-p-cyclodextrin complexes (1:1)
were obtained in the solid state by kneading technique and were
characterized by differential scanning calorimetry, powder x-ray
diffractometry and scanning electronic microscopy. The influence of
complexation over aqueous solubility, dissolution rate and in vitro
permeability of thalidomide through Caco-2 cells were evaluated. In
summary, our results demonstrated that complexation could improve the
bioavailability of orally administered thalidomide through the
enhancement of the aqueous solubility and dissolution rate of the drug,
but not through its influence on the intestinal permeability.

Keywords:  Thalidomide;  Cyclodextrin;  Solubility;  Intestinal
permeability; Caco-2.

Introduction

Thalidomide (TD — Fig. 1) is a glutamic acid derivative that was
first synthesized in Germany in 1954. It was initially approved in many
countries as a sedative and antiemetic drug. However, due to
teratogenicity and neuropathy, it was withdrawn from the market in the
early 1960's [1,2].
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Figure 1 — Structure of thalidomide with the chiral center marked with an
asterisk.

The pharmacological properties of TD extended beyond the
neurosedative effects. Its subsequent establishment as an anti-
inflammatory, immunomodulatory, and antineoplasic compound
inspired researchers to define its clinical range. TD was approved by the
FDA for the treatment of erythema nodosum leprosum and, more
recently, in association with dexamethasone, for multiple myeloma [3-
5].

TD is formulated as an equimolar racemate of two active
enantiomers that rapidly interconvert under physiological conditions.
The molecule contains a glutarimide moiety with a single chiral center,
and undergoes spontaneous hydrolysis in aqueous solutions at pH 7.4
[6]. In addition to the chemical instability, TD exhibits diverse
polymorphs [7] and absorption rate-limited pharmacokinetics. The low
solubility and poor dissolution of the drug in the gastrointestinal tract
leads to an erratic and incomplete absorption [6,8].

In order to circumvent instability and solubility issues, different
pharmaceutical strategies have been employed. Isolation of pure
enantiomers [9], association with polymeric carriers [10], incorporation
into nanoemulsions [11] and complexation with cyclodextrins (CDs)
[12-18].

CDs are cyclic oligosaccharides with a hydrophilic outer surface
and a lipophilic central cavity which are able to form inclusion
complexes. They have been extensively used in the pharmaceutical
industry to improve bioavailability, especially of Class Il drugs (low
solubility, high permeability), according to the Biopharmaceutics
Classification System (BCS). CDs may prove utility by both improving
the solubility and the permeability [17].

While some studies have shown the improvement of the aqueous
solubility of TD via complexation, there is a lack of information
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regarding the intestinal permeability of the complexes. In this view, this
work reports the preparation and characterization of TD inclusion
complexes and the study of the effect of complexation over the aqueous
solubility, dissolution rate and in vitro intestinal permeability of TD.

Material and Methods
Reagents and chemicals

TD produced by Microbiol6gica Quimica e Farmacéutica (Brazil)
was a kind gift from Fundagdo Ezequiel Dias (MG, Brazil). All TD raw
material used in this study consisted of an equimolar racemate of (+)-(R)
and (—)-(S) enantiomers. a-cyclodextrin (aCD), y-cyclodextrin (yCD)
and phenacetin were purchased from Sigma (USA). B-cyclodextrin
(BCD), hydroxypropyl-p-cyclodextrin  (HPBCD) and methyl-f-
cyclodextrin (MEBCD) were supplied by Roquette (France).
Acetonitrile was obtained from Tedia (Brazil). All other reagents and
solvents used in this study were of the highest purity commercially
available. Ultrapure water from a Milli-Q system apparatus (Millipore —
USA).

High Performance Liquid Chromatography (HPLC) Analysis

The method employed in this study was developed based on
previous reports [18,19]. Quantitative determinations of TD were
performed by HPLC on a Shimadzu LC-10A chromatographer.
Chromatographic separations were obtained using a 150 mm x 4.6 mm
C18 column (Phenomenex, USA) at 40 °C. Mobile phase consisted of
acetonitrile, water and phosphoric acid in the ratio of 24:76:0.1 (v/v)
under an isocratic flow rate of 1.0 ml/min. The analytical wavelength
was set at 237 nm and samples of 20 pl were injected into the HPLC
system. Phenacetin was used as an internal standard. The
chromatographic method was validated according to ICH
recommendations [20] and found specific, linear (y = 0.0073x + 0.0012,
r2 = 0.9998), precise (RSD < 2.40 %) and accurate (97.7 — 101.6 %). A
representative chromatogram is shown in Fig. 2.
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Figure 2 — Representative chromatogram of thalidomide (50 pM) and
phenacetin (internal standard, 100 uM) in HBSS buffer. The retention times
were 4.86 and 6.77 min, respectively.

Phase solubility studies

Phase solubility studies were carried out in aqueous medium as
described earlier [21]. Excess amounts of TD (50 mg -7.7 mM) were
added to 25 ml of water or aqueous solutions containing increasing
concentrations of CDs (0 - 31 mM). Flasks were covered with aluminum
foil and the pH of the dispersions was adjusted to 4-5 in order to avoid
chemical degradation. Dispersions were magnetically stirred for 6 h, at
room temperature (25 °C), filtered through 0.45 um membranes
(Millipore, USA) and appropriately diluted.

Concentration of TD in the filtrates was determined by HPLC.
The presence of CDs did not interfere with the assay as previously
evaluated (data not shown). The apparent stability constants (K;) of TD
complexes were calculated from phase solubility diagrams according to
the equation below, where Sq is the intrinsic aqueous solubility of TD
[21].

slope
So (1-slope)

Preparation of the solid inclusion complexes
Inclusion Complexes (KN)

The solid TD/CD complex was obtained by the kneading
technique. A mixture of 0.50 g of TD and an appropriate amount of CD
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(molar ratio of 1:1) was wet in a mortar with a minimum volume of
ethanol/water solution (1 ml, 1:1, v/v). The mixture was grounded
thoroughly with a pestle for 30 min and afterward dried for 48 h at room
temperature (25 °C). The dried complex was pulverized into a fine
powder.

Physical mixture (PM)

A physical mixture of TD and CD in the dry state was prepared at
the same molar ratio as the complexes. The components were
thoroughly mixed in a mortar for 30 min and afterward dried for 48 h at
room temperature (25 °C). All products were stored in a dessicator until
further evaluation.

Characterization of the solid complexes
Differential scanning calorimetry (DSC)

DSC measurements were performed on a DSC-60 calorimeter
(Shimadzu, Japan). Samples of 1 to 2 mg were accurately weighed in
aluminum pans and crimped. The operating conditions were 10 °C/min
of heating rate, from 35 °C up to 350 °C, 50 ml/min of nitrogen gas flow.
The temperature calibration was performed using Indium (mp 157 °C)
and Zinc (mp 420 °C) as standards.

Powder X-ray diffractometry (XRD)

The XRD patterns were recorded on a Siemens D5000
diffractometer (Siemens, Germany) equipped with a curved graphite
crystal, using Cu Ka radiation. The scanning rate employed was 0.05 °
per second over a 20 range of 5 — 70 °. Generator tension and current
were 40 kV and 30 mA, respectively.

Morphology evaluation

Surface morphology was analyzed in a JSM-6060 scanning
electron microscope (SEM) (JEOL, USA). Samples were fixed on a
brass stub using double-sided tape and then coated with a thin gold layer
under vacuum. The photomicrographs were taken at a voltage of 10-20
kV and magnification factor from 500 to 1500.
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Dissolution studies

In vitro dissolution profiles were evaluated as described
previously [22], with some modifications, using the USP basket
apparatus. Capsules containing 50 mg of TD, or its equivalent in KN or
PM products, were added to 1000 ml of dissolution media (0.225 M HCI
and 1 % of sodium lauryl sulphate) at 37.0 + 0.5 °C and stirred at 100
rpm on standard dissolution equipment (Nova Etica, Brazil). About 5 ml
of the test medium were sampled at 10, 20, 30, 45 and 60 min with
medium reposition, and TD concentration was determined by HPLC.

In vitro intestinal permeability studies with Caco-2 cells
Cell culture

Caco-2 cells were obtained from the American Type Culture
Collection (ATCC # HTB-37, USA). Cells were maintained in a
humidified 5 % CO; air atmosphere at 37 °C and were cultured in
DMEM containing 4.5 g/l glucose (Gibco, USA) with 20 % fetal bovine
serum, 1% non essential amino acids, 100 U/ml of penicillin, 100 pg/ml
of streptomycin and 25 pg/ml of amphotericin B (Gibco, USA). After
reaching 80-90 % of confluence, cells were harvested and seeded into
Millicell® polycarbonate inserts (0.6 cm?, 0.4 um pore size — Millipore,
USA) at a density of 10° cells/insert.

Transport experiments

The experiments were carried out under sink conditions,
according to recommendations described previously [23]. In vitro
permeation studies were performed after 21-25 days of culture, using
Caco-2 cells between passage 25 and 31. Hank’s Balanced Salt Solution
(HBSS) buffered at pH 6.0 (10 mM of methanesulfonic acid) and at pH
7.4 (10 mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
were used as transport buffers in the apical (AP — donor) and basolateral
(BL — acceptor) side, respectively.

Transepithelial electrical resistance (TEER) measurements
(Millicell® ERS meter — Millipore, USA) and Lucifer Yellow (LY,
Sigma, USA), a fluorescent paracellular permeability marker, were used
to control the integrity of Caco-2 monolayers.

Sample solutions containing 50 UM of TD or equivalents in KN
or PM were added to the AP side and filters were incubated for 2 h at 37
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°C in an orbital shaker (100 rpm). At suitable time intervals, samples
were collected from the BL side by moving the cell monolayers to a new
well containing fresh HBSS. A sample was also collected from the AP
side at the final time point in order to perform the mass balance
calculation.

After sample collection, all aliquots were mixed with two
volumes of cold acetonitrile/methanol mixture containing 2 % acetic
acid and 100 pM of phenacetin to prevent TD from spontaneous
degradation [19]. Following, samples were dried using a SpeedVac
concentrator (Thermo, USA) and the residues were reconstituted in
mobile phase. The mean recovery value obtained in this process was
87.3 + 2.5 %. TD was assayed by HPLC and the apparent permeability
coefficients (Papp, Cm/s) were calculated according to the following

equation:
b _(AQ) 1

PT(A) T AxCo

where (AQ/At) is the amount of TD permeated in the unit of time, A is
the surface area of the monolayers and C, is the initial donor
concentration [23].

Statistical analysis

The results were expressed as the mean = SD of three
independent experiments, unless otherwise stated. Statistical analyses
were performed by one-way ANOVA followed by Tukey’s post hoc test
(p < 0.05). Calculations were performed with GraphPad Prism software
(GraphPad, USA).

Results and Discussion
Phase solubility studies

A preliminary phase solubility study was performed to assess the
inclusion of TD by parent CDs (aCD, BCD and yCD) (Fig. 3). An excess
of 10 times the solubility of TD (2 mM) and two molar ratios (1:1 and
1:4) were employed. In the absence of CDs, the aqueous solubility of
TD at pH 5 was found to be 51.4 + 1.5 pug/ml. Two different stirring
times were used (6 and 24 h) since operational conditions can affect the
formation of complexes. No significant differences between stirring
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times were found (p > 0.05). The comparative analysis of the parent
CDs revealed important differences in their complexation capacity. BCD
generated the most promising results among the three tested CDs (p <
0.001). This CD increased the solubility of TD by 1.3 and 1.8 fold for
the 1:1 and 1:4 molar ratios, respectively. Accordingly, a phase
solubility study was performed with BCD and two other p-derivatives
with improved solubility, HPBCD and MEBCD.
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Figure 3 — Preliminary phase solubility study of thalidomide and a-, p- and y-
cyclodextrins. Experimental conditions: stirring time of 6 and 24 h at room
temperature (25 °C), molar ratio of 1:1 and 1:4 and excess amount of 2 mM.
Results are expressed as mean = SD (n = 3) * Differs from other cyclodextrins
and/or molar ratios (p < 0.001).

The phase solubility diagrams obtained for TD/HPBCD and
TD/MEBCD systems are presented in Figure 4. A different excess was
used (7.7 mM) since parallel experiments showed an improved
solubilization of TD with this setup (data not shown). The form of
diagrams followed an A_-type profile [21], where a linear increase of
TD solubility was observed as function of CDs concentration (r* =
0.9749 and 0.9974, respectively). In general, the modified CDs form A-
type phase solubility profiles, whereas less soluble CDs frequently form
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B-type profiles, indicative of the formation of complexes with limited
solubility (BCD — Fig. 4). Since A_-type phase solubility profiles were
obtained, the stoichiometry 1:1 stability constants (Ks) were calculated
and found to be 108.90 M™ and 102.65 M™ for HPBCD and MEBCD,
respectively. Low stability constants such as the ones obtained indicate
that TD can easily dissociate from the complexes and be available to
permeate through biological membranes, such as the intestinal mucosa
[24].
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Figure 4 — Phase solubility diagrams of thalidomide and BCD, HPBCD and
MEPBCD. Experimental conditions: stirring time of 6 h at room temperature (25
°C) and excess amount of 7.7 mM. Results are expressed as mean + SD (n = 3).

Preparation and characterization of solid inclusion complexes

HPBCD and MEBCD presented the best results with regard to
aqueous solubility improvement of TD. HPBCD was selected as the
most advantageous CD since is a widely studied alternative to fCD with
improved water solubility. In addition, toxicological studies have
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pointed out that this CD is well tolerated by the human body via
intravenous and oral administrations [17,25,26].

Initially, a TD/HPBCD freeze-dried complex was obtained by
lyophilization. This technique generated solid complexes containing < 1
% of TD, with little pharmaceutical usefulness (data not shown).
Therefore, the solid 1:1 TD/HPBCD complex (KN) was obtained by the
kneading technique.

The characterization of solid samples was carried out by several
methods. DSC thermograms of TD, HPBCD, KN and PM are shown in
Fig. 5.
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Figure 5 — DSC thermograms of (a) HPBCD, (b) thalidomide/ HPBCD complex
(Kneading), (c) thalidomide, and (d) physical mixture.

Thermogram of TD presented a sharp endothermic peak at 276.7
°C corresponding to the melting point of the drug, while HPBCD
showed only a broad endothermic peak near 80 °C, corresponding to the
release of water from the CD cavity. The complete disappearance of TD
endothermic peak in the KN thermogram indicates a strong interaction
of TD into the HPBCD cavity in the solid state. The thermogram of PM
presented a mixed profile, with characteristics from both HPBCD and
TD. The fusion peak of the drug was broaden, with lower onset
temperature (270.5 °C for PM and 275.3°C for TD), indicative of a
slight interaction in this simple mixture.

Additional evidence of the complexation of TD was obtained by
XRD patterns (Fig. 6). Free drug presented sharp and intense peaks,
indicating its crystalline nature. In contrast, HPBCD presented a
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characteristic hollow pattern, representative of amorphous structures.
Both diffraction patterns of KN and PM correspond to the
superimposition of those of the pure components, with lower intensities
of the diffraction peaks. These profiles were observed due to particle
size reduction during grinding and dilution of the pure crystalline
components, indicating partial amorphization of the material.
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Figure 6 — Powder X-ray diffractograms of (a) HPPCD, (b) thalidomide/
HPBCD complex (Kneading), (c) thalidomide, and (d) physical mixture.

SEM photomicrographs of TD, HPBCD and the KN complex
were taken with x500 and x1500 magnification (Fig. 7). The crystalline
structure of TD is evidenced in Figure 7A, which presents characteristic
format of big pointed plates, indicating that the raw material is formed
mainly by the B polymorph [22]. This hypothesis was confirmed by
Fourier transformed infrared spectroscopy (FTIR) analysis (data not
shown). Alternatively, curved particles of various sizes with some
concavities on the surface were revealed for HPBCD, whereas aggregate
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formations occurred in the kneading process, as many small adhered
formations can be observed in complexed product (Fig. 7C, D).
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Figure 7 — Scanning electron microscopic (SEM) photomicrographs of (a)
thalidomide, (b) HPBCD and (c, d) thalidomide/ HPBCD complex (Kneading).

Dissolution studies

Dissolution profiles of capsules containing 50 mg of free TD, or
its equivalent amount in KN or PM products were assessed and the
results expressed as the percent amount dissolved versus time. Fig. 8
shows that only 25.5 + 3.2% of the free TD was dissolved after 60 min,
while the percentage of TD dissolved from the PM was 54.9 * 4.7%.
The enhancement in the drug dissolution rate from PM could be due to
the surfactant-like properties of CDs, thus improving the wettability and
dissolution of the drug, as reported previously [27]. The kneaded
product presented higher dissolution rate when compared to PM and free
TD (p < 0.001), with 77.3 £ 0.1% of TD dissolved after 60 min. This
enhancement has been attributed to the formation of stable inclusion
complexes in the solid state, improving the hydrophilicity of the
molecule and reducing its cristallinity, as indicated by DSC, XRD and
SEM studies.
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Figure 8 — Dissolution profiles of free thalidomide, thalidomide complexed with
HPBCD (Kneading) and physical mixture in 0.225M HCI + 1% sodium lauryl
sulphate at 37 °C. Results are expressed as mean = SD (n = 3).

The in vitro dissolution results obtained with the free drug in this
study were slightly different from those obtained by Kale and co-
workers [13]. This variability was attributed to the use of different TD
samples and experimental conditions. Raw materials may be composed
by different polymorphs and present unrelated dissolution profiles [22].
Furthermore, different formulations and dissolution techniques may
produce diverse results, as already described for TD [28].

In vitro permeability data

CDs are potential absorption enhancers and may alter epithelial
barrier properties [24,29,30]. Both positive and negative outcomes have
been achieved with the complexation of drugs with CDs in relation to
the in vitro permeability [31-36]. In order to evaluate if the
complexation may also affect the in vitro intestinal permeability of TD,
transport experiments were performed on Caco-2 cells.

The apparent permeability of LY was not affected by the
incubation of cells with samples, and TEER values were stable before
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and after the experiments (data not shown). These findings show that
cell monolayers were not destabilized during the permeability
evaluation.

After 120 min of incubation, the accumulated transported amount
of TD for all three samples presented a similar linear profile (Fig. 9).
Free TD presented a Py value of 5.33 = 0.78 x 10™ cm/s, which
categorizes TD as a highly permeable drug [37]. KN and PM (1:1 molar
ratio) showed P, values of 4.84 + 0.11 x 10 and 4.98 + 0.77 x 10°
cm/s, respectively (p > 0.05). Stability of TD during the experiments
was evaluated through the mass balance check. Results showed that TD
was stable in the transport buffer for 2h, with a mean recovery value of
93.6 +2.2%.

14 4 —e— Thalidomide
—O— Kneading
—¥— Physical Mixture

Transported Amount of Thalidomide
(nmols)

0 20 40 60 80 100 120
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Figure 9 — Comparative in vitro permeability of free thalidomide, thalidomide
complexed with HPBCD (Kneading) and physical mixture across Caco-2 cells
in the apical to basolateral direction. Results are expressed as mean + SD (n =
6).

These findings show that the complexation of TD with HPBCD,
or the simple presence of the CD in solution, did not influence its
permeability through intestinal epithelial cells. Previous reports
evaluating the permeability in Caco-2 cells model showed that TD has
favorable properties for biological membrane permeation, being rapidly
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transported through cells [38,39]. Furthermore, Zimmermann and co-
workers [39] also described that both enantiomers of TD are highly
transported in both absorptive and secretory directions, with a linear
passive profile. They also demonstrated that TD is not a substrate, an
inhibitor, or an inducer of P-glycoprotein efflux transporter (P-gp) in
Caco-2 cells.

Conclusion

Our results showed that the complexation of TD with HPBCD
improved the aqueous solubility and the in vitro dissolution rate of the
drug through the enhancement of its apparent solubility and reduction of
cristallinity, both resulting from the formation of stable inclusion
complexes in the solid state. It was demonstrated that TD was able to
dissociate from the complexes and permeate across intestinal epithelial
Caco-2 cells with a favorable high permeability profile equivalent to that
of the free drug. In summary, these findings suggest that the TD/HPBCD
complex obtained could improve the bioavailability of orally
administered TD through the enhancement of its solubility and
dissolution but not by the influence on the intestinal permeability of the
drug.
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CAPITULO 03

ESTUDO DA PERMEABILIDADE DO GALATO DE PENTILA:
Avaliacéo dos perfis de permeabilidade intestinal e cutanea e
correlacdo entre as diferentes metodologias empregadas

APRESENTAGAO

O Laboratério de Virologia Aplicada da UFSC vem ha varios
anos avaliando a citotoxicidade e a atividade antiviral de produtos
naturais e de compostos sintéticos. Nesse ambito, a atividade anti-
herpética de uma série de ésteres alquilicos do acido galico, também
conhecidos como galatos, foi avaliada. Em um estudo inicial, foram
estabelecidas relagdes estrutura-atividade para esse grupo de moléculas,
ndo somente no que diz respeito a acdo anti-herpética, mas também a
sua acdo antioxidante e sua genotoxicidade (SAVI et al., 2005).

Mais recentemente, nosso grupo de trabalho aprofundou os
estudos com essa série, e demonstrou 0 mecanismo de acgao antiviral do
galato de pentila. Esse composto mostrou-se mais ativo que os demais
componentes testados, atuando em maltiplos estagios da replicacéo viral
(KRATZ et al., 200843, b).

Embora o galato de pentila seja um composto com atividade
antiviral promissora, a natureza intrinseca de sua molécula pode
acarretar alguns problemas biofarmacéuticos. Tammela e colaboradores
(2004) demonstraram que os galatos de metila e propila (um e trés
carbonos na cadeia alquilica, respectivamente) foram capazes de
permear células Caco-2, ainda que de forma lenta, enquanto que o
galato de octila (oito carbonos na cadeia alquilica) possui afinidade a
membrana plasmatica muito forte, caracteristica que impede seu
transporte in vitro.

Nesse sentido, visando a realizacdo de experimentos in vivo e a
preparacdo de formas farmacéuticas contendo o galato de pentila, foi
realizado um estudo no qual foram avaliados os perfis de
permeabilidade intestinal e cutdnea desse composto, através do uso de
diferentes estratégias metodoldgicas. Os resultados obtidos foram
compilados e submetidos para publicacdo no periddico Biological and
Pharmaceutical Bulletin. Esse manuscrito encontra-se sob revisdo e é
apresentado na integra no final deste capitulo.
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REVISAO DA LITERATURA

O é&cido galico (acido 3,4,5-trihidroxibenzo6ico) é um composto
fendlico presente em diversas plantas, que pode ser obtido através de
hidrélise acida ou alcalina de taninos. Seus ésteres n-alquilicos, também
conhecidos como galatos (Figura 5), em especial o galato de propila,
octila e dodecila, sdo amplamente utilizados como antioxidantes em
alimentos e cosméticos (VAN DER HEIJDEN et al., 1986; KUBO et
al., 2002a; MUNOZ et al., 2002; HA; NIHEI; KUBO, 2004).

O

o |
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OH

Figura 5. Estrutura bésica dos galatos. No &cido galico, o radical R = H e nos
galatos, R = cadeia alquilica com nimero variavel de carbonos.

A acgdo destes compostos sobre os radicais livres ja foi bastante
estudada, e algumas destas moléculas podem agir tanto como
antioxidantes como pré-oxidantes (YOSHINO et al., 2002; HA; NIHEI;
KUBO, 2004; AZMI et al., 2006).

Além da atividade antioxidante, diversas outras atividades
bioldgicas ja foram descritas para este grupo de compostos, e ficou
evidente a influéncia do tamanho da cadeia alquilica sobre essas
propriedades (SAVI et al., 2005; ROSSO et al., 2006; LOCATELLI et
al., 2008; LEAL et al., 2009). Dentre as propriedades bioldgicas estudas
estdo: influéncia sobre enzimas hepaticas (OW; STUPANS, 2003),
sobre 5-alfa-redutases envolvidas no processamento de hormonios
(HIIPAKKA et al., 2002), e sobre a esqualeno epoxidase, enzima
relacionada com a biossintese do colesterol (ABE; SEKI; NOGUCHI,
2000); atividades antiinflamatéria (MURASE et al., 1999), vaso-
relaxante (PAULINO et al., 1999) e neuroprotetora (BASTIANETTO et
al., 2006).

Entretanto, grande parte dos esforcos na busca por atividades
farmacol6gicas para esses compostos restringe-se a avaliacdo de suas
propriedades citotdxicas e antitumorais, e antiinfecciosas (KANE et al.,
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1988; BAER-DUBOWSKA, GNOJKOWSKI, FENRYCH, 1997;
SAEKI et al, 2000; GNOJKOSWKI et al., 2001; KUBO et al., 2001,
2002b, 2003, 2004; FUJITA; KUBO, 2002a, b; FIUZA et al., 2004;
STAPLETON et al., 2004; KREANDER et al., 2005; SAVI et al., 2005;
SHIBATA et al., 2005; UOZAKI et al., 2006; VELURI et al., 2006;
HSU et al., 2007; KRATZ et al., 2008a, b; LOCATELLI et al., 2008;
LEAL etal., 2009; LOCATELLI et al., 2011).

Como citado anteriormente, um trabalho desenvolvido em nosso
laboratério relatou a atividade anti-herpética de diversos galatos (SAVI
et al., 2005). Nesse estudo, foi estabelecida uma série de relagGes
estrutura-atividade para essas moléculas, ndo somente no que diz
respeito & acgao anti-herpética, mas também a sua acdo antioxidante e
sua genotoxicidade. Mais recentemente, nosso grupo também
demonstrou (KRATZ et al., 2008a, b) o mecanismo da acdo anti-
herpética (anti-HSV-1 e anti-HSV-2) do galato de pentila. Kratz e
colaboradores (2008a), ap6s a triagem de 16 galatos, demonstraram que
a atividade antiviral do galato de pentila mostrou-se superior aos
demais, sendo que sua atividade anti-HSV-1 é exercida em multiplos
estagios da replicacdo viral, a saber: através da reducéo da infectividade
viral, inibicdo da adsorcdo e da penetragdo dos virus nas células,
diminuigdo dos niveis das proteinas virais VP5, ICP27, gB, gC, gD e gE
e interferéncia sobre a sintese da proteina gD, através do bloqueio da
expressdo do seu mRNA, e sobre a sintese de DNA viral.

Ja em relacdo a sua atividade anti-HSV-2, Kratz e colaboradores
(2008b) demonstraram que o galato de pentila também inibe a
replicagdo desse virus em diversas etapas, através da inibicdo da
adsorcdo viral e da propagacdo da infeccdo (cell-to-cell spread), da
interferéncia sobre a sintese das proteinas virais gB e gC e da sintese do
DNA viral, além de reduzir a infectividade do virus, ainda que esta
atividade seja praticamente abolida em presenca de solucGes protéicas.

Embora os galatos sejam empregados nas formulagbes de
alimentos e cosméticos ja ha algum tempo, os perfis de absorcao desses
compostos ainda ndo foram extensivamente avaliados. Em um estudo in
vitro, Tammela e colaboradores (2004) demonstraram que o grau de
hidroxilagdo, a configuracdo molecular e o tamanho da cadeia lateral de
flavondides e galatos tem um impacto importante na sua afinidade por
membranas lipidicas e permeabilidade em células Caco-2. Dos trés
galatos avaliados, apenas os galatos de metila e propila (um e trés
carbonos na cadeia alquilica, respectivamente) foram capazes de
permear células Caco-2, ainda que de forma lenta, enquanto que o
galato de octila (oito carbonos na cadeia alquilica) acumulava
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extensivamente no interior das células, o que impediu seu transporte
através da monocamada celular e consequente deteccdo no
compartimento receptor.

J4 em relagdo & interacdo dos galatos com transportadores de
membrana, Kitagawa e colaboradores (2005), através de um modelo de
células KB-C2 que superexpressam a P-gp, verificaram um aumento no
acumulo dos substratos rodamina 123 e danorubicina em presenca dos
galatos de octila e dodecila através da inibicao da P-gp, enquanto que o
acido galico e o galato de butila ndo apresentavam esse efeito. Nesse
estudo foi possivel demonstrar que tanto o grupamento galoil (éster do
acido galico), quanto uma cadeia lateral longa eram essenciais para a
inibicdo do efluxo mediado pela P-gp.

Estudos com compostos relacionados estruturalmente aos galatos,
em especial os flavonoides pertencentes a classe das catequinas
(principalmente a epicatequina, epigalocatequina, e seus respectivos
galatos) sdo mais abundantes. Esse grupo de moléculas presente no cha-
verde tem recebido atencéo devido as suas propriedades farmacoldgicas,
que incluem efeitos cardio- e neuroprotetores e antineoplasicos.
Entretanto, seu potencial terapéutico ainda é limitado devido a sua baixa
disponibilidade oral, atribuida a instabilidade quimica, a baixa
permeabilidade intestinal e ao possivel efluxo por transportadores de
membrana (VAIDYANATHAN, WALLE, 2001, 2003; ZHANG et al.,
2004; DUBE, NICOLAZZO, LARSON, 2010).

Em relacdo a absorcdo cutdnea, pouco se sabe acerca da
permeacdo dos galatos. Em relacdo as catequinas relacionadas citadas
acima, alguns estudos mostraram boas caracteristicas de penetracdo e
retencdo cutdnea para esses compostos, em especial aqueles que
possuam o grupamento galoil na molécula, como o galato de
epigalocatequina. Esse grupo de compostos foi capaz de permear em
quantidades significativas nas camadas da pele, embora atingissem
concentragBes negligiveis sistemicamente, o que corrobora 0 Sseu
potencial de aplicacdo local (DVORAKOVA et al, 1999;
BATCHELDER et al., 2004; FANG et al., 2006; BELO et al., 2009).

Tendo em vista a falta de estudos acerca do perfil de
permeabilidade do galato de pentila, e a existéncia de dados na literatura
acerca de compostos relacionados, fica claro que a avaliacdo da
permeabilidade intestinal e cutdnea do galato de pentila é importante,
ndo apenas para estabelecer o seu perfil de permeabilidade, mas também
a fim de obter informac6es que permitirdo uma analise mais consistente
da possibilidade de se realizar estudos adicionais in vivo com esse
composto. As propriedades fisico-quimicas de sua molécula podem
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acarretar problemas biofarmacéuticos nesses estudos, tais como a baixa
solubilidade aquosa e acimulo inespecifico em tecidos (cadeia alquilica
de cinco carbonos), e suscetibilidade & oxidacdo (presenca de trés
hidroxilas livres).

O ensaio PAMPA é um modelo empregado na triagem de
moléculas em larga escala, desenvolvido para avaliar a permeabilidade
nos estagios iniciais da pesquisa e desenvolvimento de farmacos.
(KANSY; SENNER; GUBERNATOR, 1998; AVDEEF, 2005;).
Fundamentalmente, esse ensaio consiste em dois compartimentos
(doador e aceptor) contendo tamples aquosos separados por uma
membrana artificial disposta sobre um filtro poroso (AVDEEF, 2001,
2005). Devido & sua relativa versatilidade, essa técnica ganhou
popularidade rapidamente nas indlstrias farmacéuticas, e, desde entdo,
surgiram diversas variagdes metodolégicas (FALLER, 2008). Tais
variagdes diferem entre si pela natureza da constituicdo quimica do
filtro, da composi¢do da membrana artificial, do pH nos compartimentos
aceptores e doadores e do tempo de incubagdo (AVDEEF et al., 2007).

O ensaio PAMPA apresenta uma caracteristica extremamente
vantajosa, que é o seu alto rendimento (avaliagdo concomitante de
grande nimero de moléculas), usando placas de 96 cavidades, aliado a
possibilidade de quantificacdo por espectrofotometria no ultravioleta. O
custo de cada ensaio é aproximadamente 5% do valor dos experimentos
com células Caco-2. Entretanto, esse modelo avalia apenas a
permeabilidade passiva, que € o mecanismo predominante do transporte
de farmacos administrados por via oral. Adicionalmente, esse ensaio
envolve procedimentos menos laboriosos do que nos experimentos com
cultura de células e estudos in vivo, embora apresente um poder
preditivo semelhante aos mesmos (AVDEEF, 2001, 2005; KERNS, DI,
2008). Porém, ha algumas limitacGes relativas a predi¢do da absorcdo
em humanos, como por exemplo, a variacdo da composicdo das
bicamadas lipidicas usadas nas diferentes variagfes deste modelo, que
pode provocar alteracdes nos coeficientes de permeabilidade, tanto de
farmacos transportados ativamente, quanto de pequenas moléculas
hidrofobicas transportadas passivamente através da via paracelular
(MIRET et al., 2004; BALIMANE, HAN, CHONG, 2006; AVDEEF et
al., 2007; KERNS, DI, 2008).

A tilizacdo da pele como via de administracdo de farmacos é
atrativa ndo apenas pelo seu efeito cutdneo (tratamento local), mas
também pela possibilidade de obtencdo de efeito sistémico (terapias
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transdérmicas)(PRAUSNITZ et al., 2004). Além disso, a rota de
administracdo transdérmica tem como vantagens a limitada atividade
metabodlica, quando comparada a via oral que é susceptivel ao
metabolismo hepatico de primeira passagem, bem como a possibilidade
de se alcangar um perfil continuo de liberagdo. A barreira de permeagédo
exercida pelas diferentes camadas da pele representa a principal
limitacdo dessa rota de administragdo (BOUWSTRA et al., 2003).

Geralmente, em prepara¢Bes cutdneas, ndo é desejavel que o
farmaco alcance a circulagdo sistémica, mas que se concentre nas
camadas superficiais, promovendo um efeito local (por exemplo,
antibidticos, antifungicos, antivirais, corticosterdides, agentes
antiinflamatérios, entre outros)(BARRY, 2002).

O processo de permeacdo cutdnea envolve diferentes etapas que
incluem, primeiramente, a liberacdo do farmaco da forma farmacéutica,
seguida da sua penetracdo através das barreiras da pele, e, por fim, a
ativacdo da resposta farmacologica. Todas essas etapas devem ser
otimizadas para garantir a eficacia terapéutica. Adicionalmente, devem-
se considerar aspectos relativos a natureza fisico-quimica do farmaco, o
tipo de veiculo utilizado, as condigdes da pele, as interagGes
pele/farmaco e pele/forma farmacéutica, entre outros (ANSEL,
POPOVICH, ALLEN, 2000).

O desenvolvimento de formulagBes dermatoldgicas exige
estimativas prévias da taxa e extensdo de penetracdo dos farmacos
através da pele. Modelos in vivo e ex vivo podem ser utilizados com esse
propésito (MUHAMMAD, RIVIERE, 2006). Dentre os métodos
animais, a pele de porco tem sido amplamente utilizada em fungéo da
sua similaridade estrutural e funcional com a pele humana, aliada a
praticidade de obtencdo desse material em abatedouros. Caracteristicas
comuns entre os dois tipos de pele incluem a distribuicdo esparsa de
pélos, pigmentacdo e vascularizacdo, bem como a composicéo lipidica e
propriedades biofisicas do estrato cérneo (MUHAMMAD, RIVIERE,
2006). Diversos estudos tém mostrado a correlacdo entre os perfis de
permeacdo entre as peles suina e humana (CHANG et al.,, 1994;
SCHMOOK et al., 2001; HERKENNE et al., 2006).

Dessa forma, a utilizacdo das camaras de difusdo, em especial a
camara da Franz, também conhecido como modelo estatico, representa
uma opcdo de ampla aplicabilidade para estudos de permeabilidade ex
vivo. O tecido é colocado entre dois compartimentos preenchidos por
tampdes aquosos, sendo que o epitélio da pele encontra-se voltado para
0 compartimento doador, enquanto que a derme para O receptor
(FRANTZ, 1990).
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Abstract

Pentyl gallate (PG) is a synthetic n-alkyl ester of gallic acid with
significant anti-herpetic activity. The goal was to clarify the oral
absorption and topical permeation of the compound, providing useful
information for the design of pharmaceutical formulations and in vivo
antiviral experiments. We evaluated the intestinal and cutaneous
permeability profiles of PG through PAMPA, Caco-2 cells and pig ear
skin permeation assays. Regarding the assessment of intestinal
permeability, we have shown that PG has a high passive diffusion in
different pH values, covering the physiological range. Data obtained in
both PAMPA and Caco-2 models show that the oral absorption of PG
will not be limited by permeability issues. On the other hand, in relation
to the topical administration, we have shown that PG is not transported
through the skin, and accumulates mainly in the epidermis. A
correlation between PAMPA and pig ear skin model was not established
in our study. The results obtained here show that both intestinal and
cutaneous permeability profiles of PG are adequate for an anti-herpetic
candidate, and provide important basis for future studies aiming the
design of pharmaceutical formulations with PG.

Keywords: Pentyl gallate; Permeability; Caco-2; PAMPA; Pig ear skin.
Introduction
The synthetic n-alkyl esters of gallic acid, also called gallates, are

frequently used as antioxidants by food and pharmaceutical industries
[1]. These phytochemical derivatives present several additional
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biological activities, mainly antibacterial [2], antifungal [3], antiviral [4-
6] and anticancer [7] properties. Although this group of phenolic
compounds has remarkable pharmacological potential, the quest for new
chemical entities that will prove to be clinically useful drugs is
challenging. The pharmaceutical industry experience has shown that the
optimization of biopharmaceutical properties in parallel with the
potency of drug candidates is the best way to produce drug-like
molecules [8,9].

Ideal drug candidates should have adequate aqueous solubility,
permeability and stability in order to distribute well and achieve
effective concentrations in the tissue where the corresponding target is
actually located [10-12]. Permeability is considered one of the most
important features regarding the absorption of drugs. Mechanisms of
permeation through biological barriers comprise passive diffusion
(transcellular and paracellular), active uptake and efflux transports [13].
Among several techniques available for the permeability assessment, the
Caco-2 cell line and the parallel artificial membrane permeability assay
(PAMPA) are the most popular models [9].

Caco-2 cells are able to fully polarize into differentiated
monolayers with well-established tight junctions and brush border
membrane, as well as to express several membrane transporters and
metabolizing enzymes, allowing the measurement of functional
permeability (both passive diffusion and active transport) [14]. PAMPA
is a filter-based assay that measures exclusively passive diffusion, with
an artificial organic membrane that separates two compartments filled
with aqueous buffer solutions [15]. Different adaptations of this assay
have been developed in order to mimic specific tissues, such as the
gastrointestinal tract [15] and skin [16]. These models employed
synergistically can provide an efficient and rapid investigation of
permeability mechanisms [17].

The absorption and bioavailability of polyphenolic compounds
have been studied in different models [18-22]. In general, the molecular
structure, degree of hydroxylation and interaction with biological
membranes (accumulation and efflux) seem to play an important role in
the permeability profiles [20,21]. In this view, the objective of this study
was to perform in vitro and ex vivo assessments of intestinal and
cutaneous permeability of pentyl gallate (PG — Fig. 1), a compound with
anti-herpes activity [4,5]. PAMPA, Caco-2 cells and pig ear skin
permeation assays were performed. These models could provide useful
information regarding the absorption/permeation of PG, which could be
further used for the design of pharmaceutical formulations and in vivo
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experiments, looking for correlations between its antiviral activity and
permeability profile.

HO /\/\/
0

HO

OH

Figure 1 — Pentyl gallate (PG) structure.
Materials and Methods
Materials

PG was synthesized as previously described [23], dissolved in
DMSO (50mM) and stored at -20°C protected from light. Dulbecco’s
modified Eagle’s medium with high glucose (DMEM), fetal bovine
serum (FBS), nonessential amino acids, and antibiotics/antimycotic
were all purchased from Gibco (Carlsbad, CA, USA). Hank’s balanced
salt solution (HBSS), sodium 4-(2-hydroxyethyl)-1-
piperazineethanesulfonate (HEPES), methanesulfonic acid (MES),
DMSO, Lucifer yellow (LY), n-dodecane and silicone oil DC 200 were
all purchased from Sigma Chemical Co. (St. Louis, MO, USA). Soy
lecithin was purchased from Avanti Polar Lipids Inc. (Alabaster, AL,
USA). Isopropyl myristate was purchased from Alfa Aesar (Karlsruhe,
Baden-Wurttemberg, Germany). Hexane was purchased from Acros
Organics (Geel, Vlaams Gewest, Belgium). Methanol was purchased
from Tedia Co. (Fairfield, OH, USA). All other reagents and solvents
used in this study were of the highest purity commercially available.
Ultrapure water from a Milli-Q system apparatus (Millipore Corp. —
Billerica, MA, USA) was used throughout the study.

Parallel Artificial Membrane Permeability Assay (PAMPA) studies

PAMPA studies were carried out to predict the oral and topical
absorption of PG. Experiments were designed to mimic the intestinal
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epithelium [15] and the human skin [16,24] as previously described. In
both approaches, 96-well PVDF filter plates (Multiscreen, Millipore)
and 96-well plates (MSSACEPTOR, Millipore) were used as donor and
acceptor plates, respectively.

PAMPA Intestine model

In this model, each filter was coated with 5 pL of a 20% soy
lecithin solution in n-dodecane (w/v). Donor solutions (150 pL) were
prepared by dilution of PG stock solution in phosphate buffer (PBS)
containing 0.5% DMSO to a final concentration of 500 uM. Different
pH values (5.0, 6.2 and 7.4) were employed to mimic the different pH
conditions of the gastrointestinal tract. All acceptor wells were filled
with 300 uL of PBS/0.5% DMSO buffer at pH 7.4. The acceptor plate
was placed on top of the donor plate to create a “sandwich” in which
two compartments were separated by the coated filter. The sandwich
was incubated for 1 h at room temperature under constant stirring
(300rpm).

PAMPA Skin model

The lipid component of the membrane used for this model
consisted of a mixture of silicone oil and isopropyl myristate (70:30,
v/v). This mixture was further diluted in hexane (35%, v/v) and each
filter was coated with 17 pL of this solution. Filter plates were incubated
for 20 min at room temperature prior to the permeability assay to
completely evaporate the solvent. Donor solution (150 pL) was prepared
by dilution of PG stock solution in PBS/0.5% DMSO (pH 5.0) to a final
concentration of 500 uM. Acceptor solution (300 pL) was PBS/0.5%
DMSO buffer at pH 7.4. Sandwiches were assembled and incubated for
7 h at room temperature under gentle stirring (150 rpm).

For both methods, after incubation the contents of donor and
acceptor plates were transferred to a 96-well UV quartz plate
(SPECTRAplate, Molecular Devices, Sunnyvale, CA, USA) and PG
determined as described in section 2.5. The effective permeability
coefficients (Pe, cm/s) and mass retentions (R, %) were calculated as
previously described [25], according to Equations 1-3:

P. — —In[1—Ca(t)/ Cequitibrim ]
A(1No+1Natt

o)
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where A is the effective filter area (0,3 cm?), Vp is the donor volume
(0.15 mL), V4 is the acceptor volume (0.3 mL), t is the incubation time
(s), Ca(t) is the compound concentration in acceptor well at time t, Cp(t)
is the compound concentration in donor well at time t and Cq is the
initial compound concentration in the donor well.

Caco-2 permeability studies
Cell culture

Caco-2 cells (HTB-37 — American Type Culture Collection,
Manassas, VA, USA) were maintained in a humidified 5% CO, air
atmosphere at 37 °C and were cultured in DMEM with 20% FBS, 1%
non essential amino acids, 100 U/mL penicillin, 100 pg/mL
streptomycin and 25 pg/mL amphotericin B, until cells reached 80 —
90% of confluence. For transport experiments, 1.0 x 10° cells between
passages 28 and 30 were harvested and seeded into Millicell
polycarbonate inserts (0.6 cm? 0.4 pum pore size — Millipore) and
allowed to grow and differentiate for 21-25 days prior to the
experiments.

Transport experiments

The determination of the in vitro intestinal permeability was
carried out by transport experiments with Caco-2 cell monolayers,
according to previous recommendations [26].

Stock solution of PG was diluted to a final concentration of 50
M in HBSS at pH 6.0 (10 mM MES) or pH 7.4 (10 mM HEPES),
which were used as transport buffers in the apical (400 pL) and
basolateral (500 pL) compartments. Bi-directional experiments (AB and
BA) were run for 1 h at 37 °C, in an orbital shaker (100 rpm). At
suitable time intervals, 100 pL aliquots were sampled from the receiver
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compartment and replenished with an equal volume of fresh buffer. At
the end of the experiment, aliquots were collected from donor
compartments in order to perform the mass balance calculation. Samples
were analyzed by HPLC. Transport experiments were conducted under
sink conditions and the apparent permeability coefficients (Papp, CmM/s)
were calculated from Equation 4:

(4)

where AQ/At is the steady-state flux (mol/s), A is the surface area of the
filter (cm2) and C is the initial concentration in the donor compartment
(mol/mL).

Transepithelial electrical resistance (TEER) and permeability to
Lucifer yellow (LY — paracellular marker) were used as indicators of the
monolayer integrity. TEER was assessed before and after the
experiments at 37 °C using a Millicell ERS meter (Millipore) connected
to a WPI Endohm tissue resistance measurement chamber (Sarasota, FL,
USA). The permeability of LY (100 pg/mL) was determined for 1h at
37 °C in the AB direction after the experiments. Only monolayers with
TEER values over 200 Qcm? and LY permeability < 2.0 x 107 cm/s
were used.

Ex vivo skin permeation studies

Skin permeation experiments were conducted as previously
described [27]. Full thickness pig ear skin (1.00 = 0.05 mm) was
obtained from young animals sacrificed at a local slaughterhouse
(Antonio Carlos, SC, Brazil). Skin was initially cleaned up with tap
water, hairs and subcutaneous fat tissue were removed, and the obtained
membranes were stored at -80°C for up to two months. After thawing at
room temperature, the skin was mounted in a two-chamber glass Franz
diffusion cells with the stratum corneum towards the donor chambers
(diffusion area of 1.77 cm?). Receiver chambers were filled with 10 mL
of PBS (pH 7.4) and kept under continuously stirring at 900 rpm. The
system was stabilized at 37°C by circulating heated water through an
external water jacket for 30 min.

Different PG concentrations (50, 250 and 500 uM) in PBS (pH
7.4) were added to the donor chamber and the diffusion cells were
covered with aluminum foil to prevent evaporation. At fixed time
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intervals (total time = 7 h), samples (400 pL) were withdrawn from the
receiver chambers and replenished with an equal volume of fresh buffer.
At the end of the permeation experiment, aliquots were also collected
from donor compartments in order to perform the mass balance
calculation.

Additionally, skins were carefully washed with PBS to remove
residual donor solution, and epidermis was separated from dermis by
using a scalpel and placed in separate pre-weighed tubes. PG was
extracted from the tissues by vortexing with 5 mL of methanol and
filtration through cellulose membranes (0.45 pm; Millipore). The
extraction method was validated in blank experiments by spiking the
skin with a known amount of PG (98% recovery). The permeated and
retained amounts of PG were determined by HPLC.

Regarding the permeation parameters, the steady-state permeation
fluxes (Js) were calculated from the linear slope of the cumulative
amount of PG permeated vs. time. The lag time (T.) represented the
time required to achieve the steady-state flux, and the permeability
coefficient (P) was the relation between the flux and the initial
concentration of PG added to the donor compartment (Cg), as described
in Equation 5:

Js
Cu

P=

®)

Analytical methods

PAMPA samples were analyzed by UV spectrophotometry using
a Tecan Infinite M200 microplate reader (Seestrasse, Lenzerheiden,
Switzerland). The analytical wavelength was set at 270 nm. LY
fluorescent samples were analyzed using the same equipment. The
fluorescent absorbance was measured using wavelengths of 485 nm
excitation and 520 nm emission.

For the Caco-2 and ex vivo skin permeation studies, an HPLC
method was developed based on a previous published method [20].
Quantitative determinations of PG were performed on a Perkin Elmer
Series 200 chromatographer (Waltham, MA, USA) consisted of
quaternary pump, vacuum degasser, autosampler, and diode-array
detector. Elution was carried out using a 150 mm x 4.6 mm C18 column
(Phenomenex, Torrance, CA, USA). Mobile phase consisted of
methanol and water/phosphoric acid (100:0.1) in the ratio of 70:30 (v/v)
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under an isocratic flow rate of 1.2 mL/min. The analytical wavelength
was set at 273 nm.

Statistical analysis

Results were expressed as the mean £ SD of three independent
experiments unless otherwise stated. Statistical analyses were performed
by one-way ANOVA followed by SNK post hoc test (p < 0.05).

Results
Oral absorption prediction

We evaluated the diffusion of PG across 20% soy lecithin
membranes in the PAMPA intestine variation. Results are summarized
in Table 1. PG showed a pH-independent high permeability profile, with
P, values ranging from 8.22 x 10 t0 6.75 x 10 cm/s (p > 0.05). At pH
7.4, PG permeability was intermediary when compared to high and low
permeability controls. Carbamazepine was highly permeable (22.29 +
1.25 x 10”° cmis), while furosemide was 56-times less permeable (0.12 +
0.01 x 10° cm/s) than PG. High retention was detected for PG,
indicating elevated accumulation of the compound in the lipid
monolayer.

Table 1. Effective permeability coefficients (P) of pentyl gallate (PG)
obtained by parallel artificial membrane permeability assays (PAMPA).

Pe (10®)(cm/s) Mass retention (%)
PAMPA

Assay pH5.0 pH 6.2 pH 7.4 pH 5.0 pH 6.2 pH74

Intestine 8.22+0.29 7.76+0.72 6.75+0.64 79.4+82 78.6 £ 8.6 79.3+13.7

Skin 4.43+0.57 nd.? nd. 15+0.3 nd. n.d.

Lipid monolayers were prepared with a 20% soy lecithin solution in n-dodecane
(w/v) and a mixture of silicone oil and isopropyl myristate (70:30, v/v) in
hexane (35%, v/v) for the intestine and skin models, respectively. PG at 500 uM
was incubated for 1 h or 7 h at 37 °C in the intestine and skin version,
respectively. Permeability coefficients were calculated from equations 1-3 and
the results are means £ SD of three independent experiments. ANOVA/SNK
tests (p < 0.05). * Not determined.



78

Accordingly, PG transport across Caco-2 cell monolayers was
assessed in a pH gradient approach (6.0/7.4) in order to mimic in vivo
conditions. When PG at 50 uM was added to the donor compartment, it
could be detected in the receiver compartment in significant amounts
after only a few minutes. Figure 2 shows the cumulative amount
permeated (nmol/cm2) in the AB and BA directions.

Transport of PG was essentially linear for a period of 1h, even
though an initial transport burst could be noticed. Comparable Py,
values were obtained in the absorptive (Pap AB — 2.09 + 0.02 x 10°
cm/s) and secretory directions (Papp BA — 1.54 + 0.07 x 10° cm/s) (p >
0.05). The efflux ratio (Papp a/Papp as) Of 0.73 is indicative of a passive
diffusion mechanism. Similar to the PAMPA assay, PG had low mass
balance values, with an average recovery of 57.9 + 1.5 and 59.6 + 1.9%
in the experiments in the AB and BA directions, respectively.
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Figure 2 — Cumulative amount transported of pentyl gallate (PG) across Caco-2
cells in the apical to basolateral (AB) or basolateral to apical (BA) direction.
Cell monolayers were incubated with 50 uM of PG for 1 h at 37°C and samples
were collected from the opposite compartments at suitable times. In all
experiments, the apical and basolateral media were HBSS pH 6.0 and pH 7.4,
respectively. Data are means + SD of six independent monolayers.
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Topical absorption prediction

PAMPA Skin is able to mimic the barrier properties of human
stratum corneum and can be used for the fast prediction of human skin
permeability [16,24]. Table 1 shows that PG presented a high
permeability coefficient across this membrane and low retention
percentages. Controversially, the amount of PG permeated through the
dermis and epidermis was lower than the quantification limit (1 puM)
established during the validation of the HPLC method in the ex vivo
experiments. Even with higher donor concentrations, it was not possible
to detect PG in the receiver compartment after 7 h. Permeation
parameters such as flux, lag time and the permeability coefficient were
therefore not calculated. An average mass balance of 70.2 + 7.4 % was
obtained in this assay.

Figure 3 shows the accumulation of PG in the epidermis and
dermis. At 50 UM, the amounts accumulated in both tissues were similar
(p > 0.05). With higher donor concentrations, the amounts accumulated
in the epidermis increased, ranging from 3.30 + 0.64 to 24.21 + 3.42
Hg/g. On the other hand, this behavior was not observed in the dermis,
where the accumulation remained constant with different donor
concentrations (p > 0.05).
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Figure 3 — Retained amount of pentyl gallate (PG) per gram of tissue after 7 h in
the pig ear skin permeation assay. Epidermis was separated from dermis with a
scalpel and PG was extracted from the tissues with methanol. Data are means +
SD of three independent experiments. ANOVA/SNK tests (p < 0.05) were
performed and different letters indicate significant statistical differences among
treatments.
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Discussion

There is an urgent need to develop new anti-infective drugs in the
face of a constant threat of resistance development, which can
eventually lead to therapeutic failure [28,29]. The antiviral activity of
PG has been recently characterized by our research group [4,5] and the
results suggested that this compound could be regarded as a candidate
for development as an anti-herpetic agent. For this reason, we evaluated
the intestinal and cutaneous permeability profiles of PG, the most
common administration routes of anti-herpetic drugs.

PG was first screened using PAMPA to assess passive
transcellular permeability potential. This assay is relatively fast and
inexpensive, and since the great majority of drugs are absorbed by
passive diffusion, this model correlates well with human absorption
[9,17]. Different pH values were employed in this initial screening.
Fluctuations on the intestinal pH may impact on the oral absorption. The
passive membrane permeability of uncharged species is much higher
than that of the charged ones [30]. Table 1 shows that PG had similar
high permeability coefficients at all pH values tested, indicating no
influence of ionization on the physiologic pH range.

Further on, the permeability of PG across Caco-2 cells was
investigated. This cell line is the most widely and successfully used
permeation model in the drug discovery and early drug development
[11]. The combination of PAMPA and Caco-2 cells can provide a
mechanistic insight over the membrane permeability. This combo
approach turned out to be important even in the correlation between the
permeability and the activity of antiviral drug candidates [31].

The Py, values obtained for PG were much higher than the cut-
off coefficient reported as indispensable for a complete intestinal
absorption in humans (> 1.0 x 10™ cm/s) [14,32]. This finding suggest
that permeability may not impose a major obstacle in the oral
bioavailability of PG. Additionally, the values obtained in PAMPA
correlated well with the Caco-2 assay, fact that suppose a passive
transcellular pathway. To check this assumption, Caco-2 bi-directional
transport experiments were conducted. Figure 2 shows that similar
profiles were obtained in the absorptive (AB) and secretory (BA)
directions, supporting the passive diffusion. Different donor
concentrations were used to discard transporters saturation, with no
significant effect on the permeability coefficients (data not shown).

Lipophilic compounds are frequently problematic in permeability
studies due to their non-specific adsorption to plastic surfaces and
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membrane accumulation. This behavior may lead to inaccurate
estimation of permeability and underestimation of human absorption
[15,26]. The low mass balance values obtained in the Caco-2 assay and
the high percentages of retention in the PAMPA clearly illustrate this
issue. The biomembrane interactions of some alkyl esters have been
previously studied. Tammela and co-workers [20] showed that the
transport of methyl, propyl and octyl gallate across Caco-2 cells was
governed by the length of the alkyl moiety. Gallates with shorter n-alkyl
chains were detected in the receiver chamber, although these compounds
permeated slower than PG in our study. Meanwhile, octyl gallate
showed cellular uptake but no transport. This compound was extremely
rapidly and almost totally (96%) reduced from the apical solution within
60 min. These findings support that the low mass balances of PG in our
study could possibly be attributed to cellular accumulation, even though
this hypothesis needs to be confirmed.

The topical delivery of drugs offer many advantages, including
higher metabolic stability through avoidance of first-pass metabolism,
lower fluctuations in plasma drug levels and higher safety by restricted
local effect [33]. In the case of antiviral agents, the concentration in the
skin lesion of a herpetic infection is expected to be higher than the one
achieved by oral administration. In this view, one of the goals of this
study was to evaluate the skin permeation of PG. The results obtained in
the ex vivo experiments showed low permeation of PG through the skin
layers, and a substantial accumulation in the epidermis and dermis (Fig.
3).

PG accumulated preferably in the epidermis. The amounts of PG
found in the epidermis increased when higher donor concentrations were
used. Although, in relation to the three different initial amounts of PG
added to the system, the percentages retained in the epidermis were
constant, around 8%. In the dermis, the accumulation was constant, with
a mean value of 3.74 + 1.36 pg/g, indicating a slow release rate from the
epidermis, which supposes that the epidermis layer acts as a reservoir
for this compound, preventing its access to deeper layers of skin and
consequently to the blood stream. The greater retention in the epidermis,
when compared to the dermis, could be associated to the high
lipophilicity of this compound (Clog P = 2.84 — ChemAxon Kft.). This
outcome is promising, since anti-infective topical agents are expected to
remain confined in the skin and not to reach systemic circulation.

Controversially, the results obtained in the PAMPA assay
indicated good skin permeation potential (Table 1). This PAMPA
variation was developed by Ottaviani and co-workers [16] to rapidly
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predict passive human skin permeation. For a determined set of thirty-
one drugs, this model provided a good correlation between human skin
permeability coefficients (log Kp) and those obtained by PAMPA Skin
(log Pe).

In our study with PG this relationship could not be established.
The discrepancy could be attributed to the membrane configuration in
PAMPA. It has a lower thickness, only mimicking the behavior of the
stratum corneum. The pig ear skin in contrast, possesses both viable
epidermis and dermis as further barriers. In another diverse issue, higher
mass balance was found for PAMPA when compared to the ex vivo
model. The lower mass balance found in ex vivo experiments could be
associated to the metabolism of the compound by enzymes of skin
viable layers, particularly esterases [34].

In summary, PG presented adequate permeability profiles for
both oral and topical administration. In the gastrointestinal tract, we
have shown that the absorption of PG will not be limited to any larger
extent by the intestinal permeability. PAMPA and Caco-2 cells models
correlated well, showing a high permeability profile via passive
diffusion pathway. It is noteworthy that other biopharmaceutical
properties, for instance metabolic instability and protein binding, might
impact in the oral bioavailability of PG, and require further
investigations. In relation to the cutaneous permeability, even though a
correlation between PAMPA and the pig ear skin model was not
established, the ex vivo model provided good insights over the skin
permeation of PG. The compound seems to accumulate in the skin
layers, particularly in the epidermis, restricting its transport to blood
circulation. This feature is valuable when a local delivery is necessary,
like in the topical therapy of epithelial herpetic infections. These
findings provide important information for the design of formulations,
and corroborate that PG can be further considered as a topical and oral
anti-herpetic candidate.
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DISCUSSAO GERAL

O presente trabalho teve dois objetivos principais. O primeiro
objetivo foi a implementacdo e validacdo do modelo de permeabilidade
in vitro com células Caco-2 no Laboratério de Virologia Aplicada da
UFSC. Esse modelo celular é um dos mais representativos no que se
refere a predigdo da absorcdo de farmacos pela via oral, e nosso grupo
de pesquisa é um dos pioneiros na implementacdo desse modelo no
Brasil. A segunda etapa do projeto foi realizada apds a conclusdo do
primeiro objetivo, uma vez que o plano de trabalho obedeceu a um
planejamento linear. O segundo objetivo consistiu na aplicacdo desse
modelo, j& validado, na avaliagdo dos perfis de permeabilidade in vitro
de duas amostras de interesse: um complexo do farmaco talidomida com
ciclodextrina, desenvolvido e caracterizado durante este trabalho; e o
galato de pentila, um composto com promissora atividade anti-herpética.

Portanto, inicialmente células Caco-2 foram adquiridas junto ao
banco de células norte-americano ATCC (American Type Culture
Collection), a cultura foi estabelecida e incorporada ao banco de células
do nosso laboratério. A auséncia de contaminantes (bactérias, fungos,
leveduras e micoplasma) foi assegurada periodicamente, durante todo o
periodo de realizacdo deste trabalho, a fim de garantir a qualidade
necesséaria.

Através de uma busca na literatura, e seguindo-se as
recomendacbes de Hubatsch e colaboradores (2007), as condigfes de
cultivo celular foram otimizadas e as células semeadas em insertos de
policarbonato (Millicell®) para a realizacdo dos experimentos de
transporte. As técnicas de cultivo celular foram muito bem definidas e
rigidamente controladas, a fim de garantir a reprodutibilidade dos dados
de permeabilidade obtidos nos experimentos.

A fim de mimetizar as condi¢es in vivo, foram considerados
requisitos de conformidade a formacdo de uma monocamada de células
vidveis, com valores de TEER adequados, na qual a formacdo de uma
rede de juncdes oclusivas estavel precisa ser confirmada (ARTURSSON
et al.,, 2001; HUBATSCH et al., 2007). Para tal, a morfologia e a
adequacdo da monocamada de células formada nos insertos, sob as
condic¢des padronizadas de cultivo, foram avaliadas através de diferentes
técnicas.

Os valores médios obtidos de TEER, ao longo de todo o tempo de
cultivo, estdo apresentados na Figura 6.
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Figura 6. Avaliacdo da Resisténcia Elétrica Transepitelial (TEER) de células
Caco-2 cultivadas sobre insertos de policarbonato ao longo de 22 dias.

Valores detectaveis de TEER foram obtidos a partir do quarto dia
de cultivo (em torno de 100 Qcm?). Os valores continuaram a aumentar,
indicando a formacdo de uma monocamada cada vez mais confluente e
justaposta, atingindo um valor estavel a partir do décimo segundo dia de
cultivo. Os valores médios obtidos durante a realizacdo deste trabalho
foram de 297 + 21 Qcm? A fim de se definir valores-limite para a
realizagdo dos experimentos, o valor de 200 Qcm?® foi estabelecido
como o minimo adequado, portanto, apenas insertos que apresentaram
este valor (antes e ap6s 0s experimentos de transporte) foram utilizados
ou considerados durante o calculo dos coeficientes de permeabilidade.

Adicionalmente, também foi realizada a otimizacdo da densidade
celular a ser semeada nos insertos. Tendo em vista as variacBes
interlaboratoriais amplamente discutidas na literatura relacionada (para
uma discussdo mais ampla sobre a variabilidade do modelo Caco-2 veja
VOLPE, 2008), e a fim de evitar um nimero excessivo de células que
poderia levar a formacéo de multicamadas celulares, foram testadas trés
densidades celulares (0,8 x 10% 1,7 x 10° e 3,0 x 10° células/cm?).
Hubatsch e colaboradores (2007) recomendam um valor de
aproximadamente 2,5 x 10° células/cm®. Os melhores resultados foram



89

obtidos com a densidade de 1.7 x 10° células/cm?, refletidos por valores
de TEER estaveis. Além disso, imagens obtidas por microscopia de
fluorescéncia, utilizando anticorpos primarios para a proteina ZO-1 das
juncBes oclusivas e iodeto de propideo como coloragdo nuclear,
possibilitaram a visualizacdo direta da monocamada (Figura 7) e da rede
de jungbes oclusivas formada, assegurando assim a obtencdo da
morfologia adequada.

Figura 7. Microscopia de Fluorescéncia de uma monocamada de células Caco-2
sobre insertos de policarbonato cultivados sob as condicdes estabelecidas neste
trabalho. Em verde, a proteina das jungbes oclusivas ZO-1 localizada
preferencialmente nas bordas celulares, enquanto os nucleos sdo representados
em vermelho. Aumento 40X.

A justaposicdo das células da monocamada também foi avaliada
através da determinacdo da permeabilidade do Lucifer yellow. Esse
composto fluorescente possui valores de coeficiente de permeabilidade
muito baixos, uma vez que permeia somente através da via paracelular
(PRESS; DI GRANDI, 2008), podendo ser utilizado como um marcador
da integridade da monocamada celular. Os resultados obtidos em
experimentos de transporte com esse composto (100 pg/mL — 60 min)
em monocamadas diferenciadas (21-25 dias) demonstraram a adequacao
das condicdes de cultivo, uma vez que os valores de P,p, obtidos foram
< 0.2 x 10 cm/s, indicando um perfil de baixa permeabilidade. Dessa
forma, a avaliacdo do transporte do Lucifer Yellow apds todos os
experimentos de permeabilidade foi utilizada, em conjunto com a
avaliacdo da TEER, como forma de controle de qualidade da
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monocamada celular existente nos insertos. Assim sendo, pdde-se
garantir que as amostras ndo eram citotoxicas ou haviam perturbado a
justaposicao das células, e que o préprio pesquisador ndo tinha alterado
tal morfologia durante a amostragem, comprometendo assim a
fidedignidade dos resultados. Cabe ressaltar que a principal vantagem do
emprego do Lucifer yellow ¢ a ndo utilizacio de compostos
radiomarcados, como o [**C]-manitol, que é também amplamente
utilizado em ensaios com Caco-2.

Apds a confirmacéo de que as condigdes de cultivo estabelecidas
propiciavam a formacdo de uma monocamada celular com
caracteristicas capazes de mimetizar a mucosa intestinal, foi definido um
grupo de farmacos com valores de permeabilidade e absor¢do orais ja
disponiveis na literatura, pertencentes as diferentes classes do Sistema
de Classificacdo Biofarmacéutica, e com uma ampla diversidade
estrutural (Figura 8) e fisico-quimica (ver Table 1 da publicacdo no
apéndice 1). O objetivo foi estabelecer uma correlagdo entre os
coeficientes de permeabilidade e as fragdes absorvidas em humanos
(FA%), como forma de demonstrar a aplicabilidade do modelo na
predicdo da absorcgéo oral (US FDA, 2000).

\
/J@(

Hidroclorotiazida

\_/\

Vimblastina

CHy
o N*CH
/\(\H .
OH
o]
N
HN

Propranolol ‘ >
)\\

N 0.
HyN N TN
2 ~ oH

Aciclovir
CHs
CHz
HiC cN |
H4CO. N OCH; N
\/U ; )\ -
H:CO . OCH;
Verapamil Carbamazepina

Figura 8. Farmacos utilizados durante a padronizacdo do modelo de
permeabilidade intestinal in vitro com células Caco-2.
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Para tal, foram selecionados quatro farmacos com perfis de
permeabilidade passiva (aciclovir, carbamazepina, hidroclorotiazida e
propranolol), bem como um substrato (vimblastina) e um inibidor
(verapamil) da P-gp, a fim de demonstrar a funcionalidade do transporte
ativo mediado por transportadores de membrana. Um método por
CLAE-UV foi desenvolvido e validado conforme recomendagfes do
ICH (2005) para a determinagdo concomitante de todos os farmacos
empregados nessa etapa do trabalho.

E importante ressaltar a importancia desse método analitico, uma
vez que é possivel a analise quantitativa de uma mistura complexa de
farmacos, com um bom nivel de resolucdo entre eles, possibilitando
dessa forma a realizagdo de experimentos do tipo “coquetel”, onde
varios farmacos sdo adicionados concomitantemente aos insertos.
Experimentos dessa natureza sdo importantes na reducdo dos gastos
laboratoriais, uma vez que o0 ensaio com células Caco-2 ainda é
considerado relativamente oneroso, sendo especialmente atrativos no
ambiente industrial.

Este é o primeiro relato da literatura que apresentou a
determinacdo quantitativa direta em tampdo aquoso por CLAE-UV da
vimblastina,  concomitantemente a0  verapamil,  propranolol,
carbamazepina, aciclovir e hidroclorotiazida. Este método pode ser
aplicada para o doseamento de farmacos marcadores durante a avaliagdo
rotineira do desempenho do modelo com células Caco-2 por outros
laboratérios. Adicionalmente, sua aplicabilidade pode ser estendida para
demais técnicas que utilizem esses farmacos em tampdes aquosos, tal
como o ensaio ndo celular PAMPA, que foi recentemente implementado
em nosso laboratério (SCHNEIDER, 2011).

De posse do método analitico desenvolvido e validado, foram
realizados experimentos de transporte bi-direcionais, a fim de
determinar se o modelo era capaz de diferenciar compostos com
diferentes perfis de permeabilidade. Os experimentos foram realizados
sob condicdo de gradiente de pH (apical = 6,0 / basolateral = 7,4),
buscando mimetizar as condi¢Bes originais do trato gastrointestinal, mas
sempre considerando o potencial de erro associado as diferentes
concentracBes das fracOes ionizadas dos farmacos (vide discussdo da
permeabilidade passiva do propranolol na publicacdo do capitulo
1)(NEUHOFF et al., 2003).

Também foi dada especial atengdo no sentido de se manter as
condicBes sink sempre que possivel (menos de 10% da concentracdo
inicial permeada a cada intervalo de amostragem, para evitar o refluxo
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para o compartimento doador, e conseqliente inexatiddo dos resultados),
conforme recomendacBes (HUBATSCH et al., 2007).

Os resultados nos experimentos de transporte permitiram afirmar
que o modelo foi devidamente validado, uma vez que pbde-se
estabelecer uma correlagdo entre os valores de P4, obtidos e os valores
de absor¢do em humanos existentes na literatura (US FDA, 2000). Os
farmacos testados que sdo bem absorvidos em humanos (propranolol e
carbamazepina) apresentaram valores elevados de Py, €nquanto que os
farmacos testados reconhecidos por sua moderada e baixa absor¢do em
humanos (hidroclorotiazida e aciclovir, respectivamente) apresentaram
valores baixos de Pgpp.

Ademais, o farmaco marcador de transporte ativo, no caso o
substrato da P-gp vimblastina, apresentou uma taxa de efluxo (razéo do
Papp BL/AP e P4y, AP/BL) de 17,75, que é um valor representativo de
farmacos cuja permeabilidade é influenciada por bombas de efluxo. Ja
na presenca de um inibidor da P-gp, o verapamil, essa taxa de efluxo
caiu drasticamente, atingindo o valor de 4,28, corroborando a adequagéo
do modelo no quesito expressdo de transportadores (US FDA, 2006).

Dessa forma, através do monitoramento das caracteristicas
morfoldgicas das células e da avaliacdo da permeabilidade de farmacos
marcadores selecionados, foi possivel concluir que o modelo de
permeabilidade in vitro com células Caco-2 foi implementado e
validado com sucesso em nosso laboratério. Uma vez mantidas as
caracteristicas essenciais do ensaio, este modelo podera ser utilizado
para a avaliacdo da permeabilidade intestinal in vitro de farmacos e
compostos com diferentes atividades farmacol6gicas, além de poder ser
utilizado na avaliagdo da influéncia de diferentes adjuvantes usados na
preparacao de formas farmacéuticas diversas.

De acordo com a necessidade, poderdo ser estabelecidas
adaptacbes no ensaio padrdo, tais como a utilizacdo de fluidos
simulados, conhecidos como meios biorrelevantes (por exemplo, 0s
fluidos intestinais simulados com alimentacdo — FaSSIF — ou jejum —
FeSSIF) buscando mimetizar condicdes especificas. A simples
utilizacdo de muco simulado no tampdo de transporte ou solucGes
protéicas no compartimento receptor, visando um melhor balanco de
massas quando compostos altamente lipofilicos, que aderem as
superficies plasticas, também podem ser utilizados (YAMASHITA et
al., 2000; ZAKI et al., 2010).

Os resultados obtidos nessa primeira etapa ja foram publicados
(KRATZ et al, 2011) e constituem o primeiro relato do modelo de
permeabilidade in vitro com células Caco-2 no Laboratério de Virologia
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Aplicada da UFSC. O proximo passo € a formacdo de um banco de
dados in house com valores de permeabilidade in vitro, a fim de amparar
estudos que objetivem a avaliagdo da solubilidade, dissolugdo e
permeabilidade intestinal de farmacos sob a luz do Sistema de
Classificagdo Biofarmacéutico (AMIDON et al., 1995).

Seguindo as premissas de aplicacdo do modelo recem-validado, a
segunda parte do trabalho foi iniciada visando avaliar a influéncia da
complexacéo da talidomida com ciclodextrinas sobre sua solubilidade,
dissolugdo e perfil de permeabilidade intestinal in vitro.

Primeiramente, uma metodologia de CLAE para o doseamento de
talidomida foi desenvolvida e validada. Uma mistura de acetonitrila,
agua e acido fosférico (24:76:0.1, viviv) foi empregada como fase
movel, e sob condigdes isocraticas, o analito de interesse foi eluido em
4.9 min, enquanto que o padrdo interno (fenacetina) foi eluido em 6.8
min. As amostras submetidas ao doseamento foram previamente
acidificadas para evitar hidrélise espontanea do fArmaco, como descrito
por Zhou e colaboradores (2003), secas sob vacuo, e reconstituidas em
fase mdvel no momento da andlise para garantir a estabilidade.

Estudos de solubilidade de fase foram realizados a fim de se
avaliar o potencial aumento da solubilidade aquosa aparente da
talidomida mediante sua complexacéo com ciclodextrinas. Os resultados
mostraram que, dentre as ciclodextrinas avaliadas, a hidroxipropil-p-
ciclodextrina (HPBCD) apresentou maior capacidade de solubilizagdo, e,
por ja possuir perfil de baixa toxicidade descrito (GOULD; SCOTT,
2005) foi escolhida para a preparagdo dos complexos no estado sélido.
De certa forma, esse era um resultado esperado, uma vez que a HPBCD
¢ uma ciclodextrina modificada, com solubilidade aquosa intrinseca
superior as ciclodextrinas naturais testadas (o-, B- e y-ciclodextrinas), e
devido a esta caracteristica, de uma forma geral, apresenta capacidade
de complexacdo superior as demais (LOFTSSON, DUCHENE, 2007).

Para a obtengdo dos complexos, inicialmente foi empregada a
técnica de liofilizacdo. Entretanto, os produtos obtidos possuiam teor de
farmaco inferior a 1%. Dessa forma, seria praticamente impossivel
caracterizar os complexos no estado sélido, e a sua aplicabilidade como
matéria-prima farmacéutica seria praticamente nula. Portanto, a técnica
do kneading foi utilizada, j& que com ela geralmente se produz produtos
com teores superiores de farmaco. Esta técnica consiste na trituracdo do
farmaco com a ciclodextrina, na presenca de uma pequena quantidade
de liquido, formando uma pasta (LOFTSSON et al., 2005; LOFTSSON,
DUCHENE, 2007).
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Os complexos de talidomida:HPBCD obtidos na propor¢do molar
1:1 foram entdo caracterizados através de técnicas de microscopia
eletrbnica de varredura, difracdo de raios X e calorimetria exploratéria
diferencial. Os resultados obtidos para o complexo, quando comparados
aos dados obtidos com a talidomida isolada ou com a mistura fisica
simples dos componentes, revelaram uma diminui¢do da cristalinidade
do farmaco, resultante da formagdo de complexos estdveis em meio
solido. Foram feitas diversas analises por ressonancia magneética nuclear
de hidrogénios (Figura 9), considerada a técnica padrdo para
determinacdo da complexacdo, entretanto os resultados ndo foram
conclusivos.

W WA S ﬂﬁ
M«/L_,f’

Figura 9. Exemplos de espectros de ressonancia magnética nuclear de
hidrogénios  obtidos  durante a  caracterizacgdo dos  complexos
talidomida:HPBCD. (a) HPBCD, (b) complexo, (c) mistura fisica.
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Apds a caracterizacdo dos complexos, foi realizada a avaliacdo da
influéncia da complexacdo sobre a dissolucdo e permeabilidade
intestinal, dois fatores intimamente ligados a biodisponibilidade de
farmacos. Em relacéo aos perfis de dissolucdo, através da complexacéo,
foi possivel obter 77,3% do farmaco dissolvido apds 60 min, enquanto
que para a talidomida isolada, apenas 25,5% estavam dissolvidos, no
mesmo periodo, ou seja, trés vezes mais talidomida estava dissolvida
quando complexada. Esse efeito pOde ser atribuido a reducdo da
cristalinidade do farmaco, conforme detectado por difracdo de raios X e
calorimetria exploratdria diferencial (ver publicag¢do do capitulo 2).

J& em relacdo a avaliacdo da permeabilidade em células Caco-2, a
talidomida apresentou um perfil de alta permeabilidade passiva (Papp =
5,33 x 10® cm/s). Os dados obtidos nesse estudo corroboraram os
achados de estudos prévios (ZHOU et al., 2005; ZIMMERMANN et al.,
2006). Entretanto, a complexagdo da talidomida com HPBCD nédo
acarretou melhora desse perfil, uma vez que os valores de Py, obtidos
(484 x 10° cm/s) ndo foram estatisticamente diferentes entre si
(ANOVA, p > 0,05).

Em suma, complexos de talidomida:HPBCD foram obtidos,
caracterizados no estado sélido por diferentes técnicas, que indicam a
complexacdo do farmaco (comprovar a inclusdo ndo foi possivel) e a
reducdo da sua cristalinidade. Essas altera¢fes culminaram em um leve
aumento da solubilidade aparente do farmaco, bem como propiciaram
um perfil de dissolugdo superior, quando comparado ao da talidomida
isolada. No entanto, nenhuma alteracdo na permeabilidade in vitro foi
detectada, pois ndo houve diferencas estatisticamente significativas entre
os coeficientes de permeabilidade obtidos. Esses resultados sugerem que
a complexagdo com ciclodextrinas  poderia aumentar a
biodisponibilidade oral da talidomida, através do aumento da sua
solubilidade nos fluidos gastrointestinais, bem como facilitando a sua
dissolucdo a partir de uma forma farmacéutica sélida, entretanto essa
hip6tese ainda precisa ser confirmada com estudos in vivo.

Estudos que busquem a melhora das propriedades
biofarmacéuticas da talidomida sdo importantes devido a aplicabilidade
terapéutica atual desse farmaco. Por possuir baixa solubilidade e alta
permeabilidade esse farmaco se encaixa na classe Il do Sistema de
Classificacdo Biofarmacéutica. Formas farmacéuticas que promovam
uma melhora da solubilidade e dissolucdo desse farmaco, através de
uma correlacdo in vitro — in vivo podem, inclusive, serem trabalhadas
buscando uma extensao dos limites de bioisencdo, como ja descrito para
outros farmacos dessa classe (KOVACEVIC et al., 2008; YANG, 2010).
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Complementando a segunda etapa deste trabalho, foram avaliados
os perfis de permeabilidade intestinal e cutanea do galato de pentila. Por
se tratar de um composto com atividade anti-herpética, com possivel
utilizacdo em um quadro infeccioso onde a eficacia terapéutica pode ser
atingida tanto pelo tratamento oral quanto pela aplicacdo topica do
farmaco sobre a lesdo, os dois perfis de permeabilidade foram avaliados,
objetivando principalmente prover bases para um possivel estudo da
atividade antiviral in vivo.

Além disso, esse estudo objetivou correlacionar os resultados
obtidos com diferentes metodologias de predigdo da absorgdo
disponiveis no laboratério. Como dito anteriormente, a validacéo e a
implementacdo do ensaio PAMPA em nosso laboratdrio foi objeto de
uma dissertacdo de Mestrado (SCHNEIDER, 2011). Essa é uma técnica
rapida e relativamente barata, baseada na formacéo de uma bicamada
fosfolipidica sobre uma membrana permeével, gerando dessa forma dois
compartimentos, o doador, onde se adiciona o farmaco dissolvido em
um tampéo aquoso, e o receptor, onde se quantifica a fracdo do farmaco
que foi capaz de permear a membrana. Esse método é muito utilizado
para predizer a permeabilidade transcelular passiva, uma vez que apenas
mimetiza a natureza fisico-quimica da membrana celular (AVDEEF,
2001).

Diferentes composi¢cfes da membrana lipidica podem ser
empregadas nessa técnica, e dessa forma é possivel mimetizar variadas
condicBes fisiologicas. Nesse sentido, duas modalidades foram
utilizadas nesse estudo, a saber, o PAMPA Intestinal, onde a bicamada
lipidica é formada por uma solucdo de 20% de lecitina de soja dissolvida
em dodecano, e cujos resultados foram comparados aos obtidos no
modelo de células Caco-2; e 0 PAMPA Pele, onde a bicamada lipidica é
composta de dleo de silicone e miristato de isopropila, cujos resultados
foram comparados aos obtidos com o0 modelo classico de permeacdo em
pele de orelha suina, padronizado previamente no laboratério (CAON et
al., 2010). Estudos tém mostrado uma importante correlacdo entre os
dados de permeabilidade obtidos nos modelos PAMPA e os valores de
absorcdo oral e cutanea, respectivamente (AVDEEF et al., 2007;
OTTAVIANI et al., 2006, 2007).

Inicialmente, duas metodologias analiticas quantitativas foram
desenvolvidas e validadas. As amostras testadas no modelo PAMPA
(ambas as modalidades) foram analisadas por espectrofotometria no
ultravioleta a 270 nm, possibilitando dessa forma a quantificacdo de um
grande niimero de amostras simultaneamente, compatibilizando com a
natureza rapida e simplista desse ensaio. Ja as amostras testadas nos
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modelos Caco-2 e com pele de orelha suina foram analisadas com um
método simples e rapido por CLAE-UV (isocratico — tempo de retengdo
~ 3,8 min) baseado em uma metodologia publicada anteriormente
(TAMMELA et al., 2004).

Em relacdo & predicéo da absor¢édo oral, tanto no ensaio PAMPA
Intestinal quanto no modelo de células Caco-2, o galato de pentila
apresentou valores altos de permeabilidade, indicando que esta
propriedade ndo limitaria a absorcdo in vivo desse composto.
Adicionalmente, os dados obtidos em ambos 0s ensaios mostraram boa
correlacdo, que é indicativa de um perfil de permeabilidade passiva, que
foi confirmado nos estudos bi-direcionais em Caco-2 (razdo BL/AP —
AP/BL de 0.73).

Mesmo que tenha sido possivel a deteccdo do composto no
compartimento receptor em quantidades expressivas, indicando um
perfil de transporte favoravel, em ambos os ensaios grande parte do
composto adicionado ficou retido (valores baixos de balango de massas).
Essa constatacdo corrobora os dados da literatura obtidos com
compostos estruturalmente relacionados. Tammela e colaboradores
(2004) j& haviam demonstrado que o tamanho da cadeia lateral dos
galatos interfere na sua afinidade por membranas lipidicas, uma vez que
os galatos de metila e propila foram capazes de permear células Caco-2,
ainda que de forma lenta, enquanto que o galato de octila acumulava
extensivamente no interior das células. Os resultados obtidos em nosso
estudo mostram que o galato de pentila tem um comportamento
ambiguo, apresentando tanto transporte quanto acumulagao intracelular
(ou na bicamada lipidica no caso do PAMPA), compativel com o seu
tamanho de cadeia intermediario em relacdo aos demais galatos
estudados.

Ja em relacdo a predigdo da absorcdo cutanea, no modelo classico
ex vivo o galato de pentila ficou retido nas camadas da pele,
particularmente na epiderme, sendo que essa camada atua como um
reservatorio, impedindo que o composto permeie para as camadas mais
profundas e entre na circulagdo sistémica, possivelmente pelo efeito
relacionado com a lipofilicidade da molécula e a presenca do
grupamento galoil. Estudos prévios com o galato de epigalocatequina ja
haviam demonstrado que compostos polifenélicos, em especial aqueles
que possuam o grupamento galoil na molécula, apresentam boas
caracteristicas de penetracdo e retencdo cutanea, embora ndo atinjam
concentracOes sistémicas apreciaveis (DVORAKOVA et al., 1999).

Entretanto, ndo foi possivel estabelecer uma correlacdo entre os
dados ex vivo e os resultados obtidos in vitro no ensaio PAMPA Pele,
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que indicou um bom perfil de permeacéo. Essa discrepancia estd muito
provavelmente relacionada com a configuracdo da membrana lipidica,
gue mimetiza apenas as camadas mais superiores da pele.

Em suma, o galato de pentila apresenta perfis de permeabilidade
intestinal e cutnea favordveis para um composto com agdo anti-
herpética, ou seja, pela via oral sua biodisponibilidade ndo seria limitada
pela permeabilidade, e pela via tdpica ficaria restrito as camadas da pele
no local de aplicacdo. Os dados obtidos nesse estudo fornecem
informacgdes valiosas para o desenvolvimento de formas farmacéuticas
contendo esse composto e sua utilizacdo em experimentos de avaliagdo
da atividade antiviral in vivo. Sua veiculagdo em nanoemulsGes lipidicas
ja estd em andamento (Tese de Doutorado de Regina G. Kelmann,
Programa de P6s-Graduagdo em Ciéncias Farmacéuticas, UFRGS), com
previsdo da realizagdo dos estudos in vivo para 2012.
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CONSIDERACOES FINAIS

e O cultivo de células Caco-2 foi implementado e padronizado
no Laboratério de Virologia Aplicada da UFSC e a
respectiva linhagem celular foi integrada ao banco de
células. As caracteristicas morfoldgicas da monocamada
celular cultivada sobre insertos de policarbonato foram
avaliadas e os resultados demonstraram que as células
permaneceram vidveis ap6s 21-25 dias de cultivo,
constituindo uma monocamada celular diferenciada, capaz
de mimetizar as condig¢des intestinais in vivo.

e Foi desenvolvido e validado uma método por CLAE-UV
para o doseamento de seis marcadores de permeabilidade
(propranolol, carbamazepina, aciclovir, hidroclorotiazida,
vinblastina e verapamil) utilizados durante a avaliagdo da
adequacéo do modelo de permeabilidade intestinal in vitro.

e O modelo de permeabilidade intestinal in vitro com células
Caco-2 foi validado através de experimentos de transporte
bi-direcionais. Para 0s marcadores de permeabilidade
passiva, os resultados obtidos demonstraram uma correlagdo
entre perfis de alta e baixa permeabilidade e a fracdo
absorvida desses farmacos em humanos. No transporte ativo,
foi demonstrada a funcionalidade da Glicoproteina-P através
do efluxo da vimblastina (substrato) e também da inibicdo
desse efeito em presenca do inibidor verapamil.

e Foram obtidos complexos de inclusdo talidomida:HPBCD
pela técnica de kneading. Esses complexos foram
caracterizados no estado sélido e os resultados obtidos
indicaram a complexacéo da talidomida.

e A complexacdo da talidomida com HPBCD aumentou a
solubilidade da talidomida, bem como da sua taxa de
dissolucdo, entretanto a complexagdo ndo promoveu uma
melhora da permeabilidade intestinal in vitro.
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Os resultados obtidos no estudo da complexacdo da
talidomida indicaram que a utilizacdo de ciclodextrinas
poderia aumentar a biodisponibilidade oral desse farmaco,
entretanto estudos in vivo sdo necessarios para confirmar
essa hipotese.

Foram estabelecidos os perfis in vitro de permeabilidade
intestinal e cutdnea do composto anti-herpético galato de
pentila visando a realizacdo de experimentos in vivo e a
preparacdo de formas farmacéuticas.

Os resultados obtidos tanto no PAMPA quanto no ensaio
com células Caco-2 demonstraram um perfil de alta
permeabilidade passiva para o galato de pentila, sendo
possivel predizer que no trato gastrointestinal sua absorcao
ndo seria limitada pela permeabilidade.

Em relacdo a permeabilidade cutdnea do galato de pentila,
foi evidenciado que o composto acumula nas camadas da
pele, particularmente na epiderme, o que restringe a sua
absorcdo por essa via, sendo essa uma caracteristica
desejavel para uma possivel a¢do antiviral local in vivo.

Finalmente, por meio dos procedimentos realizados e dos

resultados obtidos durante a implementagdo e aplicagdo do modelo de
permeabilidade in vitro com células Caco-2 no Laboratério de Virologia
Aplicada da UFSC, foi possivel assegurar a aplicabilidade e a
reprodutibilidade desse ensaio. Estudos futuros visando a estruturacéo
de um banco de dados de permeabilidade intestinal in vitro de
compostos e farmacos permitirdo a realizacdo de estudos colaborativos,
sobretudo com o enfoque do Sistema de Classificacdo Biofarmacéutica,
visando ao crescimento da pesquisa dessa area no Brasil.
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Abstract

The Caco-2 cell line has been used as a model to predict the in vitro permeability of the human intestinal barrier. The predic-
tive potential of the assay relies on an appropriate in-house validation of the method. The objective of the present study was
to develop a single HPLC-UV method for the identification and quantitation of marker drugs and to determine the suitability of
the Caco-2 oell permeability assay A 5|mple chromalographlc method was developed for the simultaneous determination of
both p: ly (propranolol, ca lovir, and hydroc iazide) and actively transported drugs (vinblastine and

ion was achif on a C18 column with step-gradient elution (acetonitrile and aqueous solution of ammo-
nium acetate pH 3.0) at a flow rate of 1.0 mL/min and UV detection at 275 nm during the total run time of 35 min. The method
was validated and found to be specific, linear, precise, and This chr graphic system can be readily used on a
routine basis and its utilization can be extended to other permeability models. The results obtained in the Caco-2 bi-directional
transport experiments confirmed the validity of the assay, given that high and low permeability profiles were identified, and P-

glycoprotein functionality was established.

Key words: Caco-2; HPLC-UV; Marker drugs; Permeability

Introduction

Among the numerous techniques available for the pre-
diction of intestinal permeability, the Caco-2 cell line has
been extensively used and characterized as a model of the
intestinal barrier (1,2). These human cells are able to fully
polarize into differentiated monolayers with well-established
tight junctions and brush border membrane as well as to
express several membrane transporters and metabolizing
enzymes, allowing the measurement of functional perme-
ability (both passive diffusion and active transport) (3).
Consequently, this assay is widely accepted by both the
pharmaceutical industry and regulatory agencies since the
permeability determined using Caco-2 cells correlates well
with oral absorption in humans (4-6).

In 2000, the United States Food and Drug Administra-
tion (FDA) published guidelines (7) based on the Biophar-
maceutical Classification System (BCS) (8), whereby in
vitro assays can be used to determine permeability class

during the request of bio of in vivo bioavailability
and/or bioequivalence studies in immediate-release solid
oral dosage forms.

More recently, the International Transporter Consor-
tium (ITC), a group of industrial, regulatory and academic
scientists with expertise in drug metabolism, transport
and pharmacokinetics, presented their recommendations
regarding the design of in vitro membrane transporter as-
says (9), particularly in relation to transporters involved in
important clinical drug-drug interactions, highlighting the
importance of these models in the early stages of the drug
development process.

Although the Caco-2 assay presents many advantages,
variable culture conditions can lead to inconsistent cell char-
acteristics, poor reproducibility and relatively wide intra- and
inter-laboratory variability. Therefore, cell culture techniques
and experimental conditions should be specified in detail
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(10,11). The assay must be able to discriminate between
high and low passive permeability profiles. Bi-directional
transport experiments with P-glycoprotein (P-gp) substrates
and inhibitors are regarded as the definitive assay for the
identification of active transport (7,9). For the continuous
assessment of the internal performance, marker drugs
should be used during transport experiments (7,12).

The objective of the present study was to develop an
HPLC-UV method using a single chromatographic step
for the determination of six marker drugs, acyclovir, carba-
mazepine, hydrochlorothiazide, propranolol, verapamil, and
vinblastine, which were employed in the demonstration of
the validity of the Caco-2 permeability assay.

Material and Methods

Chemicals and reagents

The physicochemical properties and permeation mecha-
nism of all the marker drugs used in this study are pre-
sented in Table 1. Acyclovir (ACV), carb pine (CBZ),

J.M. Kratz et al.

Validation of the chromatographic method

Method validation was performed based on both FDA
and International Conference on Harmonization (ICH)
guidelines for the validation of analytical methods (13,14).
All samples used during ion were freshly prepared
in HBSS buffer. Exploration and optimization of several
chromatographic parameters, such as selectivity (a), tail-
ing factor (), number of theoretical plates (N) and peak
resolution was performed, and the chromatogram showing
the optimized separation of all six marker drugs is presented
in Figure 1. Specificity was assessed by injecting individual
drugs and recording their retention times and UV spectra.
Chromatograms were compared to those of blank samples.
Linearity was established by the construction of individual
seven-point calibration curves over a range of 0.5-100 pM.
Precision was established by both intra-day and inter-day
precision. The intra-day precision was assessed by nine
determinations covering the specified range (3 concentra-
tions/3 replicates each), while the inter-day precision was
d on different days by nine determinations covering

1id.

hydrochlorothiazide (HTZ), and propranolol hydrochloride
(PRO) reference standards (299%) were obtained from the
National Institute of Health Quality Control (INCQS, Brazil).
Verapamil hydrochloride (VER, 299%), vinblastine sulfate
(VIN, 296%), Hank's balanced salt solution (HBSS), sodium
4-(2-hydroxyethyl)-1-piperazineethanesulfonate (HEPES),
methanesulfonic acid (MES), ethylenediaminetetraacetic
acid (EDTA), trypsin, bovine serum albumin (BSA), dimethyl
sulfoxide (DMSO), and Lucifer yellow (LY) were obtained
from Sigma (USA). Acetonitrile and ammonium acetate
(HPLC grade) were obtained from Tedia Co. (USA). Dulbec-
co's modified Eagle's medium (DMEM) with high glucose,
fetal bovine serum (FBS), nonessential amino acids, and
antibiotics/antimycotics were purchased from Invitrogen,
Ltd. (USA). All other chemicals and reagents used in this
study were of the highest commercially available purity.

HPLC and chromatographic conditions

Quantitative determinations of all six marker drugs
were performed on a Perkin Elmer Series 200 HPLC
instrument (USA), which consisted of a quaternary pump,
vacuum degasser, autosampler, and diode-array detec-
tor (DAD). Separation was achieved on a C18 column
(5 pm, 4.6 mm x 300 mm; Luna, Phenomenex, USA). A
step-gradient elution was employed with acetonitrile as
solvent A and an aqueous solution of ammonium acetate,
pH 3.0 (25 mM), as solvent B, at a flow rate of 1.0 mL/
min. Elution started at 3:97 (A:B, v/v) isocratic for 8.0 min
and the gradient was then increased to 80:20 (A:B, v/v)
for 14 min, before being returned to the initial condition of
3:97 (A:B, v/v) for 8.0 min, followed by 5 min equilibration.
Effluent absorbance was measured at 275 nm and 20-pL
samples were injected into the column. UV spectra from
200 to 400 nm were recorded with the DAD online during
the chromatographic run.

Braz J Med Biol Res 44(6) 2011

the specified range (3 concentrations/3 replicates each/3
days). The relative standard deviation (RSD) of each drug
was calculated as a measure of precision. The accuracy of
the method was established by nine determinations covering
the specified range (3 concentrations/3 replicates each/3
days). The percent difference of the mean values from the
nominal concentrations was the measure of accuracy. The
low limit of quantification (LLOQ) was determined as the
lowest concentration in the calibration curve with a precision
of 20% and accuracy of 80-120%.

Cell culture

Caco-2 cells (HTB-37) were obtained from the American
Type Culture Collection (ATCC, USA). Cells were main-
tained in a humidified 5% CO; air atmosphere at 37°C and
were cultured in DMEM (4.5 g/L glucose) with 20% FBS, 1%
non-essential amino acids, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 25 pg/mL amphotericin B. After reaching
80-90% confluence, cells were harvested with 0.25% trypsin/
EDTA solution, and counted by the Trypan blue exclusion
method on a Countess® automated cell counter (Invitrogen).
Only cultures with 295% viability were used.

Transport studies

Forthe intestinal permeability experiments, Caco-2 cells
between passages 25 and 31 were seeded on Millicell®
polycarbonate inserts (0.6 cm2, 0.4 ym pore size; Millipore,
USA) at a density of 100,000 cells per insert and cultivated
for 21-25 days. Culture medium was replaced three times
per week until the time of use.

The transepithelial electrical resistance (TEER) of the
monolayers and the permeability to the paracellular marker
LY were considered to be indicators of monolayer integrity.
TEER was assessed at 37°C using a Millicell® ERS meter
(Millipore) connected to a WPI® Endohm tissue resistance

www.bjournal.com.br
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measurement chamber (USA) and

reported as Qcm?2. The perme-

ability of the monolayers to LY 500
(100 pg/mL) was assessed using

a Tecan® Infinite 200 microplate

reader (Switzerland). Only mono- 40
layers with TEER values above 200
Qcm? and LY permeability <0.2 x
106 cm/s were used.

The transport experiments
were carried out according to
the recommendations previously
described (15). HBSS at pH 6.0
(10 mM MES) and pH 7.4 (10
mM HEPES) was used as trans-
port buffer in the apical (AP) and

g

Response (mV)

=

123

cBz

VIN

PRO| VER

ACV
basolateral (BL) compartments, 0 L
respectively, in order to mimic in
vivo conditions. Before the experi-

ments, monolayers were washed 8 10

twice with HBSS, pH 7.4, and
incubated for 30 min at 37°C for
TEER measurement. Next, DMSO

12 14 16 18
Time (min)

20 22 24 26 28

Figure 1. Representative chromatogram of marker drugs (50 pM) in HBSS buffer. Marker

drugs:

stock solutions (1 mM) of all marker

yclovir (ACV), hy (HT2), p

_(PRO), (VIN),

was on a C18 column (5

verapamil (VER), and

(CBZ).

drugs were diluted in HBSS and
added to the donor compartment,
while fresh HBSS was added to
the receiver compartment.

The permeability of passive
diffusion markers was assessed

pm, 4.6 mm x 300 mm) with step-gradient elution. Acetonitrile (A) and an aqueous solution of
ammonium acetate (B), pH 3.0 (25 mM) were used as mobile phase components. Flow rate
was 1.0 mL/min. Elution started at 3:97 (A:B, v/v) isocratic for 8.0 min followed by gradient to
80:20 (A:B, v/v) for 14 min and return to the initial condition of 8.0 min. Equilibration time of
5 min. UV detection at 275 nm. UV spectra from 200 to 400 nm were recorded with the DAD
online during the chromatographic run.

on isolated drugs (PRO, CBZ,

ACV, and HTZ) or on a drug mixture (CBZ and HTZ). The
P-gp functionality was evaluated with VIN alone (P-gp
substrate) or in the presence of VER (P-gp inhibitor; 100
UM; both compartments). All experiments were performed
in both directions, i.e., from AP to BL and from BL to AP, for
the period of 2 h, at 37°C in an orbital shaker (100 rpm). At
appropriate times, 100-pL aliquots were removed from the
receiver compartment and replaced with an equal volume
of fresh HBSS. At the end of the experiment, samples were
collected from donor compartments in order to perform the
mass balance calculation.

Transport experiments were conducted under sink con-
ditions (where less than 10% of the drug was transported
across the cell monolayer) and the apparent permeability
coefficient (Papp) (cm/s) values were calculated as follows
(15):

(AQ 1

=—X— Eq.1
(At)  AxCox60

app

where (AQ/At) is the steady-state flux (mol/s), A is the
surface area of the filter (cm2) and Cj is the initial con-
centration in the donor compartment (mol/mL) (16). For

www.bjournal.com.br

rapidly transported drugs, where sink conditions could not
be maintained for the full duration of the experiments, per-
meability coefficient (Papp) values (cm/s) were calculated
as follows:

Cr(t)= 7 L

+| Cro— M - ParA(IVo+VRY
b+ Ve Vo+Vr

Eq.2

where Cg(t) is the time-dependent drug concentration in
the receiver compartment, M is the amount of drug in the
system, Vp and Vg are the volumes of the donor and re-
ceiver compartments, respectively, and t is the time from
the start of the interval. Py, values were obtained from
nonlinear regression minimizing the sum of squared residu-
als (¥(Crij.obs - CR.i,mlc)z)- where CRj ops is the observed
receiver concentration atthe end of the interval and Cr j caic
is the corresponding concentration calculated according to
Equation 2 (16,17).

Statistical analysis

Data are reported as the mean + SD of three indepen-
dent experiments. For transport experiments, triplicate
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inserts were used in each experiment repetition. Microsoft
Excel 2007® (USA) was used for the linear and non-linear
regression analyses.

Results and Discussion

The Caco-2 cell model is the most frequently used
method for in vitro gastrointestinal permeability assess-
ment. The experience collected with this cell line over the
last two decades has shown both successes and failures
in its predictive capability (18). From this standpoint,
the appropriate validation of the assay within research
laboratories is mandatory for the suitable application of
the assay to drug profiling projects in order to avoid the
intrinsic variability of cell culture techniques. Therefore,
the main purpose of the present study was to determine
the suitability of a Caco-2 assay through the determina-
tion of marker drugs.

Marker drug set assembly

Sixmarker drugs with known fraction absorbed in humans
(FA%) and a broad range of physicochemical properties
were selected based on published data (Table 1) (17,19-23).
Drugs were divided into two experimental groups: one forthe
determination of passive permeability, and the other for the
demonstration of P-gp functionality. In agreement with FDA
recommendations (7), these drugs encompass a wide range
of FA% (17-100%) covering all four BCS classes. For the
measurement of functional efflux mediated by P-gp, VIN and
VER were selected as substrate and inhibitor, respectively,
since both drugs have already been described as model
drugs for cellular P-gp interaction studies (3).

HPLC

The optimum wavelength for the detection of all analytes
with adequate sensitivity and specificity was found to be
275 nm. A fixed UV wavelength was used in order to allow
equipment interchangeability, even though DAD was avail-
able. The next step was the selection of the mobile phase
components and composition. Acetonitrile (solvent A) and
ammonium acetate (25 mM; solvent B) were selected for

JM. Kratz et al.

the initial studies. In order to achieve a balance between
adequate peak resolution and total run time, a gradient
elution was programmed. Best peak shapes were obtained
with pH 3.0 in the aqueous phase with a flow rate of 1.0
mL/min, since lower flows improved tailing, while a higher
flow generated elevated backpressure.

ACV was initially challenging, since this analyte required
ahigh agueous content (3:97, v/v) for adequate peak shape
and retention time. The remaining drugs were eluted by a
gradual shift to a high organic content (80:20, v/v). With
these conditions, only PRO and VIN presented low peak
resolution (£2.0). To improve this feature, a 300-mm C18
column was employed in place of the standard 150-mm
columninitially used. With these optimized chromatographic
conditions, the average retention times were 8.88, 20.90,
23.95, 24.43, 26.22, and 26.58 min, for ACV, HTZ, PRO,
VIN, VER, and CBZ, respectively (Figure 1).

Table 2 summarizes linearity, range, precision, and
accuracy data. VER was not included in Table 2 since
it was used exclusively for inhibition of P-gp. Although
a baseline alteration due to gradient shift was detected
at about 10 min, no interference was observed in the
retention time windows of each analyte, and specificity
was confirmed by comparison of UV spectra to previ-
ously published data (24). The LLOQs were determined
as 0.5 pM for all drugs (lowest concentration in the
calibration curve), since the RSDs at this concentration
were £1.84%. The data in Table 2 show that the method
presented here is appropriate for the determination of
these markers (13,14).

This method can be readily employed for the suitability
demonstration and in-house validation of Caco-2 perme-
ability assays. In addition, the applicability of this method
can be extended to other in vitro/in situlex vivo perme-
ability assays. Although several studies have reported
the simultaneous determination of permeability of marker
drugs by HPLC (25-29), to our knowledge, this is the first
report of an HPLC-UV method for the determination of the
P-gp substrate VIN concomitantly with the corresponding
inhibitor VER, and the four passive permeability markers
used in this study.

Table 1. Physicochemical properties of marker drugs used in this study.

Marker drug Permeability class BCS class Transport mechanism FA% pKs log P
Propranolol High | Transcellular 90% 9.52 343
Carbamazepine High ] Transcellular 100% - 245
Acyclovir Low 1 Paracellular 17% 234,923 -242
Hydrochlorothiazide Low v Paracellular 55% 8.77,979 -017
Vinblastine - - P-gp substrate - 74 432
Verapamil High | P-gp inhibitor 98% 8.66 3.96

BCS = Biopharmaceutical Classification System (8); FA% = fraction absorbed in humans; log P = partition coef-
ficient, P-gp = P-glycoprotein. The data presented in this table were obtained from Refs. 17,19-23.
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Caco-2 permeability assay - suitability demonstration

The formation of a functional single monolayer on
polycarbonate inserts is an important feature regarding the
mimicking of in vivo conditions in the Caco-2 permeability
assay. As small changes in the culture conditions can lead
to significant differences in cell phenotype (10), the integrity
of the monolayers and the formation of a robust tight junc-
tion (TJ) network were monitored by TEER measurement
and LY transport.

TEER profiles were obtained throughout the period of
culture (21-25 days). Detectable values emerged from the
4th day of culture (values around 100 Qcm?) and continued
to increase, until reaching a plateau on the 11th day of cul-
ture. The average TEER value obtained before the transport
experiments was 297 + 21 Qcm2. Additional information
regarding the integrity and tightness of monolayers was
obtained by LY permeability assays. LY is a fluorescent
paracellular marker with very low permeability and has
been used as a marker of TJ maturation (30). The average
LY Papp value obtained after 21 days of culture was <0.2 x
106 cm/s, in agreement with previously published data (31).
For cut-off purposes, only monolayers with TEER values
above 200 Qcm?and LY permeability <0.2 x 108 cm/s were
considered to be appropriate for the experiments.

Through bi-directional transport experiments, Papp val-
ues were determined for each marker drug across Caco-2
cell monolayers and the summary of the permeability data
is shown in Table 3. Four marker drugs were employed
for passive permeability evaluation, i.e., PRO and CBZ as
high permeability standards, along with ACV and HTZ as

125

low permeability standards. All drugs presented adequate
Papp values, which correlated well with the FA% of these
drugs, allowing the establishment of a rank order relation-
ship as intended.

Another important aspect considered was the efflux
ratios (Papp BL-AP/Papp AP-gL) Obtained. Passively trans-
ported drugs should produce efflux ratios close to 1.00 in
order to demonstrate independence from active transport
isms (9). In the p study, only CBZ, ACV and
HTZ presented proper values, while PRO showed an ef-
flux ratio of 2.81, which could lead to a false interpretation
toward an active transport pathway. However, since a pH
gradient setup was employed in the transport experiments,
and PRO is a basic drug with pK; around 9.5, data analysis
revealed that PRO permeability was pH-sensitive due to
ionization effects, as already described (30).

Moreover, the permeability of CBZ and HTZ was as-
sessed via a cocktail approach. The results obtained with
this strategy were very similar, and maintained the rank order
agreement. CBZ presented AP-BL and BL-AP Py (cm/s)
values of 110.61 + 3.41 and 116.6 + 5.50, while HTZ pre-
sented values of 1.81 £ 0.22 and 2.36 + 0.34, respectively.
Therefore, CBZ and HTZ were selected to be used as a
single mixture control for the continuous evaluation of the
internal performance of the Caco-2 permeability assay.

The permeability profile of VIN, a P-gp substrate, was
also determined in order to demonstrate the suitability of
the method regarding active transport mechanisms. Special
attention was given to the selection of drug concentration
in order to avoid transporter saturation (9,32). As shown

Table 2. C grap data for the of marker drugs used in the Caco-2 permeability assay.
Marker drug Range Equation (%) Theoretical Intra-day Inter-day
M =
o (uM) Accuracy (%) %RSD Accuracy (%) %RSD
Propranolol 0.5-100 y = 7652x - 7957 50 103.61 0.56 97.24 3.55
(0.9996) 25 105.13 0.71 89.06 3.38
10 111.68 0.40 96.50 0.23
Carbamazepine 0.5-100 y=24003x - 16365 50 99.48 0.68 9148 122
(0.9997) 25 101.30 0.31 92.20 372
10 103.75 0.35 98.31 1.50
Acyclovir 0.5-100  y=15244x-7135 50 109.40 1.96 93.03 9.55
(0.9999) 25 113.22 286 93.34 10.41
10 116.37 1.42 95.46 10.53
Hydrochlorothiazide 05-100  y=236301x - 7957 50 96.23 0.21 92.82 1.05
(0.9998) 25 97.52 0.60 96.58 349
10 98.48 0.10 90.99 0.95
Vinblastine 0.5-100 y=16664x- 13615 50 11.12 0.86 100.11 1.78
(0.9991) 25 104.55 127 96.57 354
10 92.23 1.26 97.62 5.30
Intra-day and inter-day y and p were ined in triplicate for each Accuracy was defined as percent

difference from the nominal concentration. Precision is reported as the relative standard deviation (RSD).
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in Table 3, an efflux ratio of
17.75 was obtained. An ac-

JM. Kratz et al.

Table 3. In vitro intestinal permeability data of the marker drugs across Caco-2 cell monolayers.

ceptable system producesa  Marker drug Donor concentration Pagp (10%; cmis) Efflux ratio R (%)
minimum efflux ratio of 2.00 (uM)

(9). Moreover, the perme- AP-BL BL-AP

ability of VIN was evaluated  Propranolol 25 9.00+0.15 25.28%3.72 281 87
in the presence of VER, a  Carbamazepine 25 144.31£404 1215556 0.84 91
known P-gp inhibitor. In this  Acyclovir 50 132+£015  1.53+0.30 1.16 92
setup, the Papp ap.sL Value  Hydrochlorothiazide 50 146£021  1.79:0.08 123 100
obtained was 4.5-fold higher  Vinblastine (-) 40 441+065 7826+937 1775 93
than that of VIN alone, and  Vinblastine (+) 40 2008:1.12 8594:344 428 92
the efflux ratio observed was

much lower (4.28). These
findings agree with recom-
mendations that the efflux

ratio should be significantly

indicate the and the p

ent permeability coefficients (Papp) were g to
reported as means + SD (N = 3). AP-BL = apical to b di
apical direction; efflux ratio = Papp gL-AP/Papp AP-BL; R = mass balanoe recuperanon. (-) and (+)

Transport experiments were performed at an apical pH of 6 0 and a basolateral pH of 7.4. Appar-

1 and 2 and data are
; BL-AP = basolateral to

of \

reduced by the addition of a

known inhibitor (more than

50%) (9,32), as observed in the present study, thereby
corroborating the adequacy of the Caco-2 permeability
assay in relation to P-gp functionality.

Asimple, accurate and precise HPLC method using UV
detection was developed and validated for the simultane-
ous determination of marker drugs directly in the transport
buffer. This method was successfully employed in the
Caco-2 permeability assay during the in-house validation
of the technique within our research laboratory, and can be
readily employed on a routine basis with other permeability
models. The results obtained in the present study confirmed
the suitability of the Caco-2 permeability assay for the as-
sessment of high and low permeability profiles, and for the
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APENDICES 2 E 3

No ano de 2010, durante a realizacdo do estagio (Bolsa PDEE, CAPES)
no Laboratério de Pesquisas Avangadas em Absorcdo de Farmacos, coordenado
pelo Prof. Dr. Per Artursson, da Universidade de Uppsala, Suécia, estive
engajado em diversos estudos colaborativos que, embora ndo estejam
relacionados diretamente com o conteildo desta tese de doutorado, contribuiram
para a minha formagdo e geraram publicagcbes. Os manuscritos que até o
momento da redagdo desta tese ja se encontravam em fase final de submissdo
estdo disponiveis para aprecia¢do na forma de apéndices.

O Departamento de Farmécia da Universidade de Uppsala faz parte de
uma plataforma de desenvolvimento pré-clinico de f&rmacos conhecida como
UDOPP — The Uppsala University Drug Optimization and Pharmaceutical
Profiling Plataform (http://www.farmfak.uu.se/farm/UDOPP/) — cujo objetivo
principal é fornecer as instituicdes académicas e também as indlstrias
farmacéuticas uma base para a otimizagcdo racional das propriedades
farmacocinéticas e toxicolégicas (ADMET) de candidatos a farmacos. Essa
plataforma é um dos pilares de uma rede de pesquisa e desenvolvimento maior,
0 Chemical Biology Consortium Sweden (CBCS - http://www.cbhcs.se). A
I6gica consiste em prover os interessados com moléculas da mais alta qualidade
e que possuam grande probabilidade de sucesso em estudos clinicos futuros, e,
ao mesmo tempo, 0s projetos contribuirem para a atualizagdo e melhoramento
continuo do pessoal envolvido e das competéncias singulares presentes nessa
plataforma, que compreende diversos grupos de pesquisa.

Nesse ambito, em uma parceria com o Departamento de Quimica
Medicinal, coordenado pela Profa. Dra. Anja Sandstrom, foram estudadas duas
séries de compostos peptidomiméticos. Esse grupo tem trabalhado com o
neurotransmissor conhecido como Substancia P e seu metabdlito ativo SP1-7.
Em estudos anteriores foram identificaram peptideos menores com grande
afinidade pelo receptor desse metabdlito, com potencial analgésico,
antiinflamatorio e no tratamento da dependéncia de opidides. Dessa forma, o
grande objetivo dos estudos era a identificacdo e o desenvolvimento de
candidatos com 6timas propriedades biofarmacéuticas para serem utilizados em
um estudo clinico posterior. Meu papel consistiu na avaliagdo da
permeabilidade intestinal desses compostos, com foco na interacdo com
transportadores de membrana, tanto de absorcao quanto de efluxo, e também na
avaliacdo da estabilidade metabolica.

Esses estudos culminaram na selecdo de um candidato modificado que
possui importante atividade farmacol6gica, bem como um bom perfil de
permeabilidade e estabilidade frente as enzimas hepaticas. Adicionalmente,
também foi identificada uma nova série de compostos ativos e estaveis
metabolicamente, cujo esqueleto estrutural ndo é susceptivel ao efluxo na
barreira hemato-encefalica, caracteristica essa de suma importancia uma vez
que o alvo farmacolégico encontra-se no sistema nervoso central.
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Abstract

The N-terminal fragment of substance P (SP), the heptapeptide
substance P 1-7 (SP1-7, H-Arg-Pro-Lys-Pro-GIn-GIn-Phe-OH), is a
bioactive metabolite that has been shown to oppose several effects of
SP. Specific binding sites for SP1-7 that differ from the NK1 receptor
have been identified in both mouse and rat. To fully characterize the
binding site for SP1-7 and to reveal the role of the heptapeptide in
complex animal models, there is a need for drug-like low molecular
weight SP1-7 mimetics. Recently, we reported the discovery of the
small peptide H-Phe-Phe-NH2 as a high affinity ligand of the specific
binding site for SP1-7. With the overall aim to develop stable and cell
permeable SP1-7 mimetics for in-depth mechanistic studies, the
dipeptide H-Phe-Phe-NH2 was chosen as a lead compound. Herein, we
report the synthesis and SAR of a set of constrained and modified H-
Phe-Phe-NH2 analogues evaluated in a binding assay displacing [3H]-
SP1-7. Local constraints as methylation along the peptide backbone and
rigidification by cyclization of the dipeptide were performed. The SAR
obtained from the binding study was further rationalized using a
pharmacophore search providing us with a plausible binding
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conformation. Additionally, the potential active uptake by PepT1l
transporter, intestinal permeability and metabolic stability of the
dipeptides were evaluated. Taken together, we herein report on the
identification of compound 8a, a C-terminal rigidified HPhe-Phe-NH2
analogue comprising a cis-3-phenyl-pyrrolidine moiety, with high
affinity, improved stability and better cell-permeability.

Introduction

The undecapeptide substance P (SP, H-Arg-Pro-Lys-Pro-GlIn-
GlIn-Phe-Phe-Gly-Leu-Met-NH2)" is a well known neurotransmitter and
a neuromodulator in the central and peripheral nervous system. This
neuropeptide is a member of the tachykinin family and is the
endogenous ligand for the neurokinin-1 (NK-1) receptor.” ® SP is
degraded into several bioactive fragments of which the N-terminal
metabolite SP 1-7 (SP1-7, H-Arg-Pro-Lys-Pro-GIn-GIn-Phe-OH) is the
major one.*

SP1-7 has been shown to counteract the expression of naloxone
provoked opioid tolerance and withdrawal, in contrast to SP and its C-
terminal fragments that increase the opioid withdrawal signs.” ® It has
also been demonstrated that SP1-7 attenuates the inflammatory® and the
nociceptive'® effects exerted by SP. Additionally, it was recently
observed that SP1-7 induces antihyperalgesia in diabetic mice which
indicates a conceivable effect on neuropathic pain.* We find this
observation particularly interesting smce no satisfactory treatment of
neuropathic pain is available today.'? The effect seems to be mediated
through an indirect activation of the naloxone-sensitive sigma receptor
(o1) system. However, SP1-7 itself is not an active ligand for the ol
receptor.™* Although most studies on SP1-7 have been done on rodents
we believe in its relevance in humans due to firstly, the known presence
of SP and SP degrading enzymes in human and secondly due to the
presence of the heptapeptide fragment in human cerebrospinal fluid
(CSF)."** The biological effects observed for SP1-7 seem not to be
mediated through any of the known tachykinin- or opioid receptors.

Even though the inhibitory effect of SP1-7 on SP induced
behavior can be reversed by the non-selective opioid ligand naloxone,
none of the specific antagonist for the opioid receptors (u, 6 and k) can
inhibit the effect.”> *® More likely, the effects of SP1-7 are generated via
the specific binding sites that have been identified for this heptapeptide
in rat and mouse spinal cord and brain, but of which the exact nature
still is unknown.'”**We previously reported a structure—activity
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relationship study (SAR) of the heptapeptide towards the specific
binding site that revealed that the first four N-terminal amino acids in
SP1-7 are not essential for binding since these could be substituted with
an alanine or removed without significantly affecting the affinity.20
Interestingly, amidation of the C-terminal of SP1-7 resulted in a peptide
with greater binding affinity towards the SP1-7 binding site as
compared to the native heptapeptide (Ki = 0.3 nM and Ki = 1.6 nM,
respectively). In analogy with the binding studies it was found that the
amidated analogue of SP1-7 was more potent than SP1-7 in reducing
abstinence symptoms in morphine dependent rats.?

In parallel with the SAR investigation of SP1-7 similar studies
were performed on the endogenous p-receptor agonist, endomorphin-2
(EM-2, H-Tyr-Pro-Phe-Phe-NH2).** The interest in this tetrapeptide
originates from the observations by Botros et al."® where they have
found that endomorphin-1 (EM-1, H-Tyr-Pro-Trp-Phe NH2) and EM-2
interact with the SP1-7 binding site. However, a significant difference
in binding affinity between the two tetrapeptides was observed. EM-1
and EM-2 displayed a 1000-fold and a 10-fold lower affinity,
respectively, compared to that of SP1-7. From the alanine scan and
truncation study of EM-2 the same SAR trend as for SP1-7 was
observed. The C-terminal was shown to be crucial for binding affinity to
the SP1-7 binding site and substitution of the two amino acids in the N-
terminal with an alanine resulted in only small differences in affinity.
Truncation of EM-2 resulted in identification of the dipeptide H-Phe-
Phe-NH2 (1) possessing a Ki value of 1.5 nM.

With the overall aim to develop stable and cell permeable SP1-7
mimetics for in-depth mechanistic studies, the dipeptide H-Phe-Phe-
NH2 was chosen as a lead compound. Herein, we report the synthesis
and SAR of a set of constrained H-Phe-Phe-NH2 analogues evaluated in
a binding assay displacing [°H]-SP1-7. The compound series was
further used to derive a pharmacophore model in order to generate a
potential bioactive conformation. Additionally, the potential active
uptake by PepT1 transporter, intestinal permeability and metabolic
stability of the dipeptides were investigated.

Results

Biological evaluation

The dipeptides 1-12 in Table 1 were prepared using solid-phase
peptide synthesis. The compounds were evaluated in a binding assay
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using spinal cord membrane from Sprague-Dawley rats and radioactive
[°H]-SP1-7 as tracer.”® The binding affinities of compounds 1-12 for
the SP1-7 binding site are summarized in Table 1.

Table 1. Binding affinity of H-Phe-Phe-NH, analogues to the SP1-7

binding site.
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N P (0]
<3N\f!)\é( *S))LH 136 + 2 HoN (S:W ] 3.3+0.2
07 "NH,

6 12

# Ki-value determined at the same occasion as for 2-12.

*Previously reported and determined K;-value.?*

° Tested in a mixture (92:8) of the opened and the ring closed diketopiperazine.
¢ Correspondence to each diastereomers undetermined.

® Tested once, at six different concentration, in triplicate.

Methylation of the peptide backbone giving analogues 2, 3, 5 and
6 resulted in lower affinity in general (Ki = 26-189 nM) except for
compound 4 that maintained similar affinity as the original compound
H-Phe-Phe-NH2 1 (Ki = 94 nM and 8.4 nM, respectively).
Rigidification of the N-terminal phenylalanine using a proline-based
analogue resulted in reduced binding affinities (7a and 7b, Ki = 33.9-
50.5 nM). However, corresponding rigidification in the C-terminal
phenylalanine gave 8a and 8b, of which one diastereomer showed
improved binding affinity (ICso = 2.4 nM) and one diastereomer lower
binding affinity (Ki = 93.1 nM). A methyl group on the g-carbon in the
C-terminal side chain as in compounds 9a and 9b reduced the binding
affinity 2-8 times. Elongation of the side chain with one carbon gave
compound 10, which showed similar affinity as compound 1.
Furthermore, small modifications on the aromatic part of the C-terminal
phenylalanine were well tolerated (cf. 1 with 11 and 12).

Metabolic stability

The metabolic stability was determined by incubating the
compounds with pooled human liver microsomes. In vitro half-life (t%%)
and in vitro intrinsic clearance (Clint) were calculated using 3previously
published models and the results are presented in Table 2.7 % The Clint
can be of value to rank compounds and to give an estimation of the risk
of first pass metabolism in vivo. A general classification is, Clint < 47
(ul/min/mg) no risk for high first metabolism in vivo, 47 < Clint < 92
moderate risk, and Clint > 92 high risk.
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Table 2. Metabolic stability data of compounds 1-12.2

Compound Metabolic Stability Metabolic Stability
Clint” (ul/min/mg) t%° (min)
1 121+ 39 12+4
2 27+15 597 + 40
3 64 +11 22+4
4 92+0 15+1
5 38+15 40+ 16
6 175+5 79+0.2
7a 28+3 506
7b 16+9 103+6
8a 16+ 3 88 + 15
8b 76+19 1875
%a 39+4 36+3
9b 16+7 98+4
10 44+ 6 32+5
11 99+5 14+1
12 107 £ 12 13+1

% Results are expressed as mean + SD. All compounds were analysed at 100
HM' See experimental section for experimental conditions.

Clint = in vitro intrinsic clearance.
° t¥ = invitro half-life.

In the methylated series, analogues 2, 3, and 5 resulted in more
metabolic stable compounds with low or moderate risk for high first
pass metabolism and increased half-life up to 50 times (cf. 1 with 2).
However, internal or C terminal methylation (4 and 6, respectively) did
not improve the metabolic stability. In all the rigidified analogues the
metabolic stability increased and the half-life became 4-16 times longer
(cf. 1 with 7a—8b). Furthermore, methylation at the B-carbon (compound
9a and 9b) or elongation of the phenylalanine (see compound 10) also
improved the metabolic stability while decoration of the aromatic ring of

the C-terminal phenylalanine did not significantly influence the stability
(cf. 1 with 11 and 12).

Permeability and Uptake Experiments
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The intestinal epithelial permeability, expressed as apparent
permeability coefficients (Pspp), was determined from transport rates
across Caco-2 cell monolayers, as described previously.”* The
experiments were run in both apical to basolateral (a-b) and basolateral
to apical (b-a) directions (Table 3). A Pgp value below 0.2 x 10 cm/s
indicates Iow permeability, a Py, Value ranging from 0.2 x 10°° crm/s to
1.6 x 10°° cm/s moderate permeablllty and a P4, value above 1.6 x 10° N
cm/s indicates high permeability.?

Uptake studies with CHO-K1 and CHO-PepT1 cells (control and
PepT1 stably transfected cells, respectively) were performed and the
results are expressed as pmol/mg of protein/min. If the compounds are
substrates for the peptide transporter PepT1 and actively transported into
the cell the PepT1/K1 ratio should be greater than one.

The PepT1/K1 ratios for the synthesized compounds ranged from
0.6 (11) to 1.4 (7a and 7b), which indicates that these compounds are
not actively transported. However, the permeability data in the a-b
direction showed that the methylated analogues 2-5 had high
permeability (ranging from 9 x 10°® cmi/s to 20 x 10 cm/s) while the C-
terminal methylated analogue (6) possessed moderate permeability.
Thus, the cell permeability Was significantly increased compared to H-
Phe-Phe-NH2 (1, 0.02 x 10 cm/s). Furthermore, the cyclized analogues
7a, 7b and 8b together with compound 9a Were classified to have
moderate permeability (ranging from 0.5 x 10 cm/s to 0.8 x 10°® cm/s)
and the analogues 8a and 9b to have high permeability (3.6 x 10 cm/s
and 4.4 x 10™ cml/s, respectively). In contrast, the C-terminal modified
analogues 10-12 showed only low permeablllty with Py Values ranging
from 0.02 x 10° cm/s to 0.1 x 10° cm/s. Unfortunately, all the
compounds displayed efflux, with a 3-95-fold higher transport rate in
the b-a direction than the a-b direction.

Table 3. Uptake and permeability data of compounds 1-12.2

Cmp. Uptake Caco-2 Permeability
(pmol/mg protein/min) Papp” (10 cm/s)
CHO- CHO-  Ratio AB° BA“ Ratio  Ratio
PepT1 K1 AB/BA BA/AB

1 0.3+0.0 0.3+0.0 1.0 | 0.02+0.00 0.2+0.0 0.1 11

2 22407 24405 0.9 13.9+05  124+21 0.1 8.9

3 1.1+0.2 15+0.2 0.7 18.4+0.1 86.5+0.2 0.2 4.7




137

4 18803  23.0#25 (0.8 9.0+2.2 124+19 0.1 14

5 32.7+1.8 321486 1.0 20.4+2.0 22445 0.1 11

6 0.3+0.1 04+01 0.7 0.3+0.1  0.9+0.2 0.3 3.0

7a 309+41  223+22 14 0.5+0.0 26.3x1.0 0.0 53

7b 149422  10.9+1.2 14 0.8+0.1 76.2%1.1 0.0 95

8a | 131#23 112:13 12 | 3604 751+21 0.1 21

8b | 114:10 87:08 13 | 06:00 51418 0.0 86

9a 0.6+0.1 0.7¢0.0 0.9 0.7+0.0 5.4+0.4 0.1 8.4

ob | 248:38 222:31 11 | 44#01  171#6 0.0 39

10 | 0.6£0.0 0.9+0.2 0.7 0.1+0.0  0.9+0.3 0.1 9.0

11 0.8+#0.1 1.3+0.3 0.6 | 0.02+0.00 0.3+0.0 0.1 15

12 0.2#0.0 0.3+x0.0 0.7 0.1+0.0 0.8+0.1 0.1 8.0

2 Results are expressed as mean * SD. All compounds were analysed at 100 UM. See
experimental section for experimental conditions. ® Paap = apparent permeability
coefficient. ¢ AB = apical to basolateral. ¢ BA = basolateral to apical.
Pharmacophore search

In order to further investigate the SAR in the compound series
and to derive a binding conformation we carried out a pharmacophore
search in the compound series using Phase.?® The dipeptides with Ki
values of 10 nM or lower and known stereochemistry were defined as
actives (1, 4, 10, and 12). No compounds in the series were devoid of
affinity but the three dipeptides with lowest affinity (Ki values of 70—
190 nM) and known stereochemistry were defined as inactives (2, 3, and
6). With the requirement that all four active ligands should match the
pharmacophore the maximum number of pharmacophore features in
each compound that gave pharmacophore hypotheses was six. These
hypotheses were further evaluated. Two sets of pharmacophore features
were found among the hypotheses. One set which resulted in 242
hypotheses consisted of two hydrogen bond acceptors, one donor, one



138

positively charged group, and two aromatic rings. The other set was
very similar with the difference that two hydrogen bond donors were
included, one replacing the positively charged group. This set of
pharmacophore features resulted in 2145 hypotheses. The hypotheses
were scored by matching the actives to the pharmacophore hypotheses.
The score formula used was the sum of the vector-, site-, and volume
scores plus a score for rewarding a high number of matches. Because the
number of actives matching the pharmacophore hypotheses was four in
all cases the latter term was set to a constant 1. The other terms in the
formula have the range 0-1, which gives a matching score range of 1-4.
With the default filter and complete clustering 39 hypotheses with
scores of 3.42-3.65 remained after scoring. A final score for each
hypothesis was derived by subtracting the matching scores of the
inactives from the score obtained matching the actives, resulting in
scores of 0.77-1.57. The ten pharmacophore hypothesis clusters with the
highest final scores where visually inspected and the dipeptides
excluded from the set of actives were aligned to the hypotheses, required
to match all six pharmacophore features. The analysis showed that the
top hypothesis indeed represented a plausible pharmacophore in the
active dipeptides and is shown in Figure 1 with fitness scores for the
compounds presented in Table 4.

The other pharmacophore hypotheses inspected had either
problem explaining the affinity of the rigidified analogues (e.g. neither
8a nor 8b could match the hypothesis although one of them has the
highest affinity in the series) or some of the inactive compounds had a
high fitness score. Although the top scoring hypothesis also suffered
from a rather high fitness score of the inactive compounds 2 and 6, their
scores could be rationalized by a good alignment of all but one
pharmacophore feature in each compound, resulting in a fairly low
penalty to their scores.

Figure 1. The top score pharmacophore shown with 1 aligned.
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Table 4. Fitness score for the alignment to the pharmacophore for
compounds 1-12 and their set membership.

Compound Fitness® Set
1 3 Active
2 2.19 Inactive
3 1.7 Inactive
4 2.58 Active
5 2.27 Test
6 2.07 Inactive
Ta 1.38 Test
7b 0.38 Test
8a 2.65 Test
8b 1.13 Test
9a 2.7 Test
9b 0.69 Test
10 2.14 Active
11 2.92 Test
12 2.96 Active

 The sum of the vector-, site-, and volume scores (range 0-3).

® Active = compounds used for generating pharmacophore hypotheses, Inactive
= compounds used to penalize questionable hypotheses that match inactives,
Test = compounds used for validating the hypotheses.

Discussion

A potential specific receptor for the N-terminal partial sequences
of SP in mouse spinal cord was discussed already in the beginning of the
1980s”” but it was not until 1990, when it was found that the binding
was specific, saturable, and reversible, that the hypothesis of a specific
SP1-7 receptor was proposed.'’ During the 1990s the biological roles of
the N-terminal fragment of SP were investigated by several groups” ™
%29 More recently the SAR of SP1-7 and other ligands (e.g. EM-2)
have been investigated by our group leading to the discovery of
dipeptides with high affinity to the SP1-7 binding site.” %

In the present study we are currently addressing the challenging
task to transform these dipeptides into compounds with more drug-like
features. One way to achieve this is to introduce local constrains in the
peptide backbone by incorporation of N-methyl amino acids. The
advantage of incorporating a single methyl group is that it provides a
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balance between decreasing conformational entropy sufficient to change
the binding affinity whilst still allowing sufficient conformational
flexibility for the ligand to adopt the conformation required for
molecular recognition to the target. Furthermore, the incorporation of a
methyl group often provides metabolic stability due to resistance to
proteolytic degradation.® ! In the dipeptides series presented herein we
introduced a methyl group in each position along the backbone of the
dipeptide H-Phe-Phe-NH2. Highest influence on binding affinity is seen
when substituting the N-terminal amine or the C-terminal amide with a
methyl group (2 and 6, respectively), resulting in reduced binding
affinities by 17-23 times. A possible explanation for this can be seen
when looking at the proposed pharmacophore in the series (Figure 2).
The pharmacophore presented proposes six important interactions
features that all high affinity compounds can present to the target
protein, namely two hydrogen bond acceptors, two hydrogen bond
donors and two aromatic rings. In 2 the methyl group on the N-terminus
is positioned in the direction of the hydrogen bond donor vector from
the amine to the protein in the pharmacophore.

The hydrogen bond donor feature assigned to the amine would
also be compatible with a positively charged feature in the series and
this was also found in other pharmacophore hypotheses. However, if
that was the case the directional property of the feature would be lost
and 2 would have a higher fitness to the pharmacophore. The reduced
affinity observed for 6, in which the primary amide was methylated to a
secondary amide, is also accounted for in the pharmacophore. This is
because the hydrogen bond pattern for the C-terminal amide is optimal
for a primary amide as can be seen in Figure 2 where 6 is aligned to the
pharmacophore, unable to match this hydrogen bond donor feature.
When 1 was methylated on the internal nitrogen no influence on the
affinity potency could be observed (see compound 4). It is well known
that internal methylated dipeptides often undergo ring closure to the
corresponding  diketopiperazine.®* Since the opened analogue
equilibrated with the diketopiperazine formation, was compound 4
tested in a mixture of the opened and the ring closed formation.

To investigate the spatial arrangement of the phenylalanine side
chain and the effect of a more strongly rigidified HPhe-Phe-NH2
analogues the compounds with side chain constrains 7a-8b were
synthesized. This modification showed to be stereochemically
depending, which is expected in a defined receptor pocket. When
introducing the cis-3-phenyl-pyrrolidine moiety in the N-terminal (7a
and 7b) the affinity dropped 4-6 times. Both these diastereomers show
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low fitness scores to the proposed pharmacophore, which indicates that
the compounds have problems obtaining an optimal binding
conformation. Interestingly however, when the cis-3-phenyl-pyrrolidine
moiety was incorporated in the C-terminal the phenyl group seems to be
positioned well in the active binding site in one of the diastereomers,
resulting in almost four times higher binding affinity. Comparing 8a and
8b, a clear difference in fitness to the pharmacophore is seen, supporting
the (S,S) configuration of the cis-3-phenyl-pyrrolidine in the high
affinity analogue 8a.

Compound 2

Compound 6

Figure 2. Compounds 2 and 6 aligned to the pharmacophore.

A B-methylation of the phenylalanine side chain can have an
effect on how the side chain interacts with the binding site.*®* When a
methyl group was introduced on the pB-carbon in the C-terminal
phenylalanine in 1 a 4-fold difference between the (S,S)- and the (R,R)-
configuration could be observed (cf. 9a with 9b).
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Compound 8b

Figure 3. Compounds 8a and 8b aligned to the pharmacophore.

Inspecting the fitness scores of the two diastereomers when
matched to the pharmacophore supports 9a with the (S,S) configuration
of the B-methylphenylalanine as the analogue with highest binding
affinity. Furthermore, a p-methylation reduces the conformational
flexibility of the phenylalanine side chain by imposing a steric rotational
constraint, which can be advantageous by reducing entropic penalty
upon binding. However, this was not advantageous for the binding since
1 possessed 2 times higher binding affinity compared to 9a.

Elongation of the C-terminal phenylalanine side chain was well
tolerated (cf. 1 with 10) which indicates that there is room for
modification in this part of the molecule. Interestingly, in the previous
SAR investigation that led to identification of H-Phe-Phe-NH2 the
replacement of the C-terminal phenylalanine for a phenylglycine
resulted in a completely inactive compound and even replacing the
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phenyl ring with thiophene resulted in significantly lower affinity.*
Moreover, the binding pocket seems to tolerate substituents on the
aromatic moiety since both compound 11 and compound 12 showed
great binding affinities, especially compound 12 (Ki = 3.3 nM) in which
a hydrogen in meta position has been exchanged by a fluorine atom.
This is somewhat contradictory to the result of the previous SAR
investigation where the same C-terminal amino acids as in 11 and 12 in
combination with O-methylated tyrosin and cyclohexylalanine as the N-
terminal amino acids, respectively, was devoid of affinity to the SP1-7
binding site. However, in the latter case the main problem might be that
the change in both terminal parts was done concurrently, which gave a
negative synergistic effect upon binding. Altogether, it seems that C-
terminal changes are allowed if the N-terminal is preserved.

The in vitro pharmacokinetic properties of the compounds were
studied, i.e. uptake, permeability and metabolic stability. The metabolic
stability study was concentrated to the liver since this tissue constitutes
the major site of metabolism for most drugs.”? By using the in vitro
parameter intrinsic clearance (CLint) we can describe the rate of
metabolism of the compounds under in vivo conditions, which gives an
indication of which compounds to choose for further development.?®
Methyl groups along the peptide backbone can increase the metabolic
stability. Indeed, the stability increased for all the methylated analogues
of H-Phe-Phe-NH2 except for the internal (4) and the C-terminal (6) N-
methylated analogues. However, the apparent instability of the internal
N-methylated compound is partly explained by the fact that the opened
analogue was in equilibrium with the diketopiperazine form as
mentioned earlier. To our satisfaction, the rigidified analogues of H-
Phe-Phe-NH2 not only resulted in metabolically more stable compounds
(7a—8b) but also in the most potent binder 8a. In fact, 8a turned out to
be 7 times more stable than H-Phe-Phe-NH2, which makes this
analogue a good candidate for replacing 1 in further animal studies.
Modifications of the C-terminal phenylalanine in form of elongation as
in compound 10 or B-methylation also improved the stability. However,
ortho-methyl and meta-fluoro substitutions on the aromatic part of the
phenylalanine do not seem to have any effect on the metabolism as
compared to H-Phe-Phe-NH2 (1) itself.

Furthermore, the membrane permeability and the transport
mechanism of the analogues in this series were investigated. The di/tri-
peptide transporter PepTl is expressed in the intestine and ensures
efficient absorption of small peptides from digestion of dietary proteins.
PepT1 is also important for absorption of a variety of peptidomimetic
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drugs, such as p-lactam antibiotics and angiotensin converting enzyme
(ACE) inhibitors.** * In order to achieve efficient binding and
activation of the transporter some important structural features of
dipeptides need to be fulfilled: 1) No substitution at the N-terminal
amine, 2) A negatively charged C-terminus, 3) A amide carbonyl
oxygen and 4) the interaction of the N-and C-terminal amino acids side
chain with a proposed hydrophobic pocket, preferably aromatic
groups.®*® Thus, an efficient transport with PepT1 was not expected for
the synthesized dipeptides herein, all with primary amides in the C-
terminal. However, the aromaticity, the dipeptides character and the fact
that dipeptides with C-terminal amides have been shown to be PepT1
substrates motivated us to investigate if the dipeptides in this series,
could be actively transported over the membrane. The uptake studies
using CHO cells transfected with the transporter PepT1l however
indicated that the compounds are no good substrates for this transport
system (see PepT1l/K1 ratio in Table 3; all around 1). A very weak
increase of PepTl activation could be seen for the dipeptides
incorporating the cis-3-phenyl-pyrrolidine moiety (7a-8b), and this
might be explained by the study of Vig et al.** were they demonstrated
that dipeptides with a proline at the C- or N-terminal with the proper
attendant amino acid exhibits both high affinity and activation of the
PepTl1 transporter. Although the compounds were not actively
transported, the permeability data in the a-b direction generally
indicated that the analogues had moderate or high permeability, which
in contrast to H-Phe-Phe-NH2 (1) indicates that these compounds
indeed are cell permeable. Satisfyingly, compound 8a with highest
binding affinity (1Cso = 2.4 nM) also possessed high permeability (3.6 x
10 cmifs).

The efflux transporter P-glycoprotein (PgP) has an important role
in limiting entry of various drugs in to the central nervous system which
makes it an important factor to consider when working with CNS active
compounds.”’ All of the analogues studied in here displayed a large
efflux (the ba/ab ratio ranging from 3-95), which might be explained by
interactions with PgP. Nevertheless, in the Caco-2 cells other efflux
transporters are present and could be involved in the secretion of the
compounds. To be noticed though is that the efflux was substantially
lower for the methylated analogues (2-6) compared to the rigidified
ones (7a—8b). Thus, an important molecular feature for PgP substrates is
the ability to form hydrogen bonds with PgP which might be the
explanation for the lowered efflux of the methylated series.”* Also the
stereochemistry seemed to influence the efflux since there were big
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differences in the ba/ab ratios between all the diastereomeres (cf. 7a and
7b, 8a and 8b, 9a and 9b).

Conclusion

A series of constrained and modified dipeptides analogues of H-
Phe-Phe-NH2 has been synthesized and evaluated regarding their
binding affinity, uptake, permeability and metabolic stability. Local
constraints as methylation along the peptide backbone and rigidification
by cyclization delivered compounds with increased metabolic stability
and generally improved cell-permeability. Unfortunately, the propensity
for efflux was not reduced. Compound 8a, a C-terminal rigidified H-
Phe-Phe-NH2 analogue comprising a cis-3-phenyl-pyrrolidine moiety
with S,S configuration as supported by pharmacophore analysis, was the
only compound with both improved stability and cell permeability and
that also retained high affinity to the SP1-7 binding site. Moreover, in
this study it seems like it is allowed to make changes in the C-terminal,
e.g. substitution with ortho-methyl or meta-fluoro in the aromatic part or
elongation of the phenylalanine side chain without any loss in binding
affinity. Taken together, we herein report the identification of optimized
H-Phe-Phe-NH2 analogues with not only better binding affinity but also
better stability and cell permeability. The stable and cell permeable
compound 8a will serve as a good starting point in future development
of novel SP1-7 analogues that can be used as a research tools in animal
models to clarify the physiological role of SP1-7 and its specific
binding site.

Experimental
General Methods

Preparative RP-HPLC was performed on a system equipped with
a Zorbax SB-C8 column (150 x 21.2 mm) or a 10 pm Vydac C18
column (250 x 22 mm), in both cases with UV detection at 230 nm.
Analytical RP-HPLC-MS was performed on a Gilson-Finnigan
ThermoQuest AQA system (Onyx monolithic C18 column, 50 x 4.6
mm; MeCN/H,0 gradient with 0.05% HCOOH) in ESI mode, using UV
(214 and 254 nm) and MS detection. The purity of each of the peptides
was determined by RP-HPLC using the columns: ACE 5 C18 (50 x 4.6
mm) and ACE 5 Phenyl (50 x 4.6 mm) or Thermo Hypersil Fluophase
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RP (50 x 4.6 mm) with a H,O/MeCN gradient with 0.1% TFA and UV
detection at 220 nm. All peptides showed purity above 95%.

NMR spectra were recorded on a Varian Mercury plus
spectrometer (*H at 399.8 MHz and *3C at 100.5 MHz or 'H at 399.9
MHz and **C at 100.6 MHz) at ambient temperature. Chemical shifts (8)
are reported in ppm referenced indirectly to TMS via the solvent
residual signal. Exact molecular masses were determined on a
Micromass Q-Tof2 mass spectrometer equipped with an electrospray ion
source at the Department of Pharmaceutical Biosciences, Uppsala
University, Sweden. All other chemicals and solvents were of analytical
grade from commercial sources.

General synthesis of peptides 1-12
Coupling

The peptides 1-12 were synthesized manually from Rink Amide
MBHA resin (0.66 mmol/g) or Methyl Indole AM resin (0.63 mmol/g)
in 2 mL disposable syringes fitted with porous polyethylene filter.
Standard Fmoc conditions were used and the Fmoc protecting group was
removed by treatment with 20% piperidine in DMF (2 x 1.5 mL, 2 + 10
min) and the polymer was washed with DMF (6 x 1.5 mL, 6 x 1 min).
Coupling of the appropriate amino acid, Fmoc-AA-OH (1.5 or 4 equiv)
was performed in DMF (1.5 mL) using N-[(1H-benzotriazole-1-yl)-
(dimethylamino)methylene]-N-methylmethanaminium
hexafluorophosphate N-oxide (HBTU, 1.5 or 4 equiv.) in the presence of
DIEA (3 or 8 equiv). The resin was washed with DMF (5 x 1.5 mL, 5 x
1 min) and subsequently deprotected and washed as described above.
After completion of the coupling cycle the resin was also washed with
several portions of DMF, CH,CIl, and MeOH before it was dried in a
vacuum overnight.

Cleavage

The final peptide was cleaved from the resin by treatment with
triethylsilane (100 pL) and 95% aqueous trifluoroacetic acid (TFA, 1.5
mL) followed by agitation for 2 h in room temperature. The resin was
filtered off and washed with TFA (2 x 0.3-0.5 mL). The filtrate was
collected in a centrifuge tube and concentrated in a stream of nitrogen.
Cold diethyl ether (< 7 mL) was used to precipitate the product, which
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was collected by centrifugation, washed with cold diethyl ether (<3 x 7
mL) and dried.

Purification

The crude peptide was dissolved in MeCN/0.1% aqueous TFA,
filtered through a 0.45 um nylon membrane and purified in 1-2 runs by
RP-HPLC. Selected fractions were analyzed by RP-HPLC and RP-
HPLC-MS, and those containing pure product were pooled and
lyophilized. The reported yields are based on the loading of the starting
resin.

Peptide 1 (H-Phe-Phe-NH2)

The crude peptide was purified to yield 23 mg (37%). HPLC
purity: C18-column > 99%, Fluophase > 98%. Spectral data was in
agreement with previous reports.?*

Peptide 2 (N-Me-Phe-Phe-NH2)

The crude peptide was purified to yield 14.8 mg (45%). HPLC
purity: C18-column > 99%, Fluophase > 98%. *H-NMR (MeOD) 5 2.11
(s 3H), 2.79 (dd, J = 10.4, 13.9 Hz, 1H), 3.05-3.15 (m, 2H), 3.21 (dd, J
= 5.0, 13.9 Hz, 1H), 3.86-3.93 (m, 1H), 4.77 (dd, J = 5.0, 10.4 Hz, 1H),
7.18-7.36 (m, 10H). ®*C-NMR (MeOD) & 32.1, 37.9, 39.3, 55.5, 64.1,
127.9, 129.0, 129.5, 130.2, 130.5, 130.51, 135.0, 138.4, 167.7, 174.8.
HRMS (M + H"): 326.1870, C19H23N30; requires 326.1869.

Peptide 3 (a-Me-Phe-Phe-NH2)

The crude peptide was purified to yield 3.6 mg (11.2%). HPLC
purity: C18-column > 98%, Fluophase > 99%. 'H-NMR (MeOD) & 1.38
(s, 3H), 2.98 (dd, J = 10.1, 13.9 Hz, 1H), 3.30 (d, J = 14.4 Hz, 1 H), 3.23
(dd, J =5.2, 13.9 Hz, 1H), 3.31 (d, J = 14.4 Hz, 1H), 4.78 (dd, J = 5.2,
10.1 Hz, 1H), 7.2-7.36 (m, 10H). *C-NMR (MeOD) § 22.8, 39.2, 43.7,
55.7,61.8,127.9, 129.1, 129.5, 130.0, 130.4, 131.4, 134.2, 138.4, 171.5,
175.5. HRMS (M + H™): 326.1866, C19H23N30, requires 326.1869.
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Peptide 4 (Phe-N-Me-Phe-NH2)

The crude peptide was purified to yield 9.8 mg (30.1%). HPLC
purity: C18-column 94.6%, Fluophase > 92.1. *H-NMR (MeOD) & 2.82
(s, 3H), 2.95-3.15 (m, 4H), 4.51 (dd, J = 6.5, 7.6 Hz, 1H), 5.21 (dd, J =
7.4,8.6 Hz, 1H), 7.13-7.39 (m, 10H). *C-NMR (MeOD) & 32.69, 35.51,
37.98, 53.31, 60.31, 127.89, 129.03, 129.66, 130.09, 130.25, 130.59,
135.18, 138.41, 170.28, 173.66. HRMS (M + H"): 326.1866,
C19H23N30; requires 326.1869.

Peptide 5 (Phe-a-Me-Phe-NH2)

The crude peptide was purified to yield 17.3 mg (53.2%). HPLC
purity: C18-column > 99%, Fluophase > 99%. ‘*H-NMR (MeOD) & 1.46
(s, 3H), 2.97 (dd, J = 9.5, 14.2 Hz, 1H), 3.14 (dd, J = 5.6, 14.2 Hz, 1H),
3.25 (d, J = 13.4 Hz, 1H), 3.37 (d, J = 13.4 Hz, 1H), 4.10 (dd, J = 5.6,
9.5 Hz, 1H), 7.1-7.4 (m, 10H). *C-NMR (MeOD) & 23.9, 38.6, 41.5,
55.9, 61.8, 127.99, 128.9, 129.2, 130.2, 130.4, 131.7, 135.9, 137.5,
168.9, 178.2. HRMS (M + H"): 326.1866, CioH23NsO, requires
326.1869.

Peptide 6 (Phe-Phe-NHMe)

The crude peptide was purified to yield 25.7 mg (79.1%). HPLC
purity: C18-column > 99%, Fluophase > 99%. ‘H-NMR (MeOD) & 2.65
(bs, 3H), 2.95 (dd, J = 7.6, 13.7 Hz, 1H), 3.03 (dd, J = 8.2, 14.2 Hz,
1H), 3.07 (dd, J = 7.4, 13.7 Hz, 1H), 3.23 (dd, J = 5.7, 14.2 Hz, 1H),
4.09 (dd, J = 5.7, 8.2 Hz, 1H), 4.55 (dd, J = 7.4, 7.6 Hz, 1H), 7.16-7.38
(m, 10H). ®C-NMR (MeOD) & 26.2, 38.5, 39.2, 55.5, 56.6, 127.9,
128.8,129.5, 130.1, 130.2, 130.5, 135.5, 138.1, 169.4, 173.1. HRMS (M
+ H™"): 326.1870, C19H23N30, requires 326.1869.

Peptide 7a (Cis-3-phenyl-pyrrolidine-Phe-NH2)

The crude peptide was purified to yield 5.4 mg (32%). HPLC
purity: C18-column > 99%, Fluophase > 99%. ‘H-NMR (MeOD) &
2.35-2.50 (m, 2H), 2.77 (dd, J = 7.5, 13.7 Hz, 1H), 3.00 (dd, J = 6.5,
13.7 Hz, 1H), 3.38 (m, J = 7.4, 9.7, 11.4 Hz, 1H), 3.73 (m, J = 3.6, 7.8,
11.4 Hz, 1H), 3.88 (ddm, J = 7.4, 9.3 Hz, 1H) 4.33 gdd, J=6.5,75Hz,
1H), 4.48 (d, J = 9.3 Hz, 1H) 7.15-7.40 (m, 10H). *C-NMR (MeOD) &
31.63, 39.41, 46.62, 48.23, 55.53, 64.82, 127.82, 129.21, 129.41 (2C),
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129.93, 130.34, 137.60, 137.99, 167.12, 173.84. HRMS (M + H+):
338.1875, CyoHa3N30, rGQUireS 338.1869.

Peptide 7b (Cis-3-phenyl-pyrrolidine-Phe-NH2)

The crude peptide was purified to yield 9.3 mg (55%). HPLC
purity: C18-column > 99%, Fluophase > 99%. ‘H-NMR (MeOD) & 2.20
(dd, J=5.9, 13.6 Hz, 1H), 2.41-2.49 (m, 2H), 2.50 (dd, J = 8.6 13.6 Hz
1H), 3.42 (ddm, J = 8.7, 11.2 Hz, 1H), 3.75 (dd, J = 5.4, 11.2 Hz 1H),
3.89 (dm, J=8.8 Hz, 1H) 4.11 (dd, J =5.9, 8.6 Hz, 1H), 455 (d, J=9.3
Hz, 1H) 6.94-6.99 (m, 2H), 7.16-7.36 (m, 8H). *C-NMR (MeOD) &
31.50, 38.58, 46.76, 48.38, 56.02, 64.65, 127.88, 129.19, 129.51,
129.64, 129.84, 130.18, 137.57, 137.70, 167.44, 178.22. HRMS (M +
H*): 338.1870, C,oH23N30; requires 338.1869.

Peptide 8a (Phe-Cis-3-phenyl-pyrrolidine-NH2)

The crude peptide was purified to yield 14.2 mg (42%) in a 2:1
ratio (8a:8b) calculated from NMR. HPLC purity: C18-column 70%,
Fluophase 70%, due to presence of 8b. *H-NMR (MeOD) & 2.18 (m, J =
1.03, 6.3, 12,3 Hz, 1H), 2.67 (m, J = 8.6 10.6, 12.3 Hz, 1H), 3.04 (dd, J
=7.7,14.4 Hz, 1H), 3.35 (dd, J = 6.0, 14.4 Hz, 1H), 3.59-3.74 (m, 3H),
4.38 (dd, J = 6.0, 7.7 Hz, 1H), 4.75 (d, J = 8.7 Hz, 1H), 7.11 (m, 1H),
7.21-7.53 (m, 9H). *C-NMR (MeOD) & 29.56, 38.30, 47.75, 47.95,
54.06, 65.61, 128.59, 129.17, 129.43, 129.44, 130.13, 130.71, 135.51,
137.49, 168.40, 174.46. HRMS (M + H"): 338.1865, CyHx:N30,
requires 338.18609.

Peptide 8b (Phe-Cis-3-phenyl-pyrrolidine-NH2)

The crude peptide was purified to yield 11.2 mg (33%). HPLC
purity: C18-column > 99%, Fluophase > 99%. 'H-NMR (MeOD) & 1.92
(m, J =12, 6.2, 13,2 Hz, 1H), 258 (m, J = 8.5, 10.7, 11.8, 13.2 Hz,
1H), 2.73 (m, J = 6.2, 9.6, 10.9 Hz, 1H), 3.17 (d, J = 7.6 Hz, 2H), 3.31
(m, J =8.6 Hz, 1H), 3.84 (m, J = 1.2, 85,9.7 Hz, 1H), 442 (t, J=7.6
Hz, 1H), 4.53 (d, J = 8.6 Hz, 1H), 7.11 (m, 1H), 7.21-7.45 (m, 10H).
BC-NMR (MeOD) & 30.07, 37.70, 47.64, 47.72, 54.16, 65.54, 128.94,
129.25, 129.42, 129.49, 130.31, 130.85, 135.36, 137.79, 168.49, 173.78.
HRMS (M + H+): 338.1865, CyoH23N30, requires 338.1869.
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Peptide 9a (Phe-S-Me-Phe-NH2)

The crude peptide was purified to yield 4.7 mg (29%). HPLC
purity: C18-column > 98.4%, Fluophase > 97.8%. ‘H-NMR (MeOD) &
1.31 (dd, J = 1.6, 7.1 Hz, 3H), 2.95 (dd, J = 8.4, 14.3 Hz, 1H), 3.13-3.21
(m, 2H), 3.93 (ddd, J = 1.6, 5.0, 8.4 Hz, 1H), 4.65 (dd, J = 1.6, 9.7 Hz,
1H) 7.16-7.40 (m, 10H). *C-NMR (MeOD) § 19.9, 38.4, 42.9, 55.2,
59.6, 128.0, 128.8, 128.9, 129.6, 130.2, 130.5, 135.3, 144.0, 169.1,
175.2. HRMS (M + H*): 326.1863, C19H,3N30, requires 326.1869.

Peptide 9b (Phe-S-Me-Phe-NH2)

The crude peptide was purified to yield 4.5 mg (28%). HPLC
purity: C18-column > 99%, Fluophase > 99%. ‘H-NMR (MeOD) & 1.29
(dd, J = 0.9, 7.0 Hz, 3H), 2.42 (dd, J = 8.9, 14.5 Hz, 1H), 2.57 (dd, J =
5.0, 14.5 Hz, 1H), 3.13 (ddm, J = 6.7, 9.9 Hz, 1H), 3.95 (dd, J = 5.0, 8.9
Hz, 1H) 4.66 (dd, J = 0.9, 9.9 Hz, 1H), 6.96-7.01 (m, 2H), 7.17-7.33 (m,
8H). *C-NMR (MeOD) & 19.6, 383, 43.4, 55.4, 59.4, 128.1, 128.8,
128.9, 129.7, 130.1, 130.3, 135.3, 144.1, 169.1, 175.5. HRMS (M + H"):
326.1868, C19H23N30, requires 326.1869.

Peptide 10 (Phe-homoPhe-NH2)

The crude peptide was purified to yield 21.8 mg (67%). HPLC
purity: C18-column > 99%, Fluophase > 99%. ‘H-NMR (MeOD) &
1.91-2.15 (m, 2H), 2.60-2.77 (m, 2H), 3.06 (dd, J = 8.5, 14.2 Hz, 1H),
3.31(dd, J=5.9, 14.3 Hz, 1H), 3.19 (dd, J = 5.9, 8.5 Hz, 1H) 4.41 (dd, J
= 5.4, 8.5 Hz, 1H), 7.14-7.40 (m, 10H). *C-NMR (MeOD) 33.0, 35.4,
38.6, 54.4, 55.6, 127.2, 128.9, 129.4, 129.5, 130.2, 130.6, 135.6, 142.4,
169.6, 175.8. HRMS (M + H"): 326.1873, CioH»3N30, requires
326.1869.

Peptide 11 (Phe-Phe(3-F)-NH2)

The crude peptide was purified to yield 12.9 mg (40%). HPLC
purity: C18-column 98.9%, Fluophase 98.7%. *H-NMR (MeOD) & 2.98
(s, 3H), 3.00 (dd, J = 7.6, 14.0 Hz, 1H), 3.02 (dd, J = 8.4, 14.3 Hz, 1H),
3.12 (dd, J = 7.6, 14.0 Hz, 1H), 3.25 (dd, J = 5.7, 14.3 Hz, 1H), 4.09
(dd, J = 5.7, 8.4 Hz, 1H) 4.66 (dd, J = 7.6, 7.6 Hz, 1H), 7.07-7.21 (m,
4H), 7.26-7.41 (m, 5H). *C-NMR (MeOD) 19.6, 36.5, 38.6, 54.7, 55.5,
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127.0, 128.0, 128.9, 130.2, 130.5, 130.8, 131.4, 135.5, 136.1, 137.9,
169.3, 175.3. HRMS (M + HY): 326.1866, CioH,3N3O, requires
326.1869.

Peptide 12 (Phe-Phe(2-Me)-NH2)

The crude peptide was purified to yield 12.4 mg (38%). HPLC
purity: C18-column > 99%, Fluophase > 99%. ‘H-NMR (MeOD) & 2.98
(dd, J = 8.4, 13.9 Hz, 1H), 3.01 (dd, J = 8.5, 14.3 Hz, 1H), 3.15 (dd, J =
6.3, 13.9 Hz, 1H), 3.26 (dd, J = 5.4, 14.3 Hz, 1H) 4.08 (dd, J = 5.4, 8.5
Hz, 1H) 4.66 (dd, J = 6.3, 8.4 Hz, 1H), 6.92-7.00 (m, 1H), 7.01-7.13 (m,
2H), 7.26-7.40 (m, 6H). *C-NMR (MeOD) 38.6, 38.7, 55.5, 55.7, 114.6
(J= 21.4 Hz), 117.0 (J = 21.7 Hz), 126.2 (J = 2.77 Hz), 128.9, 130.2,
130.5, 131.2 (J = 8.29 Hz), 135.4, 141.0 (J = 7.56 Hz), 164.3 (J = 244.4
Hz), 169.5, 174.9. HRMS (M + H*): 330.1621, C1sH20N30,F requires
330.1618.

[2,4-DehydroPro]SP1-7

The precursor peptide for tritium-labeling [2,4-DehydroPro]SP;.;
was prepared by standard solid-phase peptide synthesis techniques using
Fmoc/t-butyl protection and purified as described above. Tritium
labeling of the precursor was performed by Amersham Biosciences
(Cardiff, UK) and resulted in 370 MBq (10 mCi) of [*H]-SP1-7 with a
specific activity of 3.11 TBg/mmol (84 Ci/mmol).

Animal experiment and membrane preparation

The preparations of receptor membranes were conducted using
spinal cords from male Sprague-Dawley rats. The rats (Alab AB,
Sollentuna, Sweden), weighing 200-250 g, were housed in groups of
four in air-conditioned rooms (22-23 °C and a humidity of 50-60%)
under an artificial light-dark cycle and had free access to food and
water. Prior to tissue sampling the rats were allowed to adapt to the
laboratory environment for 1 week. The animals (n=15) were killed by
decapitation and the spinal cords were rapidly removed and quickly
frozen. Tissues were then kept at —80 °C until analyzed. The animal
experiment was approved by the local ethical committee in Uppsala,
Sweden.

The frozen spinal cords weighing approximately 250-300
mg/animal, were thawed and placed on ice before being homogenized
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for 30 s in 30 volumes of ice-cold 50 mM Tris—HCI buffer (pH 7.4),
containing 5 mM KCI and 120 mM NaCl, using a Polytron
homogenizer. The homogenate was then centrifuged at 40,000 x g for
20 min at 4°C and the supernatant was discarded. The resulting pellet
was re-suspended in 30 volumes of ice-cold 50 mM Tris—HCI buffer
(pH 7.4), containing 300 mM KCI and 10 mM EDTA. Following
incubation on ice for 30 min the sample was centrifuged at 40,000 x g
for 20 min at 4°C. The pellet obtained was diluted and homogenized in
30 volumes of ice-cold 50 mM Tris—HCI, containing 0.02% BSA, 5
mM, EDTA, 3 mM MnClI; and 40 pg bacitracin and re-centrifuged twice
as described above. The final pellet was re-suspended and homogenized
in 5 volumes of ice-cold 50 mM Tris—HCI buffer (pH 7.4) and
immediately frozen at —80°C until used in binding studies. The protein
concentration of the membrane suspension was determined according to
the method of Lowry*! using bovine serum albumin as protein standard.

Radioligand Binding assay

Assessment of the binding affinity for the various compounds
analyzed in this study was carried out using the analogue [*H]-SP1-7 as
tracer. Assays were performed in tubes containing 50 pl of sapinal cord
membrane suspension (200 pg protein) and 0.9 nM of [*H]-SP1-7
(specific activity: 3.11 TBg/mmol (84 Ci/mmol)) in a final volume of
0.5 ml 50 mM Tris binding buffer (pH 7.4), containing, 3 mM MnCl,,
0.2% BSA and peptidase inhibitors (40 pg/ml bacitracin, 4 pg/ml
leupeptin, 2 pg/ml aprotinin and 4 pug/ml phosphoramidon). The amount
of total and unspecific binding in percent of the total radioactivity added
were approximately 7% and 1.7%, respectively. The competition
experiments were determined at six different concentrations varying
between 0.01 nM and 1 uM of unlabeled compounds. Non-specific
binding was determined in the presence of 1 uM SP1-7. Samples were
incubated for 60 min at 4°C before being terminated by rapid filtration
under vacuum with a Brandel 24-sample cell harvester through
Whatman GF/C glass fiber filters treated with a solution containing 50
mM Tris (pH 7.4), 0.3% polyethylenimine (PEI) and 0.5% Triton X-100
at 4°C overnight. Filters were washed twice with 3 ml of cold 50 mM
Tris—HCI (pH 7.4) complemented with 0.1 mg/ml BSA and 3 mM
MnCl,. The filters were air dried for about 60 min before the bound
radioactivity was determined using a liquid scintillation counter
(Beckman LS 6000IC) at 63% efficiency in 5 ml of counting scintillant.
The specific binding was determined as the difference between total and
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unspecific binding. All assays were run in triplicates and each assay was
repeated at least three times at different days. Data and statistics from
the competition experiments were analyzed in the GraFit program
(Erithacus Software, UK).

Pharmacophore search

Compounds 1-12 were built in Maestro” and imported to
Phase.? The structures were ionized at pH 7.0 (i.e. protonation of the N-
terminus). Conformations were generated in Phase using 200 search
steps per rotatable bond of mixed MCMM/LMOD with sampling set to
Thorough. Energy minimization was performed using maximum 100
steps of Truncated Newton Conjugate Gradient minimization with
convergence criterion set to 0.05 kJ mol™ A™. The force field OPLS
2005* and the generalized-Born/surface area (GB/SA) model for
water* as solvation model were used. Conformations within 5 kcal mol’
! of the lowest found energy minimum were saved and redundant
conformations were removed based on maximum atom pair distance of
0.5 A after superposition. The pharmacophore features found and
assigned in the active compounds were hydrogen bond acceptors and
donors, aromatic rings, and positively charged groups.

Metabolic Stability

Compounds (1 uM) were pre-incubated for 15 min at 37°C with
pooled human liver microsomes (0.5 mg/mL; Xenotech, Kansas, KS) in
0.1M potassium phosphate buffer pH 7.4 prior to the addition of
NADPH (1 mM) to initiate the reaction. Reactions were then incubated
for 0, 5, 20 and 40 min and at each time point the reaction was stopped
by the addition of acetonitrile. Plates were centrifuged at 3,500 rpm for
20 min at 4°C, and the supernatants were subjected to liquid
chromatography/mass spectrometry analysis. The natural logarithm of
the analytical peak area ratio (relative to 0 min sample which was
considered as 100%) was plotted against time and analyzed by linear
regression. In vitro half-life (t%2) and in vitro intrinsic clearance (Clint)
were calculated on the basis of first-order reaction Kinetics of the
percentage of remaining compound. Dextromethorphan (3 puM) and
midazolam (5 uM) were used as positive controls for cytochrome P450
enzymes (CYP) isoforms CYP2D6 and CYP3A4, respectively.
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Cell Culture

Caco-2 cells (obtained from American Tissue Collection,
Rockville, MD) were maintained in an atmosphere of 90% air and 10%
CO; as described previously.?® For transport experiments, 3.0x10° cells
(passages 98 to 102) were seeded on polycarbonate filter inserts (12 mm
diameter; pore size 0.4 um; Costar, Cambridge, MA) and allowed to
grow and differentiate for 21-24 days. The monolayers integrity was
assessed by measuring the paracellular marker [**C]-Mannitol (1.0
MCi/mL 57.3 mCi/mmol; Perkin-Elmer Life Sciences, Boston, MA)
transport and the transepithelial electrical resistance (TEER) before and
after the experiments.

CHO-K1 and CHO-PepT1 cells (control and stably transfected
cells, respectively, were kind gifts from Dr. Anna-Lena Ungell,
AstraZeneca MdlIndal) and were maintained at 37°C in an atmosphere of
90% air and 10% CO,, with DMEM containing 4.5 g/L glucose, 10 %
fetal bovine serum, 1% non essential amino acids and 50 pg/mL of
gentamicin sulphate glnvitrogen, Carlsbad, CA). For the uptake
experiments, 1.0 x 10> cells/well were seeded in 24-well plates and
allowed to grow in antibiotic-free media for 2 days.

Transcellular Transport and Uptake Experiments

Stock solutions (10 mM) of the peptides were prepared in
dimethylsulfoxide (DMSO) and diluted to 100 pM (final DMSO
concentration of 1%) in Hank’s balanced salt solution (HBSS)
containing 10 mM MES at pH 6.0 (HBSS pH 6.0) or containing 10 mM
HEPES at pH 7.4 (HBSS pH 7.4). In all experiments, [“C]-Glycyl-
sarcosine ([**C]-GlySar; 1.82 pM, 0.1 uCi/mL; 55 mCi/mmol; ARC, St.
Louis, MO) was used as a PepTl1 substrate control. For inhibition
controls, an excess of unlabeled competitor (L0mM; Sigma-Aldrich, St.
Louis, MO) was used.

The intestinal epithelial permeability was determined from
transport rates across Caco-2 cell monolayers. The cell monolayers were
gently rinsed with HBSS pH 6.0 and left to equilibrate in the same
solution for 30 min at 37°C. The transport experiments were run for 2 h
at 37°C, and were started by the application of the compound solution to
the donor side, which was the apical chamber in the apical to basolateral
(a—b) experiments, and the basolateral chamber in the basolateral to
apical (b—a) experiments. Filter inserts were continuously stirred at 500
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rpm on IKA-Schittler MTS4 to obtain data that were unbiased by the
aqueous boundary layer. The receiver chambers were sampled in
suitable time points and the samples were replaced with equal volumes
of pre-heated receiver solution. For transport studies performed under
sink conditions, where less than 10% of the compound was transported
across the Caco-2 cell monolayers, the apparent permeability
coefficients (Papp) were calculated from the equation

Pappzﬂx 1

(A)  AxCo

where AQ/At is the steady-state flux (mol/s), C, is the initial
concentration in the donor chamber at each time interval (mol/mL), and
A is the surface area of the filter (cm?). If the fraction transported
exceeded 10% the P4y, coefficients were calculated applying non-sink
conditions from the equation:

CR(t):VL+(CR,O—

e—PappA(1/vD+vR)t
D+ VR

Vb +Vr

where Cg(t) is the time-dependent drug concentration in the receiver
compartment (uUM), M is the amount of drug in the system (nmol), Vp
and Vg are the volumes of the donor and receiver compartment (mL),
respectively, and t is the time that has elapsed from the start of the
interval (s).* Papp Was obtained from nonlinear regression of the
accumulated dose in the receiver compartment over time, minimizing
the sum of squared residuals in the equation.

Uptake studies with CHO cells were performed at 37°C in HBSS
pH 6.0. Initially, cells were gently rinsed and left to equilibrate for
30min at 37°C. After the equilibration period, buffer was removed and
replaced by compound diluted in HBSS pH 6.0 and cells were incubated
for 15 min at 37°C. Uptake was terminated by buffer removal followed
by two washes with ice-cold phosphate buffer saline (PBS). Cells were
then lysed with acetonitrile/water (60:40, v/v) and centrifuged at 3,500
rpm and 4°C for 20min. In the case of experiments with [**C]-GlySar,
sodium hydroxide 1M solution was used for cell lysis. The results were
expressed as pmol/mg of protein/min.
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Data Analysis

All experiments were performed in, at least, triplicates, and

samples were subjected to liquid chromatography/mass spectrometry
analysis with a ThermoFinnigan TSQ Quantum Discovery triple-
quadrupole (electrospray ionization, ESI; Thermo Electron Corp.
Waltham, USA) coupled to an Acquity Ultra High Performance LC
system (Waters, Milford, MA). For chromatographic separation, an
Acquity UPLC C18 column (1.7 um; Waters, Milford, MA) and a flow
rate of 600 puL/min were used. During the analysis 10 uL of the samples
were injected with a gradient with 0.1% formic acid in acetonitrile and
0.1% formic acid in water. Electrospray ionization was used in positive
mode, and the daughter ions of m/z 120.1 (1, 6, and 12), 134.1 (2, 3, 4,
5 9, and 11), 146.1 (7 and 8) and 281.2 (10) were used for
quantification of the respective compounds. The internal standard
warfarin (20 nM) was used throughout the analysis.
Radioactive samples ([**C]-GlySar and [*C]-Mannitol) were analyzed
with a liquid scintillation counter (TopCount NXT, Perkin-Elmer Life
Sciences, Boston, MA). Cellular protein content was determined using a
protein assay kit with bovine serum albumin (BSA) as standard (Thermo
Scientific, Rockford, IL).
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Abstract

The N-terminal fragment of Substance P, the heptapeptide SP1-7 (H-
Arg-Pro-Lys-Pro-GIn-GIn-Phe-OH), is a bioactive metabolite that has
been shown to be associated with several pharmacologically interesting
effects. For instance, SP1-7 analogues have been shown to attenuate
hyperalgesia in diabetic mice, which indicate a possible use of
compounds targeting the SP1-7 binding site as analgesic for neuropathic
pain. Aiming at the development of drug-like SP1-7 peptidomimetics we
have previously reported on the discovery of H-Phe-Phe-NH2 as a high
affinity lead compound. Unfortunately, the pharmacophore of this
compound has also been shown to be correlated with low metabolic
stability, low cell-permeability and efflux. Herein, we report of the
optimization of H-Phe-Phe-NH2 by substituting the N-terminal
phenylalanine for a benzylcarbamate group giving a new class of SP1-7
analogues with good binding affinity and improved in vitro PK data.
Furthermore, evaluation of different C-terminal functional groups, i.e.
hydroxamic acid, acyl sulfonamide, acyl cyanamide, hydrazine based
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and an oxadiazole, led to the identification of a hydroxamic acid as a
preferred C-terminal group.

Introduction

Substance P (SP, H-Arg-Pro-Lys-Pro-GIn-GIn-Phe-Phe-Gly-Leu-
Met-NH2)! is the endogenous ligand to the neurokinin-1 (NK-1)
receptor and acts as a neurotransmitter and neuromodulator in the
central and as well in the peripheral nervous system.? SP is degraded
into several bioactive fragments. In particular, the major N-terminal
metabolite substance P 1-7 (SP1-7, H-Arg-Pro-Lys-Pro-GIn-GIn-Phe-
OH, 1) has been extensively studied.** This heptapeptide is found in the
cerebrospinal fluid (CSF) in man and rodants® and exhibits h|7qh affinity
to specific binding sites in the spinal cord and in the brain.”™ Several
reports suggest that SP1-7 has its own putative receptor, but no receptor
has yet been cloned.

This SP metabolite SP1-7 attracted our attention of several
reasons; firstly, SP1-7 counteracts the expression of opiate tolerance and
withdrawal, in contrast to SP and |ts C termlnal fragments that instead
augment the op|0|d withdrawal 5|gns ! secondly, SP1-7 attenuates the
inflammatory? and nociceptive®® effects exerted by SP and thirdly, our
group recently demonstrated that SPl 7 could induce a pronounced
antihyperalgesia in diabetic mice."* The latter finding suggested to us
that low molecular weight SP1-7 peptide mimetics are not only desirable
as research tools but might in addition have the potential to serve as
future therapeutic agents in the treatment of neuropathic pain.

We have commenced a medicinal chemistry program aimed at
transforming SP1-7 into drug-like peptide mimetics. An alanine scan
and subsequent N- and C-terminal modifications of SP1-7 and
endomorphin-2 followed by truncation afforded the lead compound H-
Phe-Phe-NH2 (compound 2, see Chart 1).** *® Notably, SAR studies of
dipeptide analogues and by a series of rigid analogues of H-Phe-Phe-
NH2 (exemplified by compound 3 in Chart 1) suggested that two
aromatic rings with (S,S) configuration, a primary amine in the N-
terminal in combination with a primary amide function in the C-terminal
seemed optimal for high binding affinity. Unfortunately this
pharmacophore was correlated with efflux of the compounds. In order to
improve the pharmacokinetic properties and more specifically, to reduce
the efflux and to increase the lipophilicity aiming at compounds that not
only have good cell-permeability but also eventually can pass the blood-
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brain barrier (BBB), we felt prompted to investigate compounds of the
prototype structure A (Chart 1).

Chart 1.

HN__NH %nﬂwz
o N_I

HN™ DR
*Qﬁf%mﬁ“ ©jY "o

°Ho/

K15MHN/° © o7 NH,
1 Ki=2.4nM

Thus, starting with the prototype compound with a primary amide
in the C-terminal we decided to evaluate its binding affinity towards the
SP1-7 binding site and thereafter compare its in vitro PK data to the
previously developed lead compounds 2 and 3.

We herein report that replacement with a neutral moiety of the
basic N-terminal amine group can deliver a new class of more drug-like
ligands with retained binding affinity and more favorable in vitro PK
data. In addition, in this new compound class, the C-terminal
requirement for optimal binding affinity has been elucidated by
evaluation of a set of C-terminal modifications.

Results
Chemistry

The general synthesis towards the carbamate based derivatives is
outlined in Scheme 1. The primary amide 4 was prepared through the
reaction of C-terminal activated benzyloxycarbonyl protected
phenylalanine (Z-Phe-OSu) with ammonia. The acyl cyanamide 5 was
obtained by activation of Z-Phe-OH by N-[(dimethylamino)-1H-1,2,3-
triazolo-[4,5-b]pyridine-1-ylmethylene]-N-methylmethanaminium
hexafluorophosphate N-oxide (HATU). Although, the reaction was
allowed to run for 3 days at 40 °C, the acyl cyanamide was obtained in
low yield. The synthesis of acyl sulfonamide 6 was done by
preactivation of Z-Phe-OH with 1,1’-carbonyldiimidazole (CDI) at 60
°C before the methylsulfonamide was added. The reaction was run in 3
h at room temperature, giving the desired compound in 50% yield.
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Activation of Z-Phe-OH with isobutylchloroformate at low temperature
and coupling with hydroxylamine hydrochloride gave the hydroxamic
acid 7 in reasonable yield. The synthesis of the 1,3,4-oxadiazole 9 was
prepared via the diacylhydrazine compound 8, which was further
dehydrated using Burgess reagent in order to give the heterocyclic
compound 9.

Scheme 1.
o o o
1 2
oy oy -0

o) o N=N

9 (65%)
Z-Phe-OH: R'= OH 4 R?=NH, (54%)
Z-Phe-OSu: R = O-Succinimide 5R2= NHCN (9%)

6 R?= NHSO,Me (50%)
7 R?= NHOH (30%)
8 R2= NHNHCOPhe (99%)

Reagents: (a) (i) Z-Phe-Osu, NH3, THF, 0°C to r.t. or (ii) Z-Phe-OH, Cyanamide,
HATU, DIEA, DMF, 3 days at 40°C, or (iii) Z-Phe-OH, Methylsulfonamide, CDI,
DBU, THF, 3h or (iv) Z-Phe-OH, Hydroxylamine hydrochloride, N-
methylmorpholine, Isobutylchloroformate, Et3N, THF, DMF, 2h or (v) Z-Phe-OH,
Benzhydrazide, HATU, DIEA, DCM, r.t. (b) 8, Burgess reagent, THF, 75°C.

Biological evaluation

Initial investigation of the prototype compound where the N-
terminal phenylalanine in lead compound 2 was exchanged to the more
lipophilic bensyloxycarbonyl moiety, generating compound 4, was
performed. Firstly, compound 4 was evaluated in the SP1-7 binding
assay. Despite discarding the basic N-terminal amine the new carbamate
based derivative possessed good binding affinity (Ki = 5.2 nM),
demonstrating that this new ligand still maintains significant binding
interactions with the target. Together with the other two lead compounds
(2 and 3), discovered in previous optimization studies, compound 4 were
evaluated in an extensive in vitro profile program (Table 1).**% Several
important parameters were screened, such as solubility, plasma protein
binding, permeability including efflux, metabolic stability and their
influence on the CYP enzymes, in order to obtain a profound PK profile
of each compound.



165

Table 1. In vitro profile of the lead compounds 2, 3 and 4.

Compound @
structure ) o
HoN H\:)LNHQ HaN N/i\@ OTH\;)LNHz
In vitro o O &7 NH, o =
profile Ki=15 "M\© Ki=20.4 M Ki=5.2 n;@
2 3 4
ClogP 1.02 1.67 2.15
PSA 107 94 88
Solubility > 400 257 97
(UM)
Human NV 60 19
PPB Fu %
10 pM
Rat NV 67 182
PPB Fu %
10 pM
Papp (10°° cms) NV° 2.8 31
Efflux ratio NVP 4.2 1
Cline 102.8 8.3 21.2
(Rat Mic)
Cline 97.3 13.9 22.6
(Human Mic)
Cline 7.1 39.4
(Rat Hep)
CYP2D6 Weak Weak Weak
CYP3A4 Weak Moderate Weak
CYP1A2 Weak Weak Weak
CYP2C9 Weak Weak Weak

? Using protease inhibitors. ® Below level of quantification. © PSA= Polar
surface area. “ PPB = Plasma protein binding. ¢ Fu = Fraction unbound. " Mic =
Microsomes. ¢ Clint = Clearance intrinsic (ul/min/mg). " Hep = Hepatocytes.
"Weak: 1Cs, >20uM, Moderate: 1Cs, 2-20uM.

The three first parameters in Table 1 clearly demonstrates, as one
might expect, that with reduced peptide character the lipophilicity
increases (4 > 3 > 2). The decreased polar surface area (PSA) and
increased C Log P of compound 4 thus promotes good permeability
across the blood-brain barrier. Looking at our first lead compound H-
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Phe-Phe-NH2 (2) it is clear that this dipeptide is not a good drug
candidate due to low membrane permeability (below level of
guantification). Furthermore, the high clearance and no measurable PPB
(fraction unbound), probably due to rapid degradation in plasma, can be
problematic in further development. The rigidification of the C-terminal
phenylalanine, as in compound 3, resulted in improved permeability but
still with an efflux ration of 4. This two carbon cyclization of the side
chain with the peptide backbone also turned out to give a significant
reduction in clearance in comparison to compound 2, human Clint 13.9
w/min/mg (3) and Clint 97 pl/min/mg (2), respectively. In fact, in
comparison to both 2 and 4, compound 3 was accompanied with lowest
clearance. Replacing the N-terminal basic amine with the carbamate
function (4) resulted in significant improvement of the permeability (31
x 10 cmy/s) and also notably in less efflux propensity (efflux ratio 1). In
order to find a successful candidate drug, with a satisfied free drug
concentration, increased membrane permeability and reduced clearance
(by enhanced metabolic stability and by decreased efflux) are important.
The constrained analogue 3 showed to be very metabolic stable and had
only 40 % plasma protein binding while the carbamate based compound
4 demonstrated promising membrane permeability and a low efflux.
Moreover, all three compounds showed no or very week inhibition of
the tested cytochrome P450 isoenzymes (CYP2D6, CYP3A, CYP1A2,
CYP2C9). Taken together, two new analogues have been identified with
better PK profile compared to H-Phe-Phe-NH2 (2).

Encouraged by the promising binding and PK data of the
prototype compound 4 we wanted to further explore this type of
compounds by incorporation of different C-terminal groups. The use of
bioisosteres is a common strategy in drug discovery in order to optimize
a lead structure. A successful isosteric replacement can result in
improved potency, selectivity or PK profile.”> % Properties such as
acidity and hydrogen bonding and donating capacity were considered
when choosing the functional groups. The target compounds 5-9 were
evaluated in the binding assay displacing the [*H]-SP1-7 analogue
(Table 2).

The benzyl carbamate based compounds showed moderate to
good binding affinities towards the SP1-7 binding site (ICso ranging
from 4-60 nM, Table 2). When the primary amide in compound 4 was
exchanged to an acyl cyanamide (5) or to an acyl sulfonamide (6) the
affinity decreased 3 and 11 times, respectively.
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This reduced affinity can be assigned the acidity of these
compounds, which are in the same range as a carboxylic acid. This is in
agreement with earlier studies on peptide based SP1-7 analogues, which
proved carboxylic acids to be far less potent, than the primary amide.™
Possibly the negative charge of compound 5 and 6 will not be
compatible with a good binding since a hydrogen bond interaction will

be lost.

Table 2. Binding affinity (ICso values) of the compounds comprising

different C-terminal groups.

Compound IC50£ S.EM
(o)
o o NHa 6.2+03°
SR
4
o H
©A0*N N 16.5
H o) N
5
(]
0 NJ;([“\SME 60.6
ORERY;:
6
(0]
BN 4.2
oy
7
(o) o o]
[ j OAN N\N I : 6'5
H o) H
8
i
go N \/E,\}O»/@ 9.0

# ICy, value of compound 4, corresponds to the Ki value = 5.2 nM.

In compound 7 where the primary amide was substituted for a
hydroxamic acid the binding affinity was slightly improved and resulted
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in the most potent compound concerning binding affinity. This can be
due to its more neutral character, thus maintaining the possibilities for
two hydrogen bonding interactions. The hydrazine-based C-terminal
group in 8 and the 1,3,4-oxadiazole in 9 retained good binding affinites
(cf. 4 with 8 and 9) towards the SP1-7 binding site. The diacyl hydrazine
8 still contains both H-bond donating and H-bond accepting atoms
which might pick up important interactions in the binding site.
Furthermore, the 1,3,4-oxadiazole ring in 9 results in extension of the C-
terminal part which might result in additional interaction possibilities of
the aromatic group within the binding site.

The synthesized compounds were evaluated with regard to their
uptake, permeability and metabolic stability (see Table 3 and Table 4) in
order to study the influence of the isosteric replacement on the PK
properties. In vitro half-life (t'2, min) and in vitro intrinsic clearance
(Clint, pl/min/mg) were calculated using previous published models.? %

Table 3. Metabolic Stability data® of compounds comprising different C-
terminal groups.

Compound Metabolic Stability Metabolic Stability
Clin® (/min/mg) t% ° (min)
5 109+37 136 + 46
6 16.9+3.8 84.2 £18.9
7 23.3x10 59.6 £2.5
8 64.7 £12.7 219+43
9 287+ 4 48+0.1

 Results are expressed as mean + SD. ° Clint = in vitro intrinsic clearance. ° t¥
= in vitro half-life.

Three out of the five benzyl carbamate based derivatives (5, 6 and
7) showed significantly reduced Clint in comparison to H-Phe-Phe-NH2
(1) itself and comparable with the prototype compound 4. In this series,
the acyl cyanamide (5) turned out to be the most stable C-terminal
group. In contrast, a C-terminal hydrazine (8) and in particular a C-
terminal oxadiazole (9) significantly decreased the metabolic stability.
The increased clearance of these derivatives might be attributed the
incorporation of an aromatic group in the C-terminal, susceptible for
additional metabolism together with the significantly higher Log P.

The intestinal epithelial permeability, expressed as apparent
permeability coefficients (Ppp), was determined from transport rates
across Caco-2 cell monolayers, as described previously.® A Papp Value
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below 0.2 x 10 cm/s indicates low permeability, a Papp value ranging
from 0.2 x 10°® cm/s to 1.6 x 10° cm/s indicates moderate permeability
and a P, value above 1.6 x 10 cm/s indicates high permeability.*®

Table 4. Uptake and permeability data® of compounds comprising
different C-terminal groups.

Cpd. Uptake Caco-2 Permeability
(pmol/mg protein/min) Pape” (10° cm/s)

CHO- CHO-K1 Ratio AB°® BA?  Ratio  Ratio
PepT1 AB/BA BA/AB

5 4.1+0.9 40+£15 1.0 52.1+#2.3  61.6+1.2 0.9 1.2

6 89.5+0.8  76.5%#4.1 12 6.2+04  3.3x0.1 1.9 0.5

7 52+0.2 4.4+0.9 1.2 60.2+2.2  44.8+0.1 1.3 0.7

8 127.146.9 1556499 0.8  10.7+0.1 13.7%0.6 0.8 1.3

9 1081.7452.7 1128.4+73.5 1.0 13.3+0.1 7.4+0.6 1.8 0.6

2 Results are expressed as mean + SD. For uptake and permeability experiments,
compound 6 was analysed at 100 uM and 5 and 7-9 were further diluted to 25 uM
due to poor aqueous solubility. See supporting information for experimental
conditions. ® Paap = apparent permeability coefficient. ¢ AB = apical to basolateral. ¢
BA = basolateral to apical.

Uptake studies with CHO-K1 and CHO-PepTL1 cells (control and
PepT1 stably transfected cells, respectively) were performed and the
results were expressed as pmol/mg of protein/min. In order to be
classified as a substrate for the peptide transporter PepTl and be
actively transported in to the cell the PepT1/K1 ratio should be above 1.
The ratio for the compounds in this series (5-9) ranged from 0.8 (8) to
1.2 (6 and 7), which indicates that these compounds are not actively
transported. However, the permeability data in the a-b direction ranged
from 6 x 10 cm/s (6) to 60 x 10 cm/s (7) and the efflux ratios were
close to 1, which in contrast to H-Phe-Phe-NH2 (2) indicates that these
compounds indeed are cell permeable and can cross the BBB.
Satisfyingly compound 7, with highest binding affinity (1Csg = 4.2 nM),
also turned out to have the highest permeability (60 x 10°® cm/s) and low
efflux (ratio = 0.7).

Conclusion

A new class of SP1-7 analogues with good binding affinity and
improved in vitro PK profile has been developed by substituting the N-
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terminal phenylalanine of H-Phe-Phe-NH2 (2) with a benzylcarbamate
group as in prototype compound 4. The small investigation regarding a
potential bioisosteric replacement in the C-terminal further highlights
the gain that can be achieved by a successful C-terminal substitution
regarding potency and PK properties, in this case a substitution of a
primary amide to a hydroxamic acid. The data obtained in here will
guide further optimization. Thus, a combination of the complementary
profiles of the rigidified H-Phe-Phe-NH2 analog 3 and the prototype
compound 4 can generate compounds with increased permeability,
metabolic stability and reduced efflux.
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Supporting Information

Chemistry

Preparative RP-HPLC was performed on a system equipped with
a Zorbax SB-C8 column (150 x 21.2 mm) or a 10 um Vydac C18
column (250 x 22 mm), in both cases with UV detection at 230 nm.
Analytical RP-HPLC-MS was performed on a Gilson-Finnigan
ThermoQuest AQA system (Onyx monolithic C18 column, 50 x 4.6
mm; MeCN/H20 gradient with 0.05% HCOOH) in ESI mode, using UV
(214 and 254 nm) and MS detection. The purity of each of the peptides
was determined by RPHPLC using the columns: ACE 5 C18 (50 x 4.6
mm) and ACE 5 Phenyl (50 x 4.6 mm) or Thermo Hypersil Fluophase
RP (50 x 4.6 mm) with a H20/MeCN gradient with 0.1% TFA and UV
detection at 220 nm.

NMR spectra were recorded on a Varian Mercury plus
spectrometer (*H at 399.8 MHz and **C at 100.5 MHz or 'H at 399.9
MHz and **C at 100.6 MHz) at ambient temperature. Chemical shifts (5)
are reported in ppm referenced indirectly to TMS via the solvent
residual signal. Exact molecular masses were determined on a
Micromass Q-Tof2 mass spectrometer equipped with an electrospray ion
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source at the Department of Pharmaceutical Biosciences, Uppsala
University, Sweden. Amino acid analyses were performed at the
Department of Biochemistry and Organic Chemistry, Uppsala
University, Sweden. All other chemicals and solvents were of analytical
grade from commercial sources.

Compound 4

Z-Phe-OSu (450 mg, 1.135 mmol) was weight into a rund bottle
flask and flushed with N2. THF (20 mL) was added and the solution was
cooled to -0 °C. NH3 (g) was bubbled into the flask which resulted in
precipitation of a white solid. After 50 minutes the NH3 (g) was turned
off and the reaction was stirred at room temperature over night. The
precipitate was filtered of and dried under vacuum. The filtrate was
evaporated to yield a white solid. An aliquot of the crude compound was
purified on RP-HPLC to give 13 (15 mg, 54%) as a white solid. HPLC
purity: C18-column > 99%, Phenyl > 99%. 'H NMR (CD3CN) & 2.83
(dd, J = 9.4, 14.0 Hz, 1H ), 3.14 (dd, J = 4.9, 14.0 Hz, 1H) 4.31 (ddd, J
= 4.9, 8.4, 9.4 Hz, 1H), 4.97 (d, J = 12.7 Hz, 1H), 5.03 (d, J = 12.7 Hz,
1H) 5.84 (br s, 1H) 5.89 (d, J = 8.4 Hz, 1H) 6.42 (br s, 1H) 7.29 (m,
10H). *C NMR (CD3CN) & 38.7, 57.0, 67.0, 127.6, 128.6, 128.9, 129.3,
129.4, 130.3, 138.2, 138.7, 156.9, 174.3. Anal. Calcd for
(C17H18N203): C, 68.44; H, 6.08; N, 9.39. Found: C, 68.35; H, 6.11;
N, 9.17.

Compound 5

A mixture of Z-Phe-OH (150 mg, 0.5 mmol), cyanamide (79.8
mg, 1.9 mmol) and HATU (237 mg, 0.625 mmol) was weight into a
reaction tube, evacuated and then flushed with N2. DIEA (435 uL, 2.5
mmol) and dry DMF( 14 mL) was added and the reaction mixture was
stirred at 40 °C under N2 atmosphere for three days. The reaction
mixture was diluted with EtOAc and washed with NaOAc buffer (pH 4),
10 % aqueous NaHCO3 and brine. The organic layer was evaporated
and purified on RPHPLC to give 14 (15 mg, 15%) as a white solid.
HPLC purity: C18 94.4%, Fluophase 93.7%. 'H-NMR (MeOD) & 3.18
(dd, J = 2.4, 14.0, 1H), 3.31 (dd, J = 5.7, 14.0, 1H), 4.63 (dd, J = 2.4,
5.7, 1H), 5.32 (d, J = 11.7, 1H), 5.52 (d, J = 11.7, 1H), 6.78-6.84 gm,
2H), 7.07-7.18 (m, 3H), 7.40-7.50 (m, 3H), 7.55-7.60 (m, 2H). “°C-
NMR (MeOD) & 36.2, 64.3, 70.5, 116.9, 128.3, 129.4, 130.0, 130.3,
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130.5, 130.6, 135.4, 136.1, 152.4, 185.5. HRMS (M + H+): 324.1351,
C18H18N303 requires: 324.1348

Compound 6

The equipment and the solid chemicals were dried over night
before use. The Z-Phe-OH (150 mg, 0.5 mmol) and CDI (162 mg, 1
mmol) were weight into a round bottom flask, sealed with a septum and
flushed with N2. Dry THF (8 mL) was added and the mixture was
heated in an oil bath at 60 °C for 1.5 h. The methylsulfonamide,
dissolved in dry THF (3 mL), and 1.8-diazabicyclo[5.5.0]undec-7ene
(DBU) (224 uL, 1.5 mmol) were added to the reaction mixture
whereafter it was stirred at room temperature for 3 h. The reaction
mixture was evaporated and the crude was dissolved in DCM and
washed with 5 % citric acid and brine. The organic layer was evaporated
and a aliqoute (24 mg (10%) of the crude) was purified on RP-HPLC to
give 15 (9.6 mg, 50%) as a white solid. HPLC purity: C18 > 99%,
Fluophase > 99%. 'H-NMR (MeOD) & 2.91 (dd, J = 8.9, 13.7, 1H), 3.10
(dd, J =6.1, 13.7, 1H), 3.15 (s, 3H), 4.37 (dd, J = 6.1, 8.9, 1H), 5.02 (d,
J =125, 1H), 5.06 (d, J = 12.5, 1H), 7.20-7.35 (m, 10H). *C-NMR
(MeOD) & 38.6, 41.2, 58.0, 67.7, 128.0, 128.7, 129.0, 129.5, 129.6,
130.5, 137.6, 138.1, 158.3, 173.6. HRMS (M + H+): 377.1173,
C18H21N205S requires 377.1171.

Compound 7

The Z-Phe-OH (150 mg, 0.5 mmol) was dissolved in dry THF (6
mL) and flushed with N2. N-methylmorpholine (56 pL, 0.5 mmol) was
added and the reaction mixture was cooled to -15 °C before the addition
of isobutylchloroformate (69 upL, 0.54 mmol). Hydroxylamine
hydrochloride (42 mg, 0.6 mmol) in dry DMF (3mL) and triethylamine
(84 69 uL, 0.6 mmol) were thereafter added and the mixture was stirred
for 2 h at -15 °C. The mixture was diluted with H20 and extracted with
EtOAc. The organic layer was washed with brine, evaporated and a
aligoute (29 mg (20%) of the crude) was purified on RP-HPLC to give
16 (9.5 mg, 30 %) as a white solid. HPLC purity: C18 97.4%, Fluophase
97.1%. 'H-NMR (MeOD) & 2.88 (dd, J = 8.5, 13.6, 1H), 3.07 (dd, J =
6.5, 13.6, 1H), 4.26 (dd, J = 6.5, 8.5, 1H), 4.99 (d, J = 12.5, 1H), 5.04
(d, J = 12.5, 1H), 7.14-7.35 (m, 10H). *C-NMR (MeOD) & 39.3, 55.7,
67.6, 127.8, 128.7, 128.9, 129.4, 129.5, 130.4, 138.2, 138.3, 158.1,
170.6. HRMS (M + H+): 315.1348, C17H19N204 requires 315.1345.
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Compound 8

A mixture of Z-Phe-OH (171 mg, 0.572 mmol), benzhydrazide
(117 mg, 0.859 mmol), HATU (261 mg, 0.686 mmol), DCM (6 mL) and
DIEA (399 uL, 2.29 mmol) was stirred at room temperature over night.
The mixture was diluted with EtOAc and washed with NaOAc buffer
(pH 4), 5% agq. NaHCO3 and brine. The organic layer was evaporated
and a aliquote (20 mg (6%) of the crude) was purified on RPHPLC to
give 17 (14 mg, 99%) as a white solid. HPLC purity: C18 > 99%,
Fluophase > 99%. 'H-NMR (MeOD) 4 2.94 (dd, J = 9.8, 14.0, 1H), 3.31
(dd, J = 4.7, 14.0, 1H), 4.55 (dd, J = 4.7, 9.8, 1H), 4.97 (d, J = 12.5,
1H), 5.04 (d, J = 12.5, 1H), 7.18-7.33 (m, 10H), 7.45-7.51 (m, 2H),
7.54-7.60 (m, 1H), 7.86-7.90 (m, 2H). *C-NMR (MeOD) & 39.2, 56.5,
67.5, 127.7, 128.61, 128.64, 128.9 129.39, 129.40, 129.6, 130.4, 133.3,
133.6, 138.1, 138.4, 158.2, 169.0, 173.3. HRMS (M + H+): 418.1771,
C24H24N304 requires 418.1767.

Compound 9

Compound 17 was used without any further purification. All the
equipment was dried before use. A mixture of 17 (83 mg, 0.247 mmol),
(methoxycarbonylsulfamoyl)-triethylammonium hydroxide inner salt
(Buregess reagent) (145 mg, 0.608 mmol) and dry THF (4 mL) was
stirred at 70 °C under N2 atmosphere in a sealed reaction tube for 3 h.
The reaction mixture was evaporated and a aliquote (100 mg (47%) of
the crude) was purified on RP-HPLC to give 18 (30 mg, 65%) as a white
solid. HPLC purity: C18 89.6 %, Fluophase 89.4%. 'H-NMR (MeOD) &
3.25 (dd, J = 9.2, 13.8, 1H) 3.39 (dd, J = 6.4, 13.8, 1H), 5.05-5.06 (m,
2H), 5.28 (dd, J = 6.4, 9.2, 1H), 7.17-7.34 (m, 10H), 7.51-7.63 (m, 3H),
7.93-7.98 (m, 2H). 13C-NMR (MeOD) & 39.6, 50.6, 67.7, 124.6, 127.9,
128.1, 128.7, 129.0, 129.5, 129.6, 130.37, 130.38, 133.3, 137.7, 138.1,
158.1, 166.5, 168.1. HRMS (M + H+): 400.1660, C24H22N303
requires 400.1661.

[2,4-DehydroPro]SP1-7

The precursor peptide for tritium-labeling [2,4-DehydroPro]SP1-
7 was prepared by standard solid-phase peptide synthesis techniques
using Fmoc/t-butyl protection and purified as described above. Tritium
labeling of the precursor was performed by Amersham Biosciences
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(Cardiff, UK) and resulted in 370 MBq (10 mCi) of [*H]-SP1-7 with a
specific activity of 3.11 TBg/mmol (84 Ci/mmol).

Animal experiment and membrane preparation

The preparations of receptor membranes were conducted using
spinal cords from male Sprague-Dawley rats. The rats (Alab AB,
Sollentuna, Sweden), weighing 200-250 g, were housed in groups of
four in air-conditioned rooms (22-23 °C and a humidity of 50-60%)
under an artificial light-dark cycle and had free access to food and
water. Prior to tissue sampling the rats were allowed to adapt to the
laboratory environment for 1 week. The animals (n=15) were killed by
decapitation and the spinal cords were rapidly removed and quickly
frozen. Tissues were then kept at —80 °C until analyzed. The animal
experiment was approved by the local ethical committee in Uppsala,
Sweden.

The frozen spinal cords weighing approximately 250 - 300
mg/animal, were thawed and placed on ice before being homogenized
for 30 s in 30 volumes of ice-cold 50 mM Tris—HCI buffer (pH 7.4),
containing 5 mM KCI and 120 mM NaCl, using a Polytron
homogenizer. The homogenate was then centrifuged at 40,000 x g for
20 min at 4 °C and the supernatant was discarded. The resulting pellet
was re-suspended in 30 volumes of ice-cold 50 mM Tris—HCI buffer
(pH 7.4), containing 300 mM KCI and 10 mM EDTA. Following
incubation on ice for 30 min the sample was centrifuged at 40,000 x g
for 20 min at 4 °C. The pellet obtained was diluted and homogenized in
30 volumes of ice-cold 50 mM Tris—HCI, containing 0.02% BSA, 5
mM, EDTA, 3 mM MnCI2 and 40 pg bacitracin and re-centrifuged
twice as described above. The final pellet was re-suspended and
homogenized in 5 volumes of ice-cold 50 mM Tris—HCI buffer (pH 7.4)
and immediately frozen at —80 °C until used in binding studies. The
protein concentration of the membrane suspension was determined
according to the method of Lowry"' using bovine serum albumin as
protein standard.

Radioligand Binding assay (Compounds 2-9)

Assessment of the binding affinity for the various compounds
analyzed in this study was carried out using the analogue [*H]-SP1-7 as
tracer. Assays were performed in tubes containing 50 pl of spinal cord
membrane suspension (200 pg protein) and 0.9 nM of [3H]-SP1-7
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(specific activity: 3.11 TBg/mmol (84 Ci/mmol)) in a final volume of
0.5 ml 50 mM Tris binding buffer (pH 7.4), containing, 3 mM MnCI2,
0.2% BSA and peptidase inhibitors (40 pg/ml bacitracin, 4 pg/ml
leupeptin, 2 ug/ml aprotinin and 4 pg/ml phosphoramidon). The amount
of total and unspecific binding in percent of the total radioactivity added
were approximately 7% and 1.7%, respectively. The competition
experiments were determined at six different concentrations varying
between 0.01 nM and 1 uM of unlabeled compounds. Non-specific
binding was determined in the presence of 1 uM SP1-7. Samples were
incubated for 60 min at 4 °C before being terminated by rapid filtration
under vacuum with a Brandel 24-sample cell harvester through
Whatman GF/C glass fiber filters treated with a solution containing 50
mM Tris (pH 7.4), 0.3% polyethylenimine (PEI) and 0.5% Triton X-100
at 4 °C overnight. Filters were washed twice with 3 ml of cold 50 mM
Tris-HCI (pH 7.4) complemented with 0.1 mg/ml BSA and 3 mM
MnCI2. The filters were air dried for about 60 min before the bound
radioactivity was determined using a liquid scintillation counter
(Beckman LS 6000IC) at 63% efficiency in 5 ml of counting scintillant.
The specific binding was determined as the difference between total and
unspecific binding. All assays were run in triplicates and each assay was
repeated at least three times at different days. Data and statistics from
the competition experiments were analyzed in the GraFit program
(Erithacus Software, UK).

In vitro Pharmacokinetic Profiling (Compounds 2—4)

This study was performed at AstraZeneca, Sodertélje according to
literature.>* A brief description of the permeability and the solubility
studies performed are presented below:

Cell culture

Caco2 cells (ATCC, American Type Culture Collection, ATCC No.
HTB-37) were maintained with DMEM and passed weekly at a
confluence at 80-90%. After trypsinization, the cells are seeded on
polycarbonate filter inserts in the apical well to obtain the desired cell
concentration of 227 000 cells/cm2 and maintained at culture conditions
(37°C with 5% CO2 and 95% humidity). The medium is changed every
second day. Cells with passage between 25-50 and grown for 14-25 days
on filter inserts are used for permeability experiments.
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Permeability experiment

The permeability experiment are carried out in transport buffer (HBSS
with 25 mM HEPES, pH 7.4). Compounds dissolved in DMSO were
diluted to 10 uM in transport buffer to give a final DMSO concentration
of less than 1%. Each compound is assayed in duplicates for both
directions. The experiment is performed using a Tecan Genesis RSP 200
robot. In short, the filter-grown cell monolayers are equilibrated in
transport buffer and 37 °C for 10 minutes in a shaking incubator. The
basolateral wells contain 0.80 mL and the apical wells contain 0,20 ml.
Transport buffer is then removed from both sides. Test compounds are
added to the donor side and fresh buffer to the receiver side before
returning to the incubator. The assay is run for 60 min for the AB
direction and 30 min for the BA direction. Aliquots of sample are taken
from the donor side in the beginning and at the end of experiment.
Receiver samples are taken from the basolateral side at the end of
experiment. The integrity of the epithelial cell monolayer is monitored
bly measuring the passive transmembrane diffusion of radiolabeled
[**C]mannitol. Concentrations of compounds in donor and receiver
samples are analyzed by liquid chromatography tandem mass
spectrometry (LC/MS/MS). Liquid scintillation is used for analysis of
[**C]mannitol.

Solubility experiment

Aqueous solubility was determined with screening method producing
crystalline-like solubility values starting from 10 mM solutions in a 96-
plate format, called Dried DMSO Solubility test.” The Dried DMSO
Solubility test determines the amount of test compound dissolved in
buffer solution by HPLC-UV/MS or UPLC-UV/MS after incubation of
known amount of test compounds concentrated from DMSO solution in
0.1 M sodium phosphate buffer, pH 7.4 for 24 hours at a fixed
temperature of 22 °C with mixing on a shaking bed (500 rpm) with
StirStix and following separation of a sample solution from not
dissolved particles. In the present protocol version, a pre-incubation for
at least 4 hours at a fixed temperature of 1°C with StirStix at 500-rpm
prior addition of buffer was implemented to generate the most stable
solid form. The sample is quantified against the standard of the test
compound dissolved in DMSO. The upper limit for the measurement is
400 puM. To ensure that the estimated solubility data are valid, sample
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identity and purity are determined also by examining mass spectral data
in positive and negative ionization mode respectively chromatographic
data, monitored at 220 and 254 nm.

Metabolic Stability (Compounds 5-9)

Compounds (1 uM) were pre-incubated for 15 min at 37°C with
pooled human liver microsomes (0.5 mg/mL; Xenotech, Kansas, KS) in
0.1M potassium phosphate buffer pH 7.4 prior to the addition of
NADPH (1 mM) to initiate the reaction. Reactions were then incubated
for 0, 5, 20 and 40 min and at each time point the reaction was stopped
by the addition of acetonitrile. Plates were centrifuged at 3,500 rpm for
20 min at 4°C, and the supernatants were subjected to liquid
chromatography/mass spectrometry analysis. The natural logarithm of
the analytical peak area ratio (relative to 0 min sample which was
considered as 100%) was plotted against time and analyzed by linear
regression. In vitro half-life time (t%, min) and in vitro intrinsic
clearance (Clint, ul/min/mg) were calculated on the basis of first-order
reaction kinetics of the percentage of remaining compound.
Dextromethorphan (3 pM) and midazolam (5 uM) were used as positive
controls for cytochrome P450 enzymes (CYP) isoforms CYP2D6 and
CYP3A4, respectively.

Transcellular Transport and Uptake Experiments (Compounds 5-9)

Caco-2 cells (obtained from American Tissue Collection,
Rockville, MD) were maintained in an atmosphere of 90% air and 10%
CO2 as described previously.® For transport experiments, 3.0 x 10° cells
(passages 98 to 102) were seeded on polycarbonate filter inserts (12 mm
diameter; pore size 0.4 um; Costar, Cambridge, MA) and allowed to
grow and differentiate for 21-24 days. The monolayers integrity was
assessed by measuring the paracellular marker [**C]-Mannitol (1.0
uCi/mL 57.3 mCi/mmol; Perkin-Elmer Life Sciences, Boston, MA)
transport and the transepithelial electrical resistance (TEER) before and
after the experiments.

CHO-K1 and CHO-PepT1 cells (control and stably transfected
cells, respectively, were kind gifts from Dr. Anna-Lena Ungell,
AstraZeneca Mdlndal) and were maintained at 37°C in an atmosphere of
90% air and 10% CO2, with DMEM containing 4.5 g/L glucose, 10 %
fetal bovine serum, 1% non essential amino acids and 50 ug/mL of
gentamicin sulphate (Invitrogen, Carlsbad, CA). For the uptake
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experiments, 1.0 x 10° cells/well were seeded in 24-well plates and
allowed to grow in antibiotic-free media for 2 days.

Stock solutions (10 mM) of the peptides were prepared in
dimethylsulfoxide (DMSQO) and diluted to 100 uM (final DMSO
concentration of 1%) in Hank’s balanced salt solution (HBSS)
containing 10 mM MES at pH 6.0 (HBSS pH 6.0) or containing 10 mM
HEPES at pH 7.4 (HBSS pH 7.4). Compound 5 and 7-9 were further
diluted to 25 pM due to poor aqueous solubility. In all experiments,
[*“C]-Glycylsarcosine ([*C]-GlySar; 1.82 uM, 0.1 pCi/mL; 55
mCi/mmol; ARC, St. Louis, MO) was used as a PepT1 substrate control.
For inhibition controls, an excess of unlabeled competitor (10mM;
Sigma-Aldrich, St. Louis, MO) was used.

The intestinal epithelial permeability was determined from
transport rates across Caco-2 cell monolayers. The cell monolayers were
gently rinsed with HBSS pH 6.0 and left to equilibrate in the same
solution for 30min at 37°C. The transport experiments were run for 2 h
at 37°C, and were started by the application of the compound solution to
the donor side, which was the apical chamber in the apical to basolateral
(a—b) experiments, and the basolateral chamber in the basolateral to
apical (b—a) experiments. Filter inserts were continuously stirred at 500
rpm on IKA-Schiittler MTS4 to obtain data that were unbiased by the
aqueous boundary layer. The receiver chambers were sampled in
suitable time points and the samples were replaced with equal volumes
of pre-heated receiver solution. For transport studies performed under
sink conditions, where less than 10% of the compound was transported
across the Caco-2 cell monolayers, the apparent permeability
coefficients (Papp) were calculated from the equation:

(), 1
(A)  AxCo

Papp

where AQ/At is the steady-state flux (mol/s), CO is the initial
concentration in the donor chamber at each time interval (mol/mL), and
A is the surface area of the filter (cm2).

If the fraction transported exceeded 10% the P4, coefficients
were calculated applying non-sink conditions from the equation:

Cr(t) = M + [CR,O —

efpappﬁ(l/VDJrVR)t
Vb +VR

Vb +VR
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where CR(t) is the time-dependent drug concentration in the receiver
compartment (uM), M is the amount of drug in the system (nmol), VD
and VR are the volumes of the donor and receiver compartment (mL),
respectively, and t is the time that has elapsed from the start of the
interval (s).® Pgp was obtained from nonlinear regression of the
accumulated dose in the receiver compartment over time, minimizing
the sum of squared residuals in the equation.

Uptake studies with CHO cells were performed at 37°C in HBSS
pH 6.0. Initially, cells were gently rinsed and left to equilibrate for
30min at 37°C. After the equilibration period, buffer was removed and
replaced by compound diluted in HBSS pH 6.0 and cells were incubated
for 15 min at 37°C. Uptake was terminated by buffer removal followed
by two washes with ice-cold phosphate buffer saline (PBS). Cells were
then lysed with acetonitrile/water (60:40, v/v) and centrifuged at 3,500
rpm and 4°C for 20min. In the case of experiments with [“C]-GlySar,
sodium hydroxide 1M solution was used for cell lysis. The results were
expressed as pmol/mg of protein/min.

Data Analysis (Compound 5-9)

All experiments were performed in, at least, triplicates, and
samples were subjected to liquid chromatography/mass spectrometry
analysis with a ThermoFinnigan TSQ Quantum Discovery
triplequadrupole (electrospray ionization, ESI; Thermo Electron Corp.
Waltham, USA) coupled to an Acquity Ultra High Performance LC
system (Waters, Milford, MA). For chromatographic separation, an
Acquity UPLC C18 column (1.7 um; Waters, Milford, MA) and a flow
rate of 600 pL/min were used. During the analysis 10 pL of the samples
were injected with a gradient with 0.1% formic acid in acetonitrile and
0.1% formic acid in water. Electrospray ionization was used in positive
mode, and the daughter ion of m/z 91.1 was used for quantification of
the respective compounds. The internal standard warfarin (20 nM) was
used throughout the analysis.

Radioactive samples ([**C]-GlySar and [**C]-Mannitol) were
analyzed with a liquid scintillation counter (TopCount NXT, Perkin-
Elmer Life Sciences, Boston, MA). Cellular protein content was
determined using a protein assay kit with bovine serum albumin (BSA)
as standard (Thermo Scientific, Rockford, IL).
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