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RESUMO

Ainda que a isoniazida (INH) seja altamente efetiva no tratamento da tuberculose, eventos de
hepatotoxicidade sdo frequentemente observados apds sua administracdo oral. Assim, neste
estudo, investigou-se sua administragdo transbucal a fim de evitar a metaboliza¢do de primeira
passagem. Além de ser altamente vascularizada, a mucosa bucal pode ser acometida pelo M.
tuberculosis e ainda ndao ha opgdes terapéuticas direcionadas para um efeito local no mercado.
Assim, avaliou-se a permeabilidade transbucal da INH isolada e em combinagdo com 35mM
de dodecil sulfato de s6dio (SDS), 10 mM de taurocolato de sédio (ST) e 0,5% de quitosana
(CS). Analises de espalhamento de luz dindmico, espectrofotometria na regidao do UV-Vis e
analises de potencial zeta foram utilizadas para investigar interacdes quimicas entre fAirmaco e
promotores de permeabilidade. Embora a quitosana e ST nao tenham sido efetivos como
promotores de absor¢do, o SDS aumentou o fluxo de permeabilidade da INH em cerca de 11
vezes. A presenca da INH nao afetou o potencial zeta micelar para ambos os tensoativos
testados. Analises espectrofotométricas, por sua vez, demonstraram nao haver interagao entre
ST e INH, diferentemente do comportamento com SDS. Interagdes com a INH e SDS foram
relevadas para ambos os valores de pH (2 e 6,8), um efeito que pareceu ser dependente da
concentracdo de SDS. Apesar da interacdo quimica entre a INH e o SDS, isso ndo impediu que
o SDS exercesse seu efeito como promotor de absor¢do. Outro problema atrelado a esquemas
terapéuticos com INH refere-se a questdo da resisténcia microbiana. A enzima catalase-
peroxida (KatG) desempenha um papel fundamental na ativacdo da INH e mutacdes no gene
que a codifica resultam na perda da atividade deste fdrmaco. Assim, complexos metalicos
(derivados do pentacianoferrato-PCF-INH e azul da Prussia-PB-INH) foram preparados para
contornar este problema, ja que sdo ativados independentemente da fun¢do enzimatica. A baixa
biodisponibilidade oral do PCF-INH justifica o uso de rotas alternativas. Em testes avaliando a
permeabilidade bucal destes complexos, o complexo PB-INH apresetou maior taxa de
transporte, o que pode estar relacionado com uma maior taxa de dissociacdo que o PCF-INH e
a presenca de defeitos estruturais (evidenciado pelo método de Job). De forma geral, a rota
bucal se mostrou promissora tanto para a administracdo de INH quanto seus complexos
metalicos e estudos de formulagdo poderiam ser iniciados, com ensaios subsequentes de

biodisponibilidade in vivo.

Palavras-chave: liberacdo transbucal; isoniazida; complexos metalicos; pentacianoferrato;

promotores de permeabilidade; tensoativos.



ABSTRACT

Although the isoniazid (INH) is highly effective in the treatment of tuberculosis, hepatotoxicity
events are frequently observed as a result of its oral administration. Therefore, its transbuccal
administration was investigated to avoid first-pass metabolism. In addition to the buccal mucosa
being highly vascularized, it may also be affected by M. tuberculosis and no therapeutic options
aimed at a local effect may be found on the market until now. In this context, the transbuccal
permeability of free INH and combined with 35 mM sodium dodecyl sulfate (SDS), 10 mM
sodium taurocholate (ST) and 0.5% chitosan (CS) was evaluated. Dynamic light scattering,
UV-Vis spectrophotometry and zeta potential analyses were used to investigate chemical
interactions between the drug and absorption chemical enhancers (ACE). Chitosan and ST did
not show to be effective as ACE; however, SDS increased the permeability flux of INH in
approximately 11 times. The presence of INH did not affect the micellar zeta potential for both
tested surfactants. On the other hand, a chemical interaction between SDS and INH was
observed in spectrophotometric analyses (unlike the behavior with ST). INH-SDS interactions
were found in both tested pH values (2 and 6.8) in a concentration-dependent manner. Although
INH and SDS interact chemically, this fact does not prevent SDS from acting as an ACE.
Another problem associated with INH-based therapeutic regimens refers to the microbial
resistance. The catalase-peroxidase enzyme (KatG) plays a key role in the activation of INH
and mutations in genes that encodes this protein result in loss of drug activity. Thus, metallic
complexes (derivatives of pentacyanodoferrate-PCF-INH and Prussian blue-PB-INH) were
prepared to overcome this problem, since they are activated independently of the enzymatic
activity. The low oral bioavailability of PCF-INH justifies the use of alternative administration
routes. In buccal permeability studies, the complex PB-INH presented higher transport rates,
which may be associated with a higher dissociation rate than PCF-INH and the presence of
structure defects (evidenced by the Job's method). In general, the buccal route showed to be
promising for the delivery of INH and metallic complexes and formulation studies should be

developed with subsequent bioavailability assays.

Keywords: transbuccal delivery; isoniazid; metal complexes; pentacyanodoferrate; absorption

chemical enhancers; surfactants.
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1 INTRODUCAO

Em 2018, a tuberculose (TB) alcangou a marca de 1,4 milhdes de mortes, representando
um problema de satde publica; requerendo ndo s6 um diagndstico precoce bem como
alternativas terapéuticas diferenciadas (WHO, 2019). A isoniazida (INH), introduzida na
terapéutica da TB em 1952, faz parte da monoterapia preventiva da TB latente e do esquema
basico para tratamentos de longa duracao (RABAHI et al., 2017; BRASIL, 2011). Neste altimo
caso, ¢ associada a outros farmacos a fim de evitar ou reduzir problemas de resisténcia
microbiana. Ainda que a administragdo oral deste farmaco seja eficaz, efeitos adversos
indesejaveis, tal como a hepatotoxicidade, podem levar ao abandono do tratamento (CAON et
al., 2015a). Isto se torna ainda mais evidente em pacientes com hepatopatias, individuos acima
de 50 anos, mulheres no pos-parto recente ¢ quando € associada ao uso de alcool e rifampicina
(ARBEX et al., 2010; PERWITASARI; WILFFERT, 2015). Como consequéncia, observa-se
um aumento substancial dos custos do tratamento em funcao da adi¢do de visitas do paciente
aos servicos/unidades de satide, aumento do niumero de exames complementares necessarios
para o diagnostico desses efeitos ou ainda, em casos mais graves, necessidade de hospitalizacao
do paciente.

Frente a isto, a utilizagdo de rotas alternativas que evitam o metabolismo hepatico de
primeira passagem pode ser considerada a fim de minimizar estes problemas. Em um estudo
prévio realizado pelo nosso grupo de pesquisa, investigou-se a permeacdo da isoniazida através
de pele suina, com resultados promissores em termos de absor¢do. Embora estudos in vivo nao
foram realizados, simulagcdes em um modelo matematico sugeriram o alcance de concentracdes
terapéuticas sist€émicas (CAON et al, 2015a). Dando continuidade a este estudo, Rosa (2018)
desenvolveram uma forma farmacéutica intermedidria para a INH (cocristais) como uma
estratégia para controlar o seu perfil de liberacdo e para a obtengdo de um efeito local. A taxa
de permeacao mostrou ser dependente do grau de dissociacdo do farmaco a partir do cocristal.
Resveratrol foi utilizado como conformador, pois caso a INH fosse absorvida, danos hepaticos
poderiam ser evitados com o uso deste agente (possui efeito fotoprotetor ja bem conhecido).
Além disto, em uma leitura mais aprofundada, foi notificada a existéncia de casos de
tuberculose cutanea e opgoes terapéuticas de uso topico ainda ndo se encontravam disponiveis
no mercado até o momento (DIAS et a/, 2014; CHEN, CHEN, HAO, 2019).

Ainda que a administracdo da INH pela pele tenha se mostrado promissora, tanto para

efeito local quanto sistémico, estudos recentes t€ém mencionado alteragdes cutineas causadas
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pelo farmaco, o que também poderia resultar em efeitos adversos e/ou redu¢do da adesdo ao
tratamento (JUNG et al, 2019). O fato de a INH ser transportada pelos foliculos e a propor¢ao
dos mesmos variar entre os individuos, particularmente quando se considera diferentes sexos,
dificulta a padronizagdo de uma forma farmacéutica final. Alternativamente, a rota bucal
poderia ser utilizada para a administragdo da INH. Esta rota caracteriza-se por alta
vascularizagdo (SHINKAR; DHAKE; SETTY, 2012), o que permitiria uma rapida absorc¢ao do
farmaco (uma das vantagens em relagdo a via cutanea). Espera-se também uma absor¢ao mais
uniforme para diferentes individuos.

Outro fator de grande relevancia no controle da TB sdo os casos de resisténcia aos
esquemas basicos de tratamento, que tem sido associado frequentemente a mutagdes no gene
da catalase-peroxidase (KatG), enzima crucial para a ativacdo do pro-farmaco INH. Neste
sentido, ndo s6 novos farmacos como derivados dos ja existentes tém sido demandados a fim
de driblar os mecanismos de resisténcia desenvolvidos pelo Mycobacterium tuberculosis. Os
complexos metélicos tém se mostrado uma alternativa muito promissora ja que incluem um
mecanismo de auto-ativagdo que dispena a catalase-peroxidase (LABORDE et al., 2018;
RODRIGUES-JUNIOR et al., 2012). Neste trabalho, considerou-se a utilizagdo do
pentacianoferrato de isoniazida (PCF-INH), que ¢ obtido pela reagdo direta da INH com
aminopentacianoferrato (uma reacao de substituicdo de ligantes). Este composto vem sendo
investigado por outros grupos de pesquisa como um composto promissor para o tratamento de
casos resistentes a INH (BASSO et al., 2010; LABORDE et al., 2018; RODRIGUES-JUNIOR
et al, 2012, 2017). Apesar da alta atividade, este composto apresenta uma baixa
biodisponibilidade oral, o que torna necessaria a sua administragdo por rotas alternativas. Um
segundo complexo metalico, inédito, obtido a partir do azul da Prussia foi incluido no estudo.

Neste contexto, além de propor uma nova rota para a administragdo da INH, este estudo
teve como propdsito avaliar a permeabilidade bucal de complexos metalicos da mesma. Estudos
mecanisticos foram realizados na tentativa de desvendar como sistemas micelares interagem
com a mucosa bucal e/ou farmaco. Além disso, estudos de dissociacdo dos complexos metalicos
foram considerados para melhor compreensao da liberagao do farmaco e dos produtos formados

a partir da descomplexacao.
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1.1 OBJETIVOS

1.1.1 Objetivo Geral

Investigar a permeabilidade bucal da isoniazida e de complexos metalicos da mesma

através do modelo das camaras de difusdo de Franz e mucosa suina.

1.1.2 Objetivos Especificos

*  Desenvolver método de cromatografia liquida de alta eficiéncia (CLAE) para a
quantificagdo da isoniazida e acido isonicotinico;

+ Selecionar promotores quimicos de absorcdo compativeis com a mucosa bucal e
aplicados a farmacos hidrofilicos;

+ Avaliar a permeabilidade bucal da isoniazida isolada e em combinagdo com diferentes
promotores quimicos de permeabilidade;

+ Calcular os parametros de fluxo, coeficiente de permeabilidade e tempo de laténcia;

+ Avaliar a retencdo do farmaco na mucosa bucal na presenca e auséncia de promotores
de absorcao;

* Avaliar o mecanismo de promoc¢do da absor¢do dos tensoativos e quitosana
selecionados através de analises de mobilidade eletroforética e espalhamento de luz
dindmico, viscosidade e técnicas espectroscopicas;

*  Preparar complexos metalicos de pentacianoferrato e azul da Prussia por reagoes de
substituicdo de ligantes;

+ Avaliar defeitos estruturais de complexos a base de azul da Prussia pelo método de Jobs;

+ Avaliar processos oxidativos para a INH e complexos metalicos através do método de
voltametria ciclica;

+ Avaliar a taxa de dissocia¢ao dos complexos metalicos e os produtos de formagao;

+ Avaliar a permeabilidade dos complexos metalicos de isoniazida através de mucosa

bucal.
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2 REVISAO BIBLIOGRAFICA
2.1 TUBERCULOSE

A tuberculose (TB), uma patologia infecciosa causada pelo Mycobacterium
tuberculosis, pode ser considerada como um problema de satide publica gracas as altas taxas de
prevaléncia. De acordo com a OMS, ¢ uma das dez causas de morte no mundo e ¢ a principal
doencga causada por um agente infeccioso. Estima-se que, no ano de 2018, a TB resultou em
10,0 milhoes de novos casos e vitimou aproximadamente 1,5 milhdes de individuos. As regides
mais acometidas sdo o Sudeste Asiatico (44%), Africa (24%) e a regido do Pacifico Ocidental
(18%) (WHO, 2019).

No Brasil, no ano de 2018, foram diagnosticados aproximadamente 72.788 novos casos,
apresentando um coeficiente de incidéncia de 34,8 casos/100 mil habitantes. Ja em 2017, foram
registrados 4.534 dbitos, o que corresponde a um coeficiente de mortalidade de 2,2 6bitos/100

mil habitantes (Figura 1) (BRASIL, 2019a).

Figura 1. Estimativa da taxa de incidéncia de TB no mundo, 2018
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Fonte: WHO (2019).

Ha estimativas de que um quarto da populacdo mundial estaria infectada pelo M.
tuberculosis. Como estratégia para erradicacdo da TB até 2035, a OMS sugere o aumento do
rastreio, diagndstico e tratamento da infecg¢do latente (ILTB) (BRASIL, 2018). A ILBT

corresponde aos casos em que ha presenga de uma resposta imune especifica frente o M.
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tuberculosis e auséncia de sinais clinicos da doenca. Nestas situagdes, a terapia preventiva € a
principal intervenciao (BRASIL, 2019a; AKOLO et al., 2015).

A infecgao por TB estd dividida em primaria (primo-infec¢ao) e secundaria. A forma
primaria ¢ adquirida pela inalagdo de goticulas impregnadas de microrganismos por individuos
que ainda ndo tiveram contato com o bacilo; o que a torna mais comum em criangas. Ja a forma
secundaria, ocorre pela reativacdo de bacilos latentes ou por uma nova infec¢do (reinfeccao
exogena) (BOMBARDA et al., 2001). Apesar do local de infecgdo primaria ser, na maioria dos
casos, os pulmoes, outros locais como a pele, ossos, trato gastrointestinal e sistema genito-
urindrio, também podem ser afetados (DOGRA; CHANDER; KRISHNA, 2013).

A TB também ¢ classificada como pulmonar e extrapulmonar. A forma pulmonar, além
de ser a mais frequente (80% dos casos), tem maior impacto como problema de saude publica
J& que sua transmissdo ocorre através do ar (espirros, tosse ou fala), o que leva a uma rapida
disseminagdo da doencga. Os principais sintomas da TB sdo tosse persistente (mais de 15 dias)
seca ou produtiva, febre vespertina, sudorese noturna e emagrecimento devido a falta de apetite
(BRASIL, 2019b).

Nos casos de TB extrapulmonar, os sinais e sintomas dependerdo do 6rgao afetado e sua
ocorréncia ¢ mais comum em pacientes imunodeprimidos. A TB oral ocorre entre 0,1 a 1% dos
casos de TB extrapulmonar (NEMES et al., 2015). Na maioria dos casos, manifesta-se na forma
de ulceragoes (55%), que podem apresentar margens endurecidas, mal definidas e uma base
necrotica ou recobertas por uma camada acinzentada ou amarelada (KAKISI et al., 2010;
ROUT et al., 2019). Em geral, as lesdes sdo assintomaticas, podendo resultar em dor ao se
alimentar (15% dos casos) e disfonia (2% dos casos) (KAKISI et al., 2010).

Na revisao feita por Kakisi e colaboradores (2010), com publicacdes de 1950 a 2009, a
TB oral apareceu como infec¢do primaria em 42% dos pacientes e secundaria em 58% (54%
pulmonar, 4% extrapulmonar). Em aproximadamente 50% dos pacientes, a manifestagdo da TB
oral levou ao diagnostico prévio da TB sistémica e, consequentemente, a um tratamento mais
eficaz. O tratamento de TB oral ¢ realizado da mesma forma que a TB sistémica, neste sentido,
um medicamento para aplicacdo na cavidade oral seria vantajoso, j& que trataria as lesdes locais
e reduziria a transmissdo do M. tuberculosis, jA4 que a mesma ocorre através de goticulas
expelidas oralmente.

Atualmente, o esquema terap€utico para novos casos de TB consiste em isoniazida
(INH) associada a rifampicina, pirazinamida e etambutol nos dois primeiros meses, seguidos

de INH e rifampicina nos 4 meses seguintes (RABAHI et al., 2017). Nos casos de infec¢ao
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latente por TB, a INH ¢ usada como monoterapia por periodos de seis a doze meses (AKOLO
etal.,2015; BRASIL, 2019b; RABAHI et al., 2017). A terapia preventiva ¢ recomendada para
criancas e adultos infectados pelo HIV sem TB ativa, incluindo mulheres gravidas, aqueles que
recebem terapia antirretroviral e aqueles que completaram com sucesso o tratamento da TB
(AKOLO et al., 2015). E também recomendada para criangas com menos de 5 anos e individuos
sadios que convivem com aqueles positivos para TB (WHO, 2019a).

As reagOes adversas aos esquemas terapéuticos da TB sao divididas em dois grupos: as
reagoes adversas menores, onde normalmente nao ha necessidade de suspensao do tratamento;
e as reagdes adversas maiores (variam de 3 a 8%), em que hé necessidade de alteragdo e/ou
suspensdo do tratamento. As reagdes adversas mais frequentes com o esquema basico da TB
sdo a alteracdo da cor da urina (100%), a intolerancia gastrica (40%), as altera¢des na pele
(20%), ictericia (15%) e dores nas articulagdes (4%) (BRASIL, 2019a). Ja a lesdo hepatica
induzida por farmacos pertencentes ao esquema terapéutico da TB ¢ menos frequente, porém,
¢ a reacdo adversa de maior gravidade (COCA, 2009; RABAHI et al., 2017).

No Brasil, a média de efetividade do tratamento da TB ¢ em torno de 70% (50-90%). A
falta de adesdo ao tratamento ¢ a principal causa da baixa efetividade e pode ocorrer por
abandono do tratamento, uso errado e/ou uso irregular dos medicamentos para TB. Além da
falha terapéutica, a falta de adesdo ao tratamento leva ao desenvolvimento de microrganismos
resistentes e recidiva da doenga (RABAHI et al., 2017)

Em 2018, estimou-se que, cerca de 3,5% de novos casos e 18% dos casos tratados
previamente apresentavam multirresisténcia a medicamentos TB (MDR-TB - resistentes a
rifampicina e isoniazida) ou resisténcia a rifampicina (RR-TB). Em ambos os casos, ha
necessidade de tratamento com farmacos de segunda escolha, por pelo menos 9 meses e até 20
meses, 0s quais sao caracterizados por efeitos colaterais ainda mais graves que os mencionados
anteriormente. Ha ainda os casos de TB extensivamente resistente a medicamentos (XDR-TB).
Nestes casos, ocorre a MDR-TB e ainda a resisténcia a pelo menos uma fluoroquinolona e um

agente injetavel de segunda linha (amicacina, capreomicina ou canamicina) (WHO, 2019).

2.2 ISONIAZIDA

A isoniazida ¢ um pro-farmaco sintético, constituida por um anel piridina e um grupo
hidrazida, também conhecida como hidrazida do acido isonicotinico (USP, 2008). Fo1 descrita

em 1912 e usada para fins terapéuticos a partir de 1952. Além de ser utilizada em combinagdo



21

com outros farmacos no tratamento basico da TB, ¢ também utilizada na monoterapia para
tratamento de TB latente, como ja mencionado na sec¢do anterior. A concentragdo inibitoria
minima da INH sobre o Mycobacterium tuberculosis varia de 0,02-0,20 ng/mL (ARBEX et al.,
2010). A dose utilizada terapeuticamente varia entre 4 ¢ 6 mg/Kg/dia, com uma dose maxima
de 300 mg (BECKER et al., 2007).

Quimicamente apresenta forma molecular CsH7N3O e massa molar de 137,14 g/mol
(USP, 2008; Figura 2). Trata-se de um composto hidrofilico, com uma solubilidade aquosa de
125 mg/mL a 25°C e um log P de -0,64 (BECKER et al., 2007). O farmaco encontra-se na
forma nao ionizada na faixa de pH 6,8 e 10,2. Apresenta trés valores de pKa: 2,36 (pKai), 3,35
(pKa2) e 13,61 (pKaz). O pKar e pKaz estdo relacionados a protonagdo dos hidrogéncios da
hidrazina e do anel piridina, respectivamente. O pKa3 estd associado a desprotonagdo do
nitrogénio do grupamento hidrazida. Uma forma duplamente protonada (nitrogénios da
hidrazina e do anel piridina) pode estar presente em valores de acidez extrema (pH 0 a 1)
(BECKER et al.,2007; KHAN et al., 2017). Segundo as diretrizes da OMS, pertence ao Sistema
de Classificacdo Biofarmacéutica I/IIl, ou seja, apresenta-se como soluvel, porém, sua

permeabilidade ¢ classificada como de bordeline (WHO, 2006).

Figura 2. Estrutura quimica da isoniazida e de suas formas ionizadas
conforme o pKa
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Fonte: adaptado de Khan et al. (2017).
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2.2.1 Mecanismo de acao

A INH é um pré-farmaco que penetra no micro-organismo por difusdo passiva. E
convertida na forma ativa apds a clivagem pela enzima catalase-peroxidase (KatG) do
Mycobacterium tuberculosis, formando um radical isonicotinoila, que reage com NAD+ para
formar um “aduto” INH+NAD (Figura 3) (KASPER; FAUCI, 2015; VILCHEZE; JACOBS,
2019). Nesta etapa, ha liberagdo de espécies reativas de oxigénio tais como o superoxido, H>O»,
hidroperéxidos e oxido nitrico, que contribuem para os efeitos bactericidas sobre o M.
tuberculosis (KASPER; FAUCI, 2015; TIMMINS; DERETIC, 2006). Apos a ativacdo, o
“aduto” INH+NAD inibe a atividade enzimatica da InhA, a qual esta envolvida na produgao do
acido micolico, um componente essencial da parede celular bacteriana (KASPER; FAUCI,
2015; VILCHEZE; JACOBS, 2019), bem como na sintese de acidos nucleicos (HILAL-
DANDAN; BRUNTON, 2015).

Figura 3. Mecanismo de ativagdo enzimatica da INH.
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Fonte: Abbadi et al. (2018a).

2.2.2 Mecanismo de resisténcia a INH

Para estimar os casos de resisténcia a INH, Jenkins, Zignol e Cohen (2011) reuniram
dados da OMS de 1994 a 2009, considerando tanto os casos novos quanto os de retratamento.
A regido da Europa Oriental apresentou uma incidéncia substancialmente maior que as demais
regides, que foi de 44,9% (33,5 e 61,4% de casos novos e retratamento, respectivamente). Nas
demais regiodes, a incidéncia de casos resistentes a INH foi de 13,9% (10,7 e 29,0% de casos
novos e apos retratamento, respectivamente). Os dados da OMS, por sua vez, mostram que 8%

dos pacientes com TB no mundo sdo TB suscetivel a rifampicina e resistente a isoniazida.



23

Nestes casos, o tratamento para TB recomendado ¢ a utilizagdo de rifampicina, etambutol,
pirazinamida e levofloxacina por 6 meses para tratamento da TB (WHO, 2018).

Segundo Seifert ef al. (2015), as mutagdes genéticas que conferem resisténcia a INH
podem ocorrer em 15 diferentes regides, a considerar: katG, inhA, ahpC-oxyR, efpA, fadE24,
iniA, iniB, iniC, kasA, nat, ndh, Rv1772, Rv1592¢c, Rv0340 e srmR.

A mutagdo mais frequente (50 a 95%) ¢ a que ocorre com a enzima KatG (ZHANG;
YEW, 2009). As mutagdes nesta enzima ocorrem, principalmente, por uma mutagao no codon
315, pela substituicdo do aminoécido serina pela treonina (93,4%) e substituicdo da serina pela
asparagina (3,6%) (SEIFERT et al., 2015). Sugere-se que a redugdo na ativacdo da INH possa
ser explicada por modifica¢des estruturais que estreitam o canal de acesso ao grupo heme na
enzima ou por perturbacdes na transferéncia de elétrons devido a alteragdes no ciclo catalitico
da catalase-peroxidase ou simplesmente por modificagdes no sitio de ligacdo da INH
(DEEMAGARN et al., 2005).

Outra mutacdo, que pode estar presente entre 8 a 43% dos casos de resisténcia a INH
(ZHANG; YEW, 2009), ¢ a que ocorre no promotor inhA, que se trata de uma substituicdo de
nucleotideos C-15t, resultando em menor afinidade desta enzima pelo cofator NADH
(ABBADI et al., 2018b; VILCHEZE; JACOBS, 2019). Ja a mutagdo na ahpC-oxyR, enzima
envolvida na resposta celular ao estresse oxidativo, ocorre em torno de 1% dos isolados

resistentes (SEIFERT et al., 2015).

2.2.3 Efeitos adversos da INH

Conforme ja mencionado, os efeitos adversos da INH estdo classificados como menores
ou maiores. Dentre os efeitos adversos menores estdo nauseas, vomito, epigastralgia, elevagao
transitoria e assintomatica das enzimas hepaticas (ocorre em 20% dos pacientes), artralgia,
alteracdes de comportamento (cefaleia, insdnia, euforia, agitacao, ansiedade e sonoléncia), acne
na face e tronco e prurido cutidneo ou febre. Ja os efeitos adversos maiores sdo: neuropatia
periférica (ocorre em cerca de 20% dos casos e ¢ dose dependente), lipus eritematoso, psicose,
crise convulsiva, confusdo mental, alteracdes hematologicas ou vasculite e hepatoxicidade
(ARBEX et al., 2010; HILAL-DANDAN; BRUNTON, 2015).

A hepatotoxicidade ¢ o efeito adverso mais grave associado a INH e pode ser
potencializada pela interacdo com outros farmacos utilizados na terapia da TB, tanto para

individuos com TB ativa quanto para TB latente (COCA, 2009). A hepatotoxicidade ndo ¢é
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resultado de hipersensibilidade ou reacao alérgica, mas causada principalmente pela producao
de metabolitos toxicos (TOSTMANN et al., 2008). A incidéncia destes eventos pode variar
entre 2 e 28% em individuos que utilizam o esquema basico de tratamento da TB. Quando usada
como monoterapia nos casos de TB latente, a INH causa elevagdes significativas de
transaminases em cerca de 0,5% dos pacientes. Para os outros farmacos, como s3o usualmente
utilizados em combinacdo, ¢ mais dificil ter conhecimento de seus dados de toxicidade
separadamente (RAMACHANDRAN; SWAMINATHAN, 2014).

A INH ¢ metabolizada em acetilisoniazida e, posteriormente, convertida em acetil-
hidrazina pela N-acetil-transferase 2 (NAT2) e em hidrazina por uma reagdo de hidrdlise. A
acetil-hidrazina, por sua vez, pode ser convertida em metabolitos hepatotoxicos tais como a
hidrazina pela CYP2E1 (HILAL-DANDAN; BRUNTON, 2015). Desta forma, a hidrazina pode
ser obtida tanto pela conversao direta da INH como do seu metabdlito acetil-hidrazina. Em
acetiladores lentos, ou metabolizadores lentos, intermediarios hepatotéxicos se acumulam em
maior quantidade, o que acaba por tornar este quadro ainda mais grave (TOSTMANN et al.,
2008).

Outro fator relevante, ¢ que a rifampicina, utilizada concomitantemente no tratamento
da TB, ¢ um indutor da CYP2EI e, desta forma, age como um potencializador dos efeitos
hepatotoxicos da INH (HILAL-DANDAN; BRUNTON, 2015). As hepatopatias também se
acentuam entre os que consomem bebida alcodlica e nos individuos acima de 50 anos, onde a

meia-vida da INH torna-se mais longa e niveis séricos mais elevados (ARBEX et al., 2010).

2.2.4 Farmacocinética

A biodisponibilidade oral da INH ¢ de aproximadamente 100%. O farmaco sofre
metabolizacdo hepdtica por acetilagdo via enzima N-acetiltransferase do tipo 2 (NAT2),
produzindo acetilisoniazida e 4cido isonicotinico. A depuracdo da INH depende das
caracteristicas genéticas dos pacientes, que podem apresentar fenotipo para a acetilagdo rapida,
intermediaria ou lenta. Esta variabilidade na acetilagao tem relagdo com o polimorfismo exibido
pela NAT2 (RAMACHANDRAN; SWAMINATHAN, 2012). Entre 70 a 96% da INH ¢
excretada pela urina em 24 h, predominantemente na forma de acido isonicotinico e acetil-
isoniazida (ARBEX et al., 2010; HILAL-DANDAN; BRUNTON, 2015). O farmaco ¢
rapidamente absorvido no trato gastrintestinal, com picos de concentragdes plasmaticas de 3-5
pg/mL apds administracdo de 5-20 mg/Kg, alcancados entre 1-2 horas (KASHUBA et al.,

1998). Seu tempo de meia-vida é em torno de 1 h nos acetiladores rapidos e de 2-5 h em
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acetiladores lentos. Na presenca de hepatopatias e de insuficiéncia renal, este pardmetro pode
ser aumentado (ARBEX et al., 2010). A presenca de alimentos e antidcidos reduz ambas,

absorc¢ao e biodisponibilidade da INH (HILAL-DANDAN; BRUNTON, 2015).

2.3 MUCOSA BUCAL

Embora a administragcdo de farmacos pela via oral seja mais conveniente (SOHI et al.,
2010), esta rota possui desvantagens tais como a degradacdo do farmaco no trato
gastrointestinal (GI), absorcao imprevisivel e irregular, intolerancia GI e metabolismo hepético
de primeira passagem (PATEL et al., 2012).

Para contornar estes problemas, o farmaco pode ser alternativamente administrado via
transmucosas tais como a mucosa nasal, retal, vaginal, ocular e bucal. Tanto o efeito de primeira
passagem hepatico quanto o metabolismo ou degradagdo de farmacos no trato GI podem ser
evitados mediante uso destas rotas (PATIL; SAWANT, 2008).

A administra¢ao de farmacos na cavidade oral ¢ altamente aceitavel pelos pacientes e
apresenta outras vantagens que incluem: baixa atividade enzimética, ¢ indolor durante a
aplicagdo; facil remog¢ao do farmaco em caso de necessidade; promotores de permeabilidade,
inibidores enzimdticos ou modificadores de pH podem ser incluidos na formulagdo;
versatilidade no desenvolvimento de medicamentos de forma a liberar o farmaco multi- ou
unidirecional para agdes locais ou sistémicas; possibilidade de propor sistema de liberagado
modificada e de entrega de moléculas inadequadas pela via oral (HASSAN et al., 2010;
SHINKAR; DHAKE; SETTY, 2012; SINGH et al., 2011).

A mucosa bucal se torna atrativa para a administragdo de fAirmacos por apresentar uma
rapida recuperagdo apds estresse ou dano, ser relativamente permedvel, apresenta rico
suprimento sanguineo que permite o acesso direto a circulagdo sistémica através da veia jugular
interna, o que evita a metabolizacdo hepatica de primeira passagem (HASSAN et al., 2010;
SINGH et al., 2011) e redugdo da dose e efeitos colaterais (BOBADE et al., 2013; SHINKAR;
DHAKE; SETTY, 2012).

2.3.1 Anatomia e fisiologia da mucosa bucal

A mucosa bucal possui superficie aspera e ¢ composta por uma camada externa de

epitélio escamoso estratificado que serve como uma barreira mecanica, protegendo os tecidos
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subjacentes (SINGH et al., 2011). O epitélio é composto por aproximadamente 40 a 50 camadas
de células. Abaixo do epitélio, encontra-se a membrana basal, a [amina propria e a submucosa
(Figura 4). A lamina propria ¢ composta por quantidades variaveis de fibras colagenas e
elasticas, nervos e vasos sanguineos. Uma vez que os farmacos alcancem a lamina propria,
podem ser absorvidos pelos vasos e capilares sanguineos conectados a veia jugular através das
veias retromandibulares. Isto possibilita a absor¢do direta de farmacos nas veias portais,

evitando o efeito de primeira passagem, que corresponde a principal vantagem da administragao

bucal sobre a administragao oral de farmacos (MORALES; MCCONVILLE, 2011).

Figura 4. Anatomia da mucosa oral
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Fonte: Manohar et al. (2012)

A mucosa bucal possui uma espessura em torno de 500-800 pm e sua renovagao ocorre
a cada 5-6 dias. Sua permeabilidade foi estimada em 4-4000 vezes maior que a da pele
(BOBADE et al., 2013), dependendo das caracteristicas fisico-quimicas do permeante, o que a
torna atrativa para administracdo sistémica de farmacos.

A mucosa bucal apresenta areas de epitélio queratinizados e ndo-queratinizado. O
epitélio queratinizado, que compreende a gengival e o palato duro, sdo relativamente
impermeaveis a dgua e apresentam funcdo de barreira (SOHI et al, 2010). A funcdo de barreira
se deve a presenca de lipidios neutros, tais como as ceramidas e acilceramidas, organizados de

forma lamelar e representando a maior barreira para difusdo de moléculas (GANEM-
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QUINTANAR et al., 1997). Ja as regides de tecido ndo queratinizado (sublingual, palato mole
e bucal) sdo caracterizados por uma maior permeabilidade (HASSAN et al., 2010; SINGH et
al., 2011), pois nestas regides os espagos intercelulares apresentam baixas quantidades de
ceramidas e ndo ha acilceramidas. Estas regides sao compostas por lipidios polares,
principalmente sulfato de colesterol e glicosilceramidas, empacotados de forma amorfa,
tornando este epitélio mais permedvel a dgua e, naturalmente, a farmacos hidrossoluveis

(NICOLAZZO; REED; FINNIN, 2005; SOHI et al., 2010).

2.3.2 Saliva e muco

A saliva ¢ um fluido aquoso com aproximadamente 1% de material orgénico e
inorganico. Sua fung¢do ¢ lubrificar a cavidade bucal, iniciar a digestdo e controlar a flora
bacteriana local (RATHBONE; DRUMMOND; TUCKER, 1994). A presenca de sais,
principalmente célcio e fosforo, tem fungao primordial na remineralizagdo dos dentes. Seu fluxo
continuo na cavidade oral pode dificultar a retencdo das formulagdes por um periodo
significativo e dificultar a absorcao (BOBADE et al., 2013).

O muco que recobre a mucosa bucal apresenta uma espessura entre 1 ¢ 400 um,
representando uma barreira fisica a permeabilidade de farmacos (SOHI et al, 2010; SINGH et
al,2011; SHINKAR; DHAKE; SETTY, 2012). A mucina ¢ composta por 70-80% de agtlicares,
12-25% de proteina e até 5% de ésteres sulfatados (SUDHAKAR; KUOTSU;
BANDYOPADHYAY, 2006). As glicoproteinas presentes na mucina apresentam um alto peso
molecular e s3o compostas por uma cadeia de oligossacarideos ligada a um nucleo de proteina,
fortemente glicosiladas. Como consequéncia, o muco € caracterizado por um aspecto gelatinoso
(JIMENEZ-CASTELLANOS; ZIA; RHODES, 1993). Devido a presenca de residuos de 4cido
sidlico e sulfatos, a carga total do muco ¢ negativa. Assim, interacdes eletrostaticas com
componentes da formulacdo podem ser estabelecidas, aumentando o tempo de residéncia na
mucosa, o que acaba por contribuir com o aumento da quantidade de farmaco absorvida (SOHI

etal.,2010; SINGH et al., 2011; SHINKAR; DHAKE; SETTY, 2012).
2.3.3 Rotas de permeabilidade

A mucosa bucal possui duas rotas de permeabilidade de farmacos, a intercelular
(paracelular) e a intracelular (transcelular). A via intercelular, apresenta contetido extrudado

dos granulos da membrana celular e lipideos de caracteristica polar e ndo lamelar, tornando-a



28

atrativa para molélculas da natureza hidrofilica (NICOLAZZO; REED; FINNIN, 2005). A rota
intracelular, por sua vez, ¢ preferencialmente utilizada por farmacos lipofilicos ja que as

membranas celulares sdo caracterizadas por uma natureza lipofilica (Figura 5) (SMART, 2005).

Figura 5. Rotas de transporte de moléculas através da mucosa bucal.

Intercelular Intracelular

Fonte: Caon et al. (2015b).

A mucosa bucal se mostra promissora para a administracdo de farmacos, pois até
mesmo em modelos de epitélio de mucosa queratinizado, observou-se que moléculas de baixo
peso molecular (~100 Da) se difundem rapidamente através do epitélio bucal. Gradualmente, a
permeabilidade reduz para moléculas de até 300 Da. Ja para as macromoléculas, como
peptideos ou grandes proteinas que apresentam estruturas entre 600 Da e 100 kDa, o mecanismo
de permeabilidade se torna mais complexo, exigindo a inclusdao de promotores de absor¢ao na

formulacdo (MORALES; MCCONVILLE, 2011).

2.3.4 Modelo de avaliacdo de permeabilidade de farmacos na mucosa bucal

O modelo da camara de difusdo de Franz, proposto em 1975, ¢ um dos mais utilizados
para a avaliagdo da permeabilidade de farmacos através da mucosa bucal. As camaras de
difusdo de Franz (Figura 6) possuem dois compartimentos, doador e receptor, entre os quais €
disposta uma membrana. Esta membrana pode ser sintética ou obtida a partir de algum tecido
animal ou até mesmo humano. A parte epitelial da membrana deve estar voltada para o

compartimento doador, onde ¢ adicionado o farmaco ou formulagdo e, se necessario, solucdes
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tampdes que mimetizam as condi¢des da regido corporal de estudo. O compartimento receptor
também ¢ preenchido com uma solucdo, geralmente tamponante, que deve mimetizar o
comportamento do sangue. Ainda, no compartimento receptor, ¢ depositada uma barra
magnética que fica sob agitagao durante todo o ensaio a fim de manter o sistema homogéneo.
Recobrindo a cAmara receptora, hd a presenca de um compartimento adicional, denominado de

jaqueta de dgua, onde ocorre a circulacdo de dgua para controle da temperatura (FRANZ, 1975).

Figura 6. Camara de difusao de Franz
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Fonte: PermeGear (2019).

A selegdo de tecidos animais para estudos de permeabilidade baseia-se na semelhanca
histologica com os tecidos humanos. A mucosa bucal humana apresenta areas de epitélio nao
queratinizado, assim como os macacos, caes e porcos. Assim, a mucosa suina apresenta-se
como uma op¢ao promissora tanto do ponto de vista histolégico quanto em relagdo a facilidade
de obtengio dos tecidos em abatedouros (HOOGSTRAATE; BODDE, 1993). Pode ser utilizada
para estudos de liberagdo e/ou transporte bucal, bem como para investigagdes mecanisticas.
Além disto, o custo da realiza¢do de estudos in vitro € significativamente menor do que os
estudos in vivo, pois pequenas partes de mucosa bucal sdo necessarias para cada experimento
(KULKARNI ef al, 2010). A facilidade de obtengdo, preparo do tecido e custo sdo
determinantes chaves para a escolha do modelo animal.

Apo6s a obtencdo da mucosa bucal de interesse, a mesma deve ser conservada em uma
solucao tampao isotonica e utilizada imediatamente. Apesar do congelamento ser uma técnica
comum e muito util para armazenar células vivas, ¢ um método inadequado para armazenar

partes de tecido (HOOGSTRAATE; BODDE, 1993). Pesquisas tem demonstrado que as
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mucosas apresentam alteragdes morfoldgicas apos o congelamento, particularmente danos no
epitélio, o que é atribuido a formagdo cristais de gelo no tecido (CAON; SIMOES, 2011;
HOOGSTRAATE; BODDE, 1993). Como consequéncia, as propriedades de barreira natural
da mucosa podem ser alteradas, aumentando a permeabilidade de farmacos de forma
indesejavel (CAON; SIMOES, 2011; FRANZ-MONTAN et al., 2016). Isto destaca a
importancia de se realizem estudos com membrana fresca e integra a fim de que se possam

gerar resultados fidedignos.
2.4 PROMOTORES DE PERMEABILIDADE

Devido as propriedades de barreira do epitélio e considerando que, em algumas
situacdes, baixas quantidades de farmaco sdo disponibilizadas na circulagdo sistémica,
modificadores quimicos desta barreira podem ser necessarios para otimizar a permeabilidade
de farmacos (NICOLAZZO; REED; FINNIN, 2005). Varios mecanismos de a¢ao sao propostos
para estes agentes, tais como, o aumento do particionamento do fArmaco no epitélio da mucosa
bucal; extragdo de lipidios intercelulares; interagdo com os dominios de proteinas epiteliais;
reducdo da viscosidade do muco e prolongamento do tempo de contato de moléculas na
superficie da mucosa bucal (CAON et al., 2015; NICOLAZZO; REED; FINNIN, 2005;
VEUILLEZ et al., 2001).

Os promotores ideais devem ser seguros; nao danificar irreversivelmente ou
permanentemente a mucosa (SENEL; HINCAL, 2001; SOHI et al., 2010); ndo serem tdxicos,
irritantes e alérgicos; acdo rapida e reprodutivel; devem ser inertes quimica e
farmacologicamente; agirem unidirecionalmente, ou seja, devem permitir que agentes
terapéuticos entrem no organismo, sem que ocorra perda de substancias endogenas; serem
apropriados a diversas formulagdes e compativeis com os demais excipientes (SHARMA;
KULKARNI; PAWAR, 2006; SINHA; PAL KAUR, 2000).

Os tensoativos, sais biliares, 4acidos graxos, etanol, quelantes, Azone® e a quitosana
tem sido os principais promotores quimicos de absor¢do utilizados (CAON et al., 2015;

HASSAN et al., 2010; LEE, 1990; NICOLAZZO; REED; FINNIN, 2005).

2.4.1 Tensoativos

Os tensoativos sdo moléculas anfifilicas, caracterizadas por possuirem uma

extremidade da molécula polar ligada a uma cadeia carbonica (linear, ramificada ou com partes
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ciclicas) apolar (DALTIN, 2011). Quando as solu¢des de tensoativos alcangam a concentragao
micelar critica (CMC), que ¢ a concentragdo na qual os mondmeros sofrem auto agregacao,
ocorre a formagdo de micelas (PEREZ-RODRIGUEZ et al., 1998). Em 4gua, as micelas se
formam a partir da agregacgao da parte hidrofobica dentro do nticleo e a parte hidrofilica associa-
se a agua (HAMMOUDA, 2013). A formagao de micelas em uma solucio pode ser observada
pela reducdo da tensdo superficial do sistema e alteracdes de propriedades fisicas tais como a
condutividade elétrica, pressao osmotica, densidade, dispersao da luz, ou indice de refragcdo
(PEREZ-RODRIGUEZ et al., 1998).

A formagdo de micelas € a base da técnica de solubilizagdo por tensoativos, o que faz
que estes sejam utilizados em diversas areas, como a perfumaria, cosmetologia e tecnologia
farmacéutica. No caso de estudos de permeabilidade, um dos mecanismos atribuido aos
tensoativos ¢ justamente a solubilizacdo ou micelizacdo de lipideos intercelulares (NETZ;
ORTEGA, 2005).

Os tensoativos sdo considerados agentes promissores como promotores de
permeabilidade e, dependendo de suas caracteristicas fisico-quimicas, concentragao e tempo de
exposicdo, podem agir sobre os tecidos promovendo a desnaturagdo ou extra¢do de proteinas,
inativagdo enzimadtica, intumescimento do tecido e extracdo de lipidicos (GANEM-

QUINTANAR et al., 1997).
2.4.2 Dodecil sulfato de sdédio (SDS)

O SDS ¢ um tensoativo anidnico, com uma cauda hidrofébica formada por
hidrocarbonetos lineares (Figura 7). Apresenta uma CMC entre 7 a 10 mM e peso molecular de
288,37 g/mol. As micelas de SDS sdao formadas pela agregacdo de aproximadamente 60
mondmeros (BHAIRI ef al., 2017). A presenga de sal pode aumentar o nimero de agregacao e,
consequentemente, o volume da micela. O aumento da temperatura, por sua vez, causa um

efeito inverso, ou seja, reduz o tamanho micelar (HAMMOUDA, 2013).

Figura 7. Estrutura quimica do dodecil sulfato de s6dio
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O papel do SDS como promotor de permeabilidade foi estudado por Nicolazzo, Reed e
Finnin (2004) utilizando cafeina e estradiol como modelos de farmacos. Para a cafeina,
observou-se um aumento da taxa de transporte apds pré-tratamento com 0,05, 0,1 e 1% de SDS
durante 2 h. Para o estradiol, um farmaco lipofilico, este agente ndo foi capaz de alterar a
permeabilidade. Um dos mecanismos atribuidos ao SDS foi a formacao de micelas capazes de
extrairem os lipideos intercelulares, tornando a via paracelular ainda mais hidrofilica. Ja no
caso do estradiol, o mesmo pode ter sido encapsulado na porc¢ao hidrofébica das micelas. Em
outro estudo com S5S-fluoracila, um agente quimioterapico hidrofilico, um incremento na
permeabilidade foi observado com o aumento da concentragdo do SDS (0,5, 1 e 1,5%)
(DHIMAN; DHIMAN; SAWANT, 2009). Da mesma forma, o saquinavir apresentou um
incremento na taxa de transporte na presenca de SDS a 0,5% (RAMBHAROSE et al., 2014).
No estudo realizado por Hansen et al (2018), o tratamento com 1% de SDS reduziu a
permeabilidade da cafeina e do diazepam e aumentou o transporte paracelular do manitol. Os
autores sugeriram que as micelas de SDS extraem os lipidios da mucosa e, desta forma, poderia
ocorrer um deposito de lipidios na superficie da mucosa, criando uma barreira para o transporte
da cafeina. Para o diazepam, que tem uma maior lipofilicidade, foi hipotetizado seu
encapsulamento nas micelas de SDS, da mesma forma como o estradiol (citado anteriormente).
O fato de o SDS ter aumentado o transporte do manitol trouxe fortes indicios da acdo deste
tensoativos sobre a via paracelular (HANSEN et al., 2018). Estes mesmos autores fizeram uma
analise do estudo anterior realizado Nicolazzo, Reed e Finnin (2004), sugerindo que o aumento
do transporte da cafeina pode ter ocorrido devido as diferencas no tipo de membrana utilizado.
Hansen et al (2018) consideraram toda a mucosa bucal enquanto o estudo anterior considerou
apenas o epitélio. O efeito de reducdo na permeabilidade de fa&rmacos devido ao aumento da
espessura do epitélio/mucosa também foi relatado por Kulkarni et a/ (2010).

Outra hipotese para o efeito de tensoativos sobre o incremento da permeabilidade de
farmacos € que os mondmeros de tensoativos anidnicos penetrariam em tecidos tais como a
pele, interagindo com proteinas e aumentando a carga negativa da rede proteica, o que levaria
ao intumescimento do tecido. Este efeito inicial promoveria ligagcdes progressivas do tensoativo
em camadas mais profundas da pele, tornando-a mais intumescida. Posteriormente, micelas e
agregados do tensoativo penetrariam o tecido. A interagdo de tensoativos anidnicos as proteinas
do epitélio ocorreriam por ligagdes cooperativas que aumentam a carga negativa da proteina,
resultando em inchaco e eventual quebra da estrutura proteica (Fig. 8) (LIPS et al., 2006;

MORRIS et al., 2019). Embora esta hipotese tenha sido inicialmente proposta utilizando a pele
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como modelo de membrana, mecanismos semelhantes poderiam ser observados no epitélio

bucal.

Figura 8. Esquema do intumescimento e dissolu¢ao devido a formagao de
agregados semelhantes a micelas em proteinas.

Local sem reticulagdes
permanentes

Local de quebra das
reticulacdes

Dissolugdo de proteinas

E improvavel que a quebra das reticulagdes ndo permanentes seja totalmente reversivel aps a remogao
dos tensoativos por dilui¢do/enxague. No caso de proteinas sem reticulagdes, a presenga de cargas leva
a dissolug@o. Por outro lado, para proteinas reticuladas, um significativo inchago pode levar a penetragéo
de quantidade maior de tensoativos em camadas mais profundas.

Fonte: Lips et al. (2006).

Hammouda (2013) sugere que, em solugdes de SDS a 1%, aproximadamente 80% das
moléculas de SDS participam na formagao de micelas e os outros 20% ficam livres para manter
o SDS dissolvido proximo ao nivel da concentracdo micelar critica (CMC). Desta forma,

moléculas livres estariam disponiveis para interagdo com o epitélio.
2.4.3 Sais Biliares

Os sais biliares, considerados detergentes biologicos, sao derivados do acido colico e
deoxicolico e formam estruturas micelares diferentes dos tensoativos cldssicos. No organismo
humano, participam da absor¢do de lipideos e vitaminas lipossoluveis (SENEL; HINCAL,

2001). Sugere-se que sejam efetivos como promotores de permeabilidade por extrairem
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proteinas ou lipidios da membrana, pela fluidizacdo e/ou miceliza¢do reversa na membrana,
criando canais aquosos para o transporte de fairmacos (MOGHIMIPOUR; AMERI; HANDALI,
2015; VEUILLEZ et al., 2001).

O 5-fluoruracila teve sua permeabilidade bucal aumentada tanto na presenca de
glicocolato de sodio (2, 4 e 6%) quanto taurodeoxicolato de sddio (1, 3 e 5%), sendo que este
ultimo foi mais efetivo (DHIMAN; DHIMAN; SAWANT, 2009). O glicocolato de sodio a 1%
também melhorou o transporte bucal do acetato de flecainida, o que nao foi observado para sua
forma base, que tem um carater lipofilico (DENEER et al., 2002). Para a 2,3-didesoxicitidina,
um efeito concentracdo-dependente foi observado. Ao contrario do glicocolato de sodio a 4
mM, concentragdes de 10 e 50 mM nao resultaram em um incremento significativo na taxa de
transporte deste ativo (XIANG; FANG; LI, 2002). Da mesma forma, outros farmacos
hidrofilicos como decitabina (MAHALINGAM et al., 2007), cloridrato de morfina (SENEL et
al., 1998) e FITC (HOOGSTRAATE et al., 1996) apresentaram um aumento da permeabilidade
na presenca de sais biliares. Estes estudos confirmam a efic4cia dos sais biliares na otimizagao
da permeabilidade de farmacos hidrofilicos por afetar o transporte pela rota paracelular.

Outro fator relevante no uso de sais biliares como promotores de absor¢ao ¢ a variagao
da performance dependendo do grau de hidroxilagdo. Para sais tri-hidroxilados, tal como o
taurocolato de sddio (Figura 9), o efeito sobre a permeabilidade ocorre apenas em concentragdes
muito acima da CMC. Nielsen e Rassing (1999), por exemplo, sugerem que a concentracao do
taurocolato de sodio (ST) deva ser 2 a 3 vezes maior que a CMC para a promocdo da
permeabilidade. Mahalingam et al (2007), por sua vez, observou um aumento do fluxo de
permeabilidade da decitabina através da mucosa bucal mediante tratamento com ST e
glicocolato de sodio apenas para concentragdes maiores que 10 vezes a CMC. Um efeito
contrario foi observado com o taurodeoxicolato de sodio e o glicodeoxicolato de sddio, ambos
sais di-hidroxilados. Estes ultimos foram eficientes promotores de absor¢do ja em

concentragdes proximas da CMC.

Figura 9. Estrutura quimica do taurocolato de sddio

Tawrocolato de sodio
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Small (1968) propds que os sais biliares tri-hidroxilados formam micelas primarias,
pequenas, formadas por apenas 2 a 8 monomeros (Figura 10) e menos hidrofobicas
comparativamente as micelas de sais biliares com duas hidroxilas. Estas tltimas seriam mais
hidrofobicas, formando micelas primérias e secundarias. As micelas secundarias sao maiores

em fungdo da agregacdo das micelas primarias por ligagdes de hidrogénio (SMALL, 1968).

Figura 10. Compara¢ado da estrutura de micelas primarias e secundarias de
sais biliares e micelas de tensoativos classicos.

Sais biliares tri-hidroxilados Tensoativos Sais biliares di-hidroxilados

Pontes de hidrogénio

Numero de 2a8 40 a 100 12a 100+
agregacio:

Fonte: Small (1968).

Desta forma, os sais biliares di-hidroxilados apresentam maior potencial como
adjuvante de incremento da permeabilidade j& que formam estruturas micelares maiores € mais
hidrofébicas, o que facilita a formagdo de poros intramembranosos. J4 os sais biliares tri-
hidroxilados conjugados com aminodcidos, como ¢ o caso do ST, além de um grupo OH
adicional, apresentam aminoacidos altamente carregados, que aumenta a hidrofilicidade
(GORDON et al., 1985). O efeito do aminoacido na molécula de sal biliar conjugado também
pode ser observado pela reducdo da CMC, quando comparado ao mesmo sal biliar ndo-
conjugado, com grupo terminal carboxilato. A micropolaridade do ntcleo de micelas de sais
biliares com o grupo terminal taurina apresenta-se mais hidrofilica, comparativamente ao
mesmo sal com grupo terminal carboxilato (MUKHERIJEE ef al., 2016). Os autores sugerem
que a hidrofobicidade do nucleo esteroidal dos sais biliares seria o principal determinante na
permeabilidade de farmacos, por apresentar maior interagdo e/ou solubilizacdo dos

componentes da membrana (GORDON et al., 1985; MAHALINGAM et al., 2007).
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2.4.4 Quitosana

A quitosana ¢ um polissacarideo biodegradavel de origem natural, biocompativel, de
baixa toxicidade e custo (HU; SUN; WU, 2013). E frequentemente obtida através da
desacetilacdo da quitina, que ¢ considerada o segundo polimero mais abundante na natureza. A
quitina representa o principal componente do exoesqueleto de crustaceos e paredes celulares de
alguns fungos como Aspergillus, Zygomicetes ¢ Mucor (SINHA et al., 2004). O grau de
desacetilagdo da quitosana varia de 40 a 98% e o peso molecular entre 5x10* e 2x10° Da
(MOURYA; INAMDAR, 2008). Quimicamente, ¢ composta de um copolimero de glucosamina
e N-acetil-glucosamina, com um grupamento amino primario e duas hidroxila livres para cada
unidade de construgdo (Figura 11) (DASH ef al, 2011; SINHA ef al., 2004). As aminas
primarias conferem a quitosana carga positiva, o que permite sua ligagdo a diversos outros
grupos carregados negativamente, tornando-a um polimero bastante atrativo e versatil para
sistemas de administragdo de farmacos (HU; SUN; WU, 2013). Modificagdes estruturais nesta
regido permitem adquirir polimeros com diferentes propriedades, adaptaveis para cada tipo de
aplicagao.

Figura 11. Estrutura quimica da quitosana

OH

A quitosana apresenta um valor de pKa de 6,3 e ¢ facilmente soluvel em solu¢des com
pH abaixo de 6,0. A solubilidade ocorre devido a protonagdo dos grupos amino, que faz com
que ocorra repulsdo de cargas e uma menor interagdo intermolecular. A transicdo de estado
soluvel-insoluvel ocorre em seu valor de pKa (DASH et al., 2011).

A quitosana vem sendo utilizada como promotor de permeabilidade por aumentar o
tempo de residéncia da formula¢do na mucosa, resultando em um gradiente de concentragao
aumentado, que favorece a absor¢do de farmaco (MORALES; MCCONVILLE, 2011). Isto

ocorre principalmente pela interagdo eletrostatica dos grupos amino primarios catidnicos da
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quitosana com o muco carregado negativamente (CAON et al., 2015). Em pH fisiologico, o
muco apresenta uma carga negativa devido a presenga do acido sidlico e residuos de sulfato,
carga esta que contribui para a bioadesao (SHINKAR; DHAKE; SETTY, 2012; SINGH et al.,
2011).

2.5 COMPLEXOS METALICOS

Cepas resistentes a INH foram identificadas logo ap6s a inclusdo deste fairmaco na
terapia da TB (MIDDLEBROOK, 1952). Como descrito anteriormente, a resisténcia a INH
pode estar relacionada a mutagdo de pelo menos 15 regides diferentes. A KatG, gene que
codifica a enzima ativadora da INH, ¢ um dos principais alvos de mutagdo génica, o que torna
necessario o desenvolvimento de novas estratégias para combater o M. tuberculosis
(SCHROEDER et al., 2002).

Um andlogo da INH, obtido a partir da sua reacdo com aminopentacianoferrato,
formando o pentacianoferrato de isoniazida (PCF-INH), também denominado de IQG-607, tem
sido proposto para o tratamento da tuberculose resistente a INH que ocorre devido a mutagao
do gene peroxidase-catalase. Este composto € caracterizado por agir diretamente sobre a inhA,
sem necessidade de ativacdo enzimatica pela KatG (LABORDE et al., 2018; RODRIGUES-
JUNIOR et al., 2012).

Este composto ¢ caracterizado pela presenga de um grupamento inorganico
(pentacianoferrato III/I1) ligado ao 4&tomo de nitrogénio do anel heterociclico da INH (Figura
12). E altamente soltvel em dgua (> 40mM), sensivel ao oxigénio e a luz, e tem sido objeto de
estudo de diversas pesquisas na ultima década (ABBADI et al., 2018a, 2018b; LABORDE et
al.,2018; NAIK et al., 2013; RODRIGUES-JUNIOR et al., 2017; SOUSA et al., 2014).

Figura 12. Estrutura quimica do pentacianoferrato de isoniazida (IQG-607)
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Apos a sua oxidagdo, o complexo termodinamicamente instavel de ferro (II1) sofre uma
rapida reacao intramolecular de transferéncia eletronica, formando as espécies intermediarias
[Fe''(CN)s(isonicotinila)]*, resultando no complexo [Fe'(CN)s(L)]** onde o “L” pode
representar acido isonicotinico, isonicotinamida ou isonicotinaldeido. Estes subprodutos podem
se ligar a enoil redutase (inhA), ocorrendo a inibicdo da produgdo de acido micolico, sem
necessidade da enzima KatG (OLIVEIRA et al., 2006).

A atividade do IQG-607 foi avaliada em cepas resistentes a INH. Oliveira et al (2004)
avaliaram a inibicdo enzimatica da inhA4 selvagem e da 121V, uma enoil redutase mutante,
ambas resistentes a INH. As analises foram realizadas na auséncia e presenca de NADH (10 e
100 uM). Ambas as cepas (com inhA4 selvagem e com a enzima mutante [21V) mostraram-se
sensiveis ao 1QG-607, ndo requerendo ativacdo pela KatG e sem necessidade de NADH. O
mecanismo de acdo provavelmente envolve a interacdo com o sitio de ligagdo NADH da
enzima.

A concentracao inibitéria minima (CIM) do 1QG-607 foi determinada utilizando uma
cepa de referéncia do M. tuberculosis, a H37Rv, através do sistema radiométrico BACTEC®.
Encontrou-se um valor de CIM de 0,2 pg/mL, o que foi comparavel ao valor da CIM da INH
(0,02 - 0,2 pg/mL) (OLIVEIRA et al., 2004). Outra andlise para a determinacao da CIM da INH
e 1QG607 foi realizada através de ensaio colorimétrico baseado em microplaca Alamar Blue
(MABA), utilizando cepas H37Rv sensivel a INH e dois isolados clinicos de M. tuberculosis
resistentes @ INH, um com mutagdes estruturais na inh4 (S94A) e outro na regido reguladora
da inhA [C(-15)T]. Os valores da CIM do IQG-607 foram de 1,0 ug mL™! para S94A, 4,0 ug
mL"! para [C(-15)T] e 0,25 pg mL™! para cepas H37Rv (BASSO et al., 2010).

A acgdo antimicrobiana do IQG-607 também foi identificada em camundongos
infectados com M. tuberculosis, o qual mostrou ser capaz de reduzir as lesdes pulmonares
(RODRIGUES-JUNIOR et al., 2012). Ensaios toxicoldgicos e de seguranca realizados em ratas
demonstraram efeitos adversos leves e de baixa incidéncia. Apos a administracao de doses
unicas de 300 e 2000 mg/Kg, ndo houve mortalidade das cobaias. Assim, o valor da dose letal
(DL50) para o IQG-607 foi considerado superior a 2000 mg/kg (RODRIGUES-JUNIOR et al.,
2017). Testes de citoxicidade, em concentragdes variadas de 1QG-607, foram também
realizados em macrofagos derivados de células mononucleares do sangue periférico e em
células Vero, HaCat e HepG2. O estudo demonstrou que ndo houve alteracdo significativa da

viabilidade celular em todas as culturas celulares testadas (AMORIM et al., 2017).
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Com base nestes estudos preliminares, o 1QG-607 demonstrou ndo necessitar da
ativacdo da KatG e, desta forma, apresenta-se como um candidato promissor para o tratamento
de pacientes infectados com cepas resistentes do M. tuberculosis (BASSO et al., 2010). Em
pulmdes e bagco de camundongos infectados com M. tuberculosis, resultou em baixa contagem
de unidades formadoras de colonia. Além disso, o IQG-607 apresenta baixa toxicidade, que ¢
um ponto bem vantajoso, considerando que o tratamento da TB ¢ longo e utiliza-se uma série
de outros farmacos. Pesquisas para a determinagdo dos metabolitos ativos do 1QG-607 que
atuam sobre a InhA4 e a determinacdo de seus efeitos hepatotdxicos, comparativamente a INH,
sdo perspectivas para torna-lo um candidato a quimioterapico no tratamento da TB (ABBADI
et al.,2018a).

Além das pesquisas contra o M. tuberculosis, o IQG-607 também se mostrou um agente
eficaz frente a Leishmania braziliensis, tanto para formas promastigotas (forma extracelular)
quanto para as amastigotas (forma intracelular). Neste sentido, O 1QG-607 poderia ser usado
como ponto de partida para o desenvolvimento de um novo fairmaco para a Leishmaniose, uma
doenca negligenciada, que ainda possui poucas moléculas ativas para seu controle e exige
administracao pela via parenteral (AMORIM et al., 2017).

Apesar do seu potencial promissor no tratamento das cepas resistentes do M.
tuberculosis, Dadda et al (2018) observou baixa biodisponibilidade oral para o IQG-607 (250
mg/Kg), com valores de 3,7 e 3,8% em jejum e estado alimentado, respectivamente. A baixa
biodisponibilidade pode estar associada a fatores tais como a baixa permeabilidade
gastrointestinal, significativo metabolismo hepatico de primeira passagem, distribui¢do e
biotransformacdo que limitam a dose adequada no tecido-alvo bem como a existéncia de
bombas efluxadoras na mucosa (ABBADI et al., 2018a). Desta forma, a investiga¢do de rotas
alternativas a via oral para administracdo de 1QG-607 ¢ de grande relevancia, pois além da
possibilidade de proporcionar menor toxicidade (< dose), problemas de resisténcia microbiana
também poderdo ser superados.

O azul da Prussia (PB), outro composto inorganico, amplamente utilizado como
pigmento, teve sua propriedade eletroquimica relatada em 1978 e desde entdo, inimeros estudos
e aplicacdes vem sendo investigadas (LI ef al., 2019; LIAN et al., 2012; QIN; LI; GU, 2018;
YANG et al., 2019). O PB, também conhecido como hexacianoferrato férrico, apresenta
formula molecular Fe'';[Fe'(CN)g]s, é termodinamicamente estivel, apresenta excelente

biocompatibilidade e ¢ aprovado pelo FDA para tratamento interno de contaminag¢ao radioativa
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por césio e talio (SANDAL et al., 2017). Foi utilizado no Brasil, durante o incidente de Goiania,
onde 104 individuos mostraram evidéncias de contaminacao interna com radiocésio.

O PB forma uma unidade cubica, onde os ions férricos estdo conectados ao nitrogénio
de cianetos e os ions ferrosos sdo ligados aos atomos de carbono de cianetos, formando uma
estrutura alternadamente coordenada (Figura 13) (KONG et al., 2015). Pode apresentar duas
formas cristalinas que sdo diferenciadas quanto a solubilidade. A forma insoluvel Fe"4[Fe!!
(CN)g]3.nH20 ¢é preparada misturando-se agua e solucdes de Fe'' com ifons [Fe''(CN)s]a,
formando uma estrutura que apresenta moléculas de dgua intersticiais e que podem resultar em
alguns defeitos estruturais. A forma solivel KFe'[Fe''(CN)¢] tipicamente apresenta ions de
metais alcalinos (por exemplo, Na* e K*) para equilibrar a carga da estrutura (QIN; LI; GU,
2018; ZAKARIA; CHIKYOW, 2017).

Devido as falhas estruturais, apresenta uma estrutura porosa, com alguns espacos
intersticiais e lacunas onde contra-cations, moléculas pequenas (KONG et al., 2015) e gases
podem ser intercalados (QIN; LI; GU, 2018; ZAKARIA; CHIKYOW, 2017). Desta forma, o
PB pode ser considerado uma ‘“esponja quimica” com ampla aplicacdo, como na limpeza
ambiental, no armazenamento de gases, em baterias, catdlise e liberacdo de farmacos
(ZAKARIA; CHIKYOW, 2017).

Para farmacos, o PB pode ser util para driblar certas caracteristicas dos farmacos como
baixa solubilidade, especificidade insuficiente do local alvo e toxicidade sistémica. Também
vem sendo investigado para proporcionar uma liberagao sustentada de firmacos, como antidoto,
agente de contraste, conversor fototérmico, ou ainda, para o preparo de nanoenzimas na area

biomédica (QIN, LI, GU, 2018).

Figura 13. Estrutura do azul da Prussia (a) insoltvel e (b) soluvel.

Fonte: Qin et al. (2018).
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Nanoparticulas de azul da Prassia vem sendo investigadas como sistemas de
administracdo de farmacos ja que apresentam estabilidade no sangue, biocompatibilidade,
biodegradabilidade, baixa citotoxicidade e custo, facil preparo, morfologia ajustavel e tamanho
controlavel. Estas caracteristicas podem otimizar a entrega de diferentes farmacos, além de alta
eficiéncia no transporte e especificidade do alvo. Outra forma de melhorar a capacidade de
carga de farmacos pelas nanoparticulas de PB ¢ modificar sua superficie com materiais
organicos ou inorganicos e outras estruturas metal-organicas. A estrutura do PB envolvida por
polimeros tais como a quitosana, polietilenimina, acido oxalico e poli(cloreto de
dialildimetilamonio), entre outros, pode diminuir a energia de superficie, inibir a aglomeragao
e aumentar a solubilidade das nanoparticulas. A combina¢do com polimeros possibilita ainda
uma maior interagdo farmaco/polimero, aumentando a eficiéncia de encapsulacao (QIN, LI,
GU, 2018).

Por apresentar absor¢do em torno de 700 nm, o PB ¢ considerado um novo candidato a
agente de ablacdo fototérmica para tratamentos de cancer, pois a irradiagdo proxima a luz
infravermelho (faixa de 700 a 1100 nm), utilizada nestes casos, possui uma penetragdo mais
profunda, menos energética e absor¢do minima em tecidos bioldgicos. Assim, danos as células
de tecidos saudaveis seriam minimizados (XUE et al., 2015).

Yang e colaboradores (2019) prepararam nanoparticulas de PB com microporos
carregados com doxorrubicina (quimioterapico) e indocianina verde (utilizada em diagndstico
de cancer) a fim de realizar uma combina¢do de quimioterapia e terapias fotodindmicas e
fototérmicas ativadas por irradiacdo com laser no NIR. Em estudos in vitro, a cisplatina também
foi transportada com éxito por nanoparticulas microporosas de PB para entrega em células
cancerigenas (LIAN et al., 2012). Li e colaboradores (2019), por sua vez, combinaram PB com
zinco (ZnPB) a fim de tratar Staphylococcus aureus resistente a meticilina. O efeito fototérmico
acelerou a liberag¢do e penetracdo do Zn nas bactérias, acelerando a mortalidade das mesmas.
Além disto, o tratamento com ZnPB levou a regulagdo positiva de genes envolvidos na
remodelagdo do tecido, contribuindo para a deposi¢ao de colageno e o reparo tecidual.

Neste estudo, preparou-se um complexo de azul da Prassia com isoniazida (Figura 14),
formando um derivado insoluvel em dgua, porém, solivel em meio levemente alcalino (tampao
fosfato PBS pH 7,4). O intuito foi avaliar uma nova estrutura metalica complexada com
1soniazida como forma de melhorar o transporte e liberagao deste farmaco, assim como driblar
0 mecanismo de ativacdo enzimatica mediada pela KatG, ja que a mutagdo nesta enzima

representa o maior numero de casos resisténcia a INH.
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Figura 14. Estruturas do azul da Prussia (esquerda) e do derivado do azul da
Prassia complexado com isoniazida (direita).
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3 CAPITULO I: ARTIGO SUBMETIDO PARA AVALIACAO

A administracdo oral da isoniazida (INH), um dos farmacos utilizados no tratamento da
tuberculose, pode levar a descontinuacao do tratamento devido a eventos de hepatotoxicidade.
Neste sentido, a via transbucal tem sido aqui proposta, de forma inédita, para a administragao
da INH ja que ¢ altamente permedvel e evita o metabolismo de primeira passagem. Este capitulo
avaliou a permeabilidade da isoniazida isolada e em combinag¢do com diferentes promotores
quimicos de permeabilidade (dodecil sulfato de sédio, taurocolato de sédio e quitosana)
considerando a mucosa bucal suina fresca como modelo de membrana. Além disso, este estudo
avaliou o mecanismo de promocao da absor¢ao dos promotores selecionados através de analises
de mobilidade eletroforética, espalhamento de luz dinamico, viscosidade e técnicas
espectroscopicas. O produto deste capitulo ¢ um artigo cientifico, que serd submetido para

apreciagdo no Journal of Drug Delivery Science and Technology.
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ABSTRACT

Considering that the oral administration of isoniazid (INH) may lead to tuberculosis treatment
discontinuation due to hepatotoxicity events, the buccal delivery of this drug was purposed as
an alternative administration route. Ex vivo permeability assays were performed in Franz
diffusion chambers, applying INH alone and in combination with sodium dodecyl sulfate
(SDS), sodium taurocholate (ST) and chitosan (CS). After confirming the formation of micelle
structures by dynamic light scattering analysis, UV-visible spectroscopy and zeta potential
analyses were used to investigate chemical drug-micelle interactions. Although the presence of
drug has reduced the zeta potential of SDS at pH 2.0, this same behavior was not observed at
pH 6.8 (saliva buffer) for both surfactants. Spectrophotometric analyses, in turn, indicated
chemical interactions between INH and SDS in both pH values (2.0 and 6.8) whereas no
interaction between the drug and ST was observed. Despite the chemical interaction between
these agents, SDS increased the buccal transport rate of INH by approximately 11 times when
compared to the control. In contrast, ST and CS did not increase the permeability of INH. The
INH retention in SDS-treated mucosa was significantly higher when compared to the control

and an effect on intercellular lipids was suggested.

Keywords: buccal permeability; isoniazid; absorption enhancers; surfactants, micelle

structures.
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1 INTRODUCTION

Tuberculosis (TB) is one of the top 10 causes of death globally and is the leading cause
of death from a single infectious disease agente [1]. In 2017, TB caused an estimated 1.3 million
deaths among HIV-negative individuals and there were an additional 300,000 deaths from TB
among HIV-positive individuals [2]. Most of these deaths could be averted with earlier
diagnosis and treatment. Currently, patients presenting uncomplicated TB are treated
considering a 6-month regimen, i.e., 2 months of daily isoniazid, rifampicin, pyrazinamide and
ethambutol followed by 4 months of daily isoniazid and rifampicin therapy [3].

Although new drugs are being developed to face the challenge of emerging multidrug-
resistant strains of Mycobacterium tuberculosis, INH remains as a widely used and effective
first-line agent. In addition to its high bactericidal potency, INH administered orally is almost
completely absorbed from the gastrointestinal tract and penetrates all body fluid cavities. The
drug levels achieved in these regions are similar to serum levels [4]. INH acts by inhibiting the
synthesis of mycolic acids, essential constituents of mycobacterial cell walls [5]. Despite its
high efficacy and appropriate pharmacokinetic properties, the incidence of hepatotoxicity varies
from 2 to 28% in INH-treated patients. This event has been related to the slow clearance of
acetyl hydrazine, a toxic metabolite of INH, which have been particularly identified in slow
acetylators [6]. If abnormalities of liver function exceed three to five times the upper limit of
normal, discontinuation of INH is recommended. Moreover, gastrointestinal effects such as
nausea, vomiting, and abdominal pain are observed in 50 to 75% of patients with severe illness
[7]. Taken together, these disadvantages encourage the investigation of alternative routes to
administer this drug in order to reduce both toxic effects and first-pass metabolism.

The absorption of this drug in a porcine skin model has already been investigated by our
research team [8]. In this new study, the buccal delivery of INH is proposed. Unlike the skin,
the buccal mucosa is generally more permeable due to the absence of the stratum corneum [9]
and buccal formulations are usually cheaper than transdermal devices. The buccal delivery
provides direct access to the systemic circulation through the internal jugular vein, reducing or
even avoiding the extensive first-pass metabolism [10] and gastrointestinal complications.

Although the buccal mucosa is more permeable than the skin, the outermost layer, the
epithelium, represents a significant barrier to permeability [11]. As a consequence, the inclusion

of absorption enhancers in buccal formulations may be required to achieve drug therapeutic
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concentrations. Basically, transcellular and paracellular routes are involved in the transport of
drugs through buccal mucosa [12]. Given the hydrophilic nature of INH (log P=-0.64) and that
the passive transcellular pathway is still by far the most important absorption pathway,
absorption enhancers able to affect this route were considered.

Once the surfactants and bile salts have been shown to improve the buccal permeability
of hydrophilic compounds [13] and are able to extract buccal epithelium lipids [14], these
agents were selected for this study (Figure 1). Bile salts can act by extraction of lipids and
proteins of the epithelium, membrane fluidization and reverse micellization in the membrane,
creating aqueous channels for drug transport [15]. Sodium dodecyl sulfate (SDS), in turn, has
been used as permeability enhancer to improve absorption of drugs across buccal mucosa in
various studies [13,16,17]. The permeability enhancer effect of the SDS has been attributed to
its hydrophobic region, which may interact with the epithelium lipids, whereas the sulfate group
(hydrophilic part) of the SDS can form a complex with water, increasing the tissue hydration
[16].

Chitosan was also considered given that it can interact electrostatically with mucin,
removing proteins from the interface. Consequently, increased buccal permeability is observed.
The tendency of chitosan to form complexes with mucin and other proteins seems to surpass its
ability of binding to membranes [18].

The effect of SDS, sodium taurocholate (a bile salt) and chitosan on the buccal
permeability of INH was evaluated in this study. Ex vivo drug transport studies were initially
performed in Franz-diffusion cells, using porcine mucosa as the membrane model.
Concomitantly, possible interactions between INH and permeation enhancers were investigated
by UV-VIS absorption spectroscopy and zeta potential analysis. This approach was performed
in order to obtain a better understanding of the impact of the chemical enhancers on the INH

absorption across buccal mucosa.
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Figure 1. Chemical structures of the isoniazid and surfactants used in this
study.

2. MATERIALS & METHODS
2.1 Materials

Isoniazid, sodium dodecyl sulfate (SDS), sodium taurocholate (ST) and medium-
molecular weight chitosan (CS) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Both Krebs bicarbonate Ringer (KBR) and phosphate (PBS) buffers were prepared according
to standardized protocols. The simulated saliva buffer was prepared by dissolving 2.38 g
NaxHPOs4, 0.19 g KH,POy4, and 8.00 g NaCl in 1 L of distilled water (adjusted to pH 6.8 with
phosphoric acid) [19]. Acetonitrile and methanol were of HPLC grade and all other chemicals
and reagents were of analytical grade and used as received. Water was obtained from a Milli-Q

water purification system (Millipore, Milford, Massachusetts).

2.2 Tissue preparation and transport studies

Once the porcine buccal mucosa resembles human buccal mucosa in structure and
permeability [20], it was selected for the ex vivo transport studies. Porcine buccal tissue was
obtained from a local abattoir immediately after slaughter and transported in ice-cold Krebs—
Ringer buffer (pH 7.4). This buffer was selected since it is able to preserve tissue integrity [21].
Within 2 h of slaughter, the buccal mucosa was carefully separated from fat and muscles using

a scalpel and surgical scissors. The separated tissue (+/- 1 mm in thickness) was kept in ice-
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cold KBR until being placed in Franz diffusion cells (diffusional area 1.77 cm?). These mucosae
were mounted at the interface of the donor and receiver chamber with the buccal epithelium
facing upwards and equilibrated with Krebs-Ringer buffer during 30 min. After this
equilibration period, the buffer was removed, and 10 mL of saliva buffer was added to the
receptor chamber. Once the isoniazid presents a high aqueous solubility, the sink condition was
maintained without the inclusion of solubilizing agents. In the donor phase, 1 mL of each
absorption enhancer solution (SDS 35 mM, ST 10 mM or CS 0.5% in saliva buffer) or saliva
buffer was initially added and then more 1 mL of INH at 5 mg mL"! (final concentration equal
to 2.5 mg mL"). The SDS concentration (35 mM or 1% w/V) was defined based on other
transbuccal permeability studies [17, 22]. All solutions were solubilized in saliva buffer. The
system was kept at 37 °C by circulating heated water through an external water jacket and the
solution in the receptor chamber was continuously stirred at 750 rpm using Teflon® coated
magnetic stirrers. At fixed time intervals (every 1 h, for 10 h), samples (400 pL) were withdrawn
from the receptor chamber, replaced by the same volume of fresh medium and quantified by a
previously validated HPLC method (see the section below). At the end of the permeation assays,
the amount of INH retained in the buccal mucosa was also investigated. Mucosae were placed
into separate pre-weighed tubes to determine the amount of INH in each tissue sample collected.
The drug was extracted from the tissues with a solution 1:2 of water/acetonitrile, followed by
overnight storage to increase the extraction efficiency. In the next day, the tissues were vortexed
for 10 min, sonicated for 15 min, and the supernatant was analyzed by HPLC. The extraction
method was previously validated in blank experiments and by spiking the mucosae with a
known amount of INH. The steady-state permeability flux (Jss) was determined from the linear
slope of the cumulative amount of INH absorbed vs. time curve. The apparent permeability
coefficient (Papp) of INH was then determined by dividing Jss by the initial donor chamber
concentration, and Papp values from different treatments were compared using a one-way
analysis of variance followed by a Tukey's post-hoc test. All statistical analyses were performed

using GraphPad Prism software (version 5; GraphPad, San Diego, California).

2.3 Apparatus and chromatographic conditions

INH quantification was performed by high efficiency liquid chromatography (HPLC)
based on a previously validated method [8]. The HPLC apparatus consisted of a PerkinElmer®
series 200 system equipped with a binary pump, autoinjector, vacuum degasser and a visible-

ultraviolet detector. A C18 analytical column (250 x 4.6 mm, 5.0 pm internal diameter) was
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used preceded by a guard column of the same packing material (Phenomenex® KJ0-4282).
Isocratic mobile phase was composed by methanol-ammonium acetate buffer, pH 6.8 (5:95 v/v)
at a flow-rate of 1 mL min’!, with volume injection of 20 pL and detection at 260 nm. The
HPLC system was operated at ambient temperature. The method was specific and linear in the
range of 0.6 to 100 ug mL™! (r > 0.99). No interference biological matrix in the drug peak was

observed.

2.4 Physicochemical analysis
2.4.1Viscosity
The viscosity measurements were performed in saliva buffer and chitosan solution. The
viscosity of the saliva solution was determined using a viscometer (Schott AVS 350) coupled
to thermostatic bath (Schott CT 52). The measurements were carried out by adjusting the
temperature to 37 °C. The following equation (Eq 1) was used to determine the kinematic
viscosity:
ncin=K .(t-v) (Eq1)

Where: ncin: kinematic viscosity (mm? s™); K: capillary constant n° 50; t: average
flow time; v: correction of kinetic energy.

The solution of 1% w/v chitosan was analyzed at 37 °C using a Brookfield DV-II +
PRO viscometer with spindle SC4-34. A chart of viscosity values versus shear rate was

obtained. All measurements were performed in triplicate.

2.4.2 Particle size and zeta potential analysis

The determination of particle size and zeta potential were performed by photon
correlation spectroscopy (PCS) and electrophoretic mobility, respectively, using a Zetasizer®
Nano-ZS 90 (Malvern Instruments, Worcestershire, UK) at 25 °C and angle of the laser beam
of 173°. Solutions of 35 mM SDS or 10 mM ST containing 2.5 mg m™! of INH were analyzed
at saliva buffer pH 6.8. Zeta potential measurements also were performed using Britton-
Robinson buffer pH 2.0 for solutions containing SDS in order to confirm that this technique
could be used to predict electrostatic interactions between micelle and drug at pH 6.8 (both drug
and micelles can be found in a charged form at pH 2.0). The results were expressed as the mean

of three determinations for samples prepared independently.
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2.4.3 Spectrophotometric measurements

Absorption spectra were recorded with ultraviolet-visible (UV-VIS) spectrophotometer
(Shimadzu UV-1800 UV-Vis, Kyoto, Japan) in the wavelength range of 400-200 nm. The
analyses were performed with a fixed concentration of INH (10 pg m), varying the
concentrations of SDS (0.7; 5; 10; 20 and 35 mM at pH 2.0 or pH 6.8) and ST (0.5; 3; 10; 13
and 15mM at pH 6.8). Saliva buffer pH 6.8 and Britton-Robinson buffer pH 2.0 were used as

dispersion medium in the analysis. All measurements were performed in triplicate.

3. RESULTS
3.1 Buccal permeability analysis

The simultancous treatment of INH with 35 mM SDS, 10 mM ST or 0.5% chitosan
resulted in different drug permeability profiles (Figures 2, 3 and 4). SDS provided a higher
absorption of INH through the mucosa (328.2 = 68.2 ug cm™) compared to control (33.4 +20.9
ug cm?), ST (44.6 + 17.54 pg cm™) and chitosan (24.9 + 0.92 pg cm?) after 10 h (p<0.05,
ANOVA/Tukey's test). SDS increased approximately 9.9-fold the permeated amount of INH
when compared to the control (Figure 2). Moreover, INH was quantified earlier in the receptor

chamber after the treatment with SDS than the other treatments (2 versus 4 h of kinetic).
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Figure 2. Permeation profile of INH solution (2.5 mg mL™") isolated (o) and
treated with 35 mM SDS (e) through porcine buccal mucosa. Data are
presented as mean =+ standard deviation (n = 6).
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The amount of INH absorbed through mucosa after treatment with ST (44.6 £ 17.54 pg
cm?) was not statistically different (p<0.05, ANOVA/Tukey's test) from control (33.4 + 20.9
ng cm2) (Figure 3).
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Figure 3. Permeation profile of INH solution (2.5 mg mL™") isolated (®) and
treated with 10 mM ST (o) through the porcine buccal mucosa. Data are
presented as mean =+ standard deviation (n = 6).

Although the amount of INH absorbed through mucosa after treatment with chitosan
has been lower than control (24.9 + 0.92 and 33.4 £ 20.9 pg cm™, respectively), this difference
was not statistically different (p<0.05, ANOVA/Tukey's test; Figure 4).
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Figure 4. Permeation profile of INH solution (2.5 mg mL™) isolated (o) and
treated with 0.5% (') CS through the porcine mucosa. Data are presented as
mean + standard deviation (n = 6).

Consistently, the treatment with SDS resulted in higher values of steady-state flux and
permeability coefficient (Table 1). The transport rate of INH increased to approximately 11-
fold after SDS treatment. The higher flux of INH indicated an enhancement effect of SDS in
facilitating the drug transport across buccal mucosa. The permeability coefficient of INH also
was higher with SDS treatment, approximately 11-fold higher than control (similar to
permeability flux considering that the drug concentration in the donor chamber was fixed for
different treatments). On the other hand, ST and chitosan did not show statistical differences in
transport rate and permeability coefficient values compared to control (p<0.05,
ANOVA/Tukey's test). Although the lag time values have ranged from 2.14-3.92 h, they were
not statistically different between treatments with chemical enhancers (p<0.05,
ANOVA/Tukey's test). Lag time results indicated a short time taken for the tissue to become
saturated, suggesting a fast onset INH therapeutic activity [23].
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Table 1. Permeability parameters of isoniazid (INH) alone and combined
with absorption enhancers.

Parameter Js (ug/cm?.h) Tr (h) P (cm/h x 10 )
INH control 448+031®@ 214+1.12® 1.80 £0.69 @
INH + SDS 35 mM 49.16 +12.55® 3.63+£1.44® 19.70 + 5.00 ®
INH + ST 10 mM 6.43+223 @ 3.92+1.23@ 2.60+£0.89 @
INH + chitosan 0.5% 3.42+0.56@ 274+126@ 1.40+022®

Data were plotted as mean + standard deviation. Treatments were compared by one-way ANOVA with
Tukey's post-test (n = 6) (each parameter was analyzed separately). Values of p <0.05 were considered
statistically significant. Different letters indicate statistically significant differences between treatments.
J, = steady state flux; 77 = lag time; P = permeability coefficient.

INH retention results are in accordance with permeability profiles (Figure 5). The
treatment with SDS provided a higher INH retention (155 + 56.50 ug cm™) than control (54.32
+27.39 ug cm?), ST (60.1 + 33.36 pug cm?) and chitosan (47.36 + 13.57 ug cm™) after 10 h
(p<0.05, ANOVA/Tukey's test). In other words, SDS promoted drug retention 2.85-fold higher
than control. The amount of drug retained after application of ST, chitosan or control solution
was not statistically different (p<0.05, ANOVA/Tukey's test). Overall, the permeability and
retention profiles of the INH through buccal mucosa indicated the occurrence of disruption or

extraction of the intercellular lipids and lipids from the cell membrane by surfactants [24].
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Figure 5. INH retained in porcine buccal mucosa after 10h. Values are
represented as mean + standard deviation (n = 6). *statistically significant
difference, values of p <0.05 were considered statistically significant.
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3.2 Physicochemical characterization
3.2.1 Viscosity analysis

Once the viscosity of the chemical enhancer solutions can affect the drug permeability,
the rheological behavior of chitosan solution was analyzed in this study. Overall, diffusion of
drugs into Newtonian fluids is facilitated due to lower flow resistance. The saliva buffer, as was
expected, presented a Newtonian behavior with a viscosity value of 0.75 mm? s™! (cSt). The
solution of chitosan (1.0 %), in turn, showed a typical non-Newtonian behavior since the
viscosity decreases with increasing the shear rate (Figure 6). This resistance of the medium
could reduce the free drug amount in contact with the buccal mucosa or drug diffusion, which

would explain the low permeability rate and retention of INH after treatment with chitosan.
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Figure 6. Viscosity and shear rate of 1% chitosan solution.

3.2.2 Micelle size analysis

Potential interactions of INH with absorption enhancers can modulate the drug
permeability through the buccal mucosa. The nature of these interactions can be related to the
formation of micellar or even aggregated structures of SDS and ST in the aqueous medium. For
SDS-prepared solutions, particle size values of approximately 2.50 and 5.70 nm in water and
saliva buffer were found, respectively. This size is compatible with the micellar structure of this
surfactant (Table 2). ST solution also showed a particle size in the range of micelle structures

(approximately 6.70 nm in water). The presence of particles in the range of 325 to 350 nm in
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water and 200 to 225 nm in saliva buffer indicated the formation of micellar aggregates of SDS.
No statistical difference was observed for the particle size values in the presence of INH. The
presence of salts contributed to increasing the micellar diameter of the SDS at pH 6.8. Particle
size analysis of the ST solution was inconclusive (data not shown) due to the high discrepancy

of the values found for different samples.

Table 2. Micellar sizes of SDS and ST in water and saliva buffer pH 6.8.
Data are presented as mean values + standard deviation (SD).

Particle size in water Particle size in saliva solution
(nm=SD) (nm=SD)
Micelles Aggregates Micelles Aggregates
SDS 2.58+0.61 325.68 = 75.58 5.66 +0.41 225.22 + 38.67
SDS + INH 2.59+ 0.64 350.84 £ 62.77 5.39+0.3 200.11 £ 39.22
ST 6.69+ 1.43 IC IC IC
ST + INH 4.6 +0.27 IC IC IC

SDS: sodium dodecyl sulfate; ST: sodium taurocholate; INH: isoniazid

IC: inconclusive results (relative standard deviation > 50%)

Solutions with surfactants isolated and combined with INH were compared in by t test
(p <0.05, n=3).

3.2.3 Zeta potential measurements

The addition of INH to SDS and ST solutions did not change the zeta potential values
at pH 6.8 (p<0.05, t-test) (Table 3). For SDS solutions at pH 6.8, zeta potential values were -
30.6 to -32.3 mV in presence and absence of INH, respectively. For ST solutions at the same
pH, the zeta potential values were -15.7 to -17.0 mV, respectively. Zeta potential parameter was
also evaluated at pH 2.0 for the SDS solution in order to confirm that this technique could be
used to predict electrostatic interactions between micelle and drug. At this pH, the INH is
protonated, interacting with SDS through electrostatic interactions. The zeta potential values
for the SDS solution were higher at pH 2.0 than pH 6.8, -42.10 £+ 3.29 and -32.30 = 4.20 mV,
respectively. The addition of INH significantly decreased the zeta potential (-20.77 = 1.65 mV)
at strong acid pH (p<0.05, t-test). These findings suggest that the interactions should depend on
the pH of the medium and, hence can affect electrophoretic mobility. Electrostatic interactions

between INH and micelles would not be observed at pH 6.8.
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Table 3. Zeta potential values of SDS and ST in saliva buffer pH 6.8 and
Britton-Robinson buffer pH 2.0. Data are presented as mean values +
standard deviation (SD).

Zeta potential at pH 2.0 Zeta potencial at pH 6.8
(mV£SD) (mV+SD)
SDS -42.1+33 323142
SDS + INH 208+ 1.6 -30.6+2.9
ST - -17.0+14
ST + INH - -157+1.7

SDS: sodium dodecyl sulfate; ST: sodium tauroéholate; INH: isoniazid
Solutions with surfactants isolated and combined with INH were compared
by t-test (p <0.05, n =3).

3.2.4 UV-VIS studies

The absorption spectra of INH containing different SDS or ST concentrations were
recorded in order to investigate the molecular interactions between drug and surfactants. SDS
showed no absorption at the wavelength of INH (Figure 7). Thus, the absorbance intensity
observed in the UV spectrum with SDS and INH corresponds to the drug. The presence of the
SDS provided a reduction of the absorbance of the INH in both pH values (2.0 and 6.8). The
reduction in the absorbance intensity showed a concentration-dependent behavior (Figure 7 and
8), i.e. the increase in SDS concentration corresponded to lower absorbance values of INH.

The absorbance of INH in the absence of SDS was 0.355 at pH 6.8. The addition of 0.7
and 5 mM of SDS (below the CMC), showed absorbance values of 0.344 and 0.326,
respectively. For SDS concentrations in the CMC (10 mM) and above its CMC (35 mM), the
absorbance values were 0.310 and 0.271, respectively (Figure 8). At pH 2.0, a similar spectral
profile was found; however, the absorbance values were higher than at pH 6.8.

At strong acid pH, the absorbance of the INH in the absence of SDS was 0.456. SDS
concentrations below its CMC showed absorbance values of 0.443 and 0.425 at 0.7 and 5 mM,
respectively. SDS concentrations in the CMC (10 mM) and above its CMC (35 mM) presented
absorbance values 0f 0.417 and 0.379, respectively (Figure 9). Moreover, the analysis at pH 2.0

showed a bathochromic displacement at 5 mM SDS.
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Figure 7. UV spectrum of the INH and 35 mM SDS alone and combined in
saliva buffer pH 6.8.
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Figure 8. UV spectrum of INH alone and combined with different
concentrations of SDS in saliva buffer pH 6.8.
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Figure 9. UV spectrum of INH alone and combined with different
concentrations of SDS in Britton-Robinson buffer pH 2.0.

Once the ST is not soluble at pH 2, INH absorption spectra containing different ST
concentrations were measured only at pH 6.8. Unlike the spectra with SDS, the mixture of ST
and INH showed absorbance values higher than INH free (Figure 10). The absorbance of the
drug in the absence of ST was 0.378. The addition of 0.5 mM ST (below CMC) showed an
absorbance of 0.477. Absorbance values > 1.0 were registered at concentrations close (3 and
10 mM) and above CMC (13 and 15 mM), which increased with increasing ST concentration.

The UV spectra of the 10 mM ST showed a maximum absorption value at 265 nm,
presenting an absorbance of 2.313. INH, in turn, presented a maximum absorption at 258 nm
and absorbance of 0.379. After the mixture of the INH with 10 mM ST, the absorption shifted
to 266 nm and the absorbance increased to 2.639 (Figure 11). A sum of absorbance signals of
INH and ST was observed. In summary, the results did not indicate an interaction between the

drug and the ST surfactant.
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Figure 10. UV spectrum of the INH and 10 mM ST alone and combined in
saliva buffer pH 6.8.
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Figure 11. UV spectrum of INH alone and combined with different
concentrations of ST in saliva buffer pH 6.8.

4. DISCUSSION

Isoniazid is a molecule presenting high aqueous solubility and it is easily absorbed from
the gastrointestinal tract. Although the oral route is the most traditionally used for its

administration, a significant first-pass effect is observed [25]. Approximately 10-20% of adult



71

patients receiving INH show elevations in serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) to about 1-3 times the upper limit of physiological levels [26]. These
hepatotoxic events have led to treatment discontinuation by many patients.

Alternatively, drug transport through skin and mucosa could be exploited as
administration routes once they avoid first-pass hepatic metabolism. As a consequence, both
therapeutic dose and adverse effects may be reduced or even avoided. In a previous study, our
research team developed a skin permeation study using porcine ear skin. The results suggested
the achievement of plasma concentrations for topically applied INH [8]. The buccal mucosa, in
turn, is highly vascularized, allowing a rapid absorption of drugs [27]. Once high transbuccal
permeability of INH was expected by considering the physicochemical characteristics of this
molecule (log P, molar mass), ex vivo assays were performed.

As already mentioned, the permeability flux and coefficient values of INH increased 11-
fold after the SDS treatment compared to control (isoniazid solution). In addition, SDS provided
2.85-fold higher INH retention in the buccal mucosa. In a previous study using caffeine as a
hydrophilic drug model, its flux rate through buccal mucosa was enhanced by a factor of 1.81
after pretreatment with 35 mM SDS, which had not been shown for the estradiol [13]. The
authors justified these differences based on physicochemical characteristics of these molecules,
which would lead to different chemical interaction with SDS micelles. Hydrophobic molecules
are incorporated into the hydrophobic micelle cores whereas hydrophilic molecules interact
preferentially with the micelle surface. An increased permeability profile was also found when
5-fluoracil was treated with different SDS concentrations (0.5, 1 e 1.5%) [22]. A concentration-
dependent effect of SDS on the permeability rate was observed for this molecule. The ability
of SDS micelles to extract membrane or intercellular lipids has already been suggested as an
action mechanism to explain the enhancer effect of this surfactante [13,28], particularly when
it is used in concentrations above the CMC. Although the CMC has not been determined
experimentally, 1% SDS (~35 mM) is well above of the CMC of this surfactant in water, which
is close to 8.0 mM [29]. The SDS micelles formation in saliva buffer was confirmed by dynamic
light scattering technique (Table 2).

The intercellular lipids represent the major permeability barrier in the buccal mucosa
for hydrophilic compounds [30]. Once the intercellular lipids from mucosa are removed by the
surfactant, the intercellular transport route becomes more hydrophilic, facilitating the transport

of the hydrophilic compounds such as the INH.
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Given that high drug retention was found after SDS treatment, high interaction of SDS
with buccal tissue is suggested. When anionic surfactants come into contact with biological
membranes, monomers are able to penetrate them, bind to proteins, increasing the charge on
the protein network. As a consequence, surfactant molecules can achieve deeper layers of tissue,
leading to enhanced swelling and penetration. After the monomer penetration inside the
membrane, the surface is damaged and micelles and/or smaller surfactant aggregates could
access to deeper layers, increasing the drug permeability [31]. The formation of micelle-like
aggregates among surfactants and proteins have already been reported by elsewhere [32]. A
cascading process is observed, which depend on the exposure period to the surfactante [31].
Although the monomer concentration in the solution was not evaluated experimentally,
literature studies have suggested a micelle/monomer ratio of 80/20 at 1% SDS [33].

Interactions between drug and micelles also may affect the permeability rate of drugs
through the mucosa. Therefore, zeta potential and UV absorption spectra analysis were
performed at two pH values (pH 2 and 6.8) to confirm this assumption. Once the INH is found
in a protonated form at pH 2.0, this pH was used to confirm the existence of attractive
interactions between INH and SDS. The pH of 6.8 was selected to predict the behavior of the
solution containing these agents during the permeability assays. Indeed, the results at pH 2.0
indicated electrostatic interactions between the positively charged drug and the negatively
charged SDS. Atta and co-workers (2011) investigated interactions of different types of
surfactants with INH in Britton-Robinson buffer pH 2.0 by UV-VIS spectroscopy [34]. The
effect of successive additions of SDS surfactant on the absorption spectrum of INH at 2 mM
confirmed that the anionic character of SDS contributes to electrostatic forces with the drug,
leading to the formation of aggregates.

Chemical interaction between these agents also appears to occur at pH 6.8. Although
no interaction between INH and SDS has been demonstrated by zeta potential analysis, UV
spectral changes indicated the existence of molecular interactions at pH 6.8. Clear and
significant spectral changes were observed for both monomer and micelles when the drug was
included in saliva buffer pH 6.8. Non-ionized INH is found at pH 6.8, and the interactions with
monomers and micelles of SDS should be weaker in this pH than at pH 2.0. These findings
suggest that other types of chemical interaction would be more likely than ionic interactions at
pH 6.8 (eg. hydrogen bonds).

Hydrophilic drugs, such as INH, are preferably adsorbed on the surface of the micelle
by interacting with the polar head groups [35]. On the other hand, physical properties of the
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micelles, such as micro-viscosity, polarity and hydration degree are not uniform along the
structure. Therefore, the binding of INH to SDS can occur in different regions of solubilization
in the micelle [36]. Additional techniques such as Fourier transformed infrared spectroscopy
and spectroscopy of nuclear magnetic resonance are required to confirm physical and/or
chemical interactions between INH and SDS at physiological pH of the saliva and identify the
exact point of this interaction.

Unlike the SDS, the sodium taurocholate did not increase the permeability flux and
retention of INH through the buccal mucosa. In studies of buccal transport with lidocaine
hydrochloride and thiocolchicoside, both hydrophilic drugs, the permeability also was not
increased in the presence of sodium taurocholate [30,37]. For the thiocolchicoside, permeability
assays were performed by using two different concentrations of sodium taurocholate (10 and
100 mM). The drug transport was almost completely suppressed in the presence of 100 mM of
ST. Interaction between bile salts and thiocolchicoside was suggested by the authors to explain
these findings, which was supported by DSC analyses [30]. For the sotalol, another hydrophilic
compound, its transport rate through buccal mucosa was significantly decreased by the addition
of sodium glycocholate. A mechanism of ion-pairing between the protonated amine group of
sotalol and the anion of sodium glycocholate was proposed. This ionic pairing would increase
the molecular size of the surfactant, preventing its interaction with the mucosa [38]. Although
the INH presents chemical groups that can be protonated, it is found in a neutral form at pH 6.8.
Thus, this mechanism of ion pair formation is not expected for the INH.

Similar to SDS, size, zeta potential and UV spectra analysis were also performed for the
ST in order to understand the interaction degree between drug and micelle. The particle size
analysis performed by dynamic scattering was inconclusive (data not shown). Large dispersion
of particle size was found for the ST solution, containing micelle structures as well as
aggregates, which may be observed by the analysis of high relative standard deviation. A study
performed by Coello and co-workers (1993) support these findings [39]. They demonstrated
the formation of multiple aggregation equilibriums for different concentrations of bile salts in
the aqueous medium.

Given that precipitation events were identified for ST in B-R buffer pH 2.0, the
investigation of molecular interactions was possible only using saliva buffer pH 6.8. No
electrostatic interactions between INH (non-ionized ate pH 6.8) and the bile salts were also
expected in this pH. Zeta potential values did not decrease with INH addition (Table 3),

indicating the absence of attractive forces between the molecules. UV spectrophotometric
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analysis suggested no molecular interaction. INH absorbance probably was additive to ST
absorbance. Considering that the permeability of INH in medium containing ST was rapidly
close to that of control and that no molecular interactions between INH and ST were observed,
a weak interaction of ST with mucosa constituents would be the most probable hypothesis to
justify these findings.

Chitosan has been considered in the development step of various buccal formulations
given that is able to increase the residence time of the drug at the mucosal surface, increasing
the absorbed drug amount. Positively charged amino groups of chitosan interact with the
negatively charged sialic acid of the mucous layer [40,41]. In the study performed with INH in
the presence of chitosan, a buccal permeability rate statistically similar to the control (treatment
only with INH) was observed. The long contact time of the buccal mucosa with the buffering
solution during the transportation from the abattoir to the laboratory and the tissue preparation
step for the permeability assays may have contributed to the partial or total removal of mucus.
As a consequence, the chemical interaction with the chitosan would be reduced or even avoided,
justifying a buccal permeability close to control. In a study with synthetic membranes
evaluating the interaction of mucus and chitosan, the authors reported that the tendency of
chitosan to form complexes with mucin and other proteins seems to surpass its ability of binding
to membranes [18]. This fact sustains the hypothesis of the need for mucus to an effective
membrane perturbation. The high viscosity of the chitosan solution also contributes to
explaining these findings given that the INH diffusion would be reduced. The saliva solution
containing INH was added after the chitosan treatment. This approach may have generated an

additional diffusion layer for the drug, which would reduce the drug permeability.

5. CONCLUSION

High permeability rate and rapid diffusion of INH through the transbuccal route was
found, suggesting that this route is promising for the administration of the INH. SDS was the
most effective chemical permeation enhancer, which increased the permeation flux of INH by
approximately 11-fold. It probably acts by extracting the intercellular lipids and by interacting
with the proteins, leaving the intercellular route more attractive to the drug. Although no
electrostatic interaction between INH and SDS at saliva pH has been suggested by zeta potential
analysis, other types of (nonionic) interactions among these agents have been suggested by
spectrophotometric analysis. The interaction probably occurs via polar groups of the surfactant

head, which justifies the non-interference in the permeability rate of INH. The partial or total
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removal of the mucus during the preparation of the buccal membranes as well as slow diffusion
of the INH in the chitosan solution may have contributed to the low permeability coefficient
obtained in samples treated with chitosan. The presence of ST did not affect INH permeability
parameters, which seem to be associated with a weak interaction with mucosa. Zeta potential

and spectrophotometric analysis also showed no interaction between ST and INH.
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4 CAPITULO II: ARTIGO A SER SUBMETIDO PARA AVALIACAO

Logo apo6s a introdugao da INH na terapia da TB, cepas resistentes a este farmaco ja
foram identificadas (MIDDLEBROOK, 1952). Mutagdes no gene KatG (catalase-peroxidase)
representam o principal mecanismo de resisténcia microbiana, ja que esta enzima ¢ responsavel
pela ativagdo da INH (SCHROEDER et al., 2002).

O PFC-INH tem sido investigado como uma alternativa promissora para casos de
resisténcia a INH, porém, baixa biodisponibilidade oral foi observada em experimento in vivo
em ratos. Desta forma, sua administragao bucal foi também proposta. Além do PCF-INH, um
complexo derivado do azul da Prussia foi preparado em carater inédito. Estes compostos foram
obtidos mediante colabora¢do com o doutorando Marcio Cristiano Monteiro, orientado pelo
professor Dr. Bruno Szpoganicz do Programa de Pés-Graduacao em Quimica (UFSC).

Assim, neste segundo capitulo, apdés o preparo e caracterizacdo dos complexos
metalicos PCF-INH e PB-INH, avaliou-se a permeabilidade transbucal dos mesmos através do
sistema de difusdo de Franz. Estudos de estabilidade dos complexos em diferentes meios foram
considerados a fim de otimizar as condigdes do ensaio de permeabilidade. Analise
espectroscopica foi realizada para confirmar a identidade dos produtos obtidos. A capacidade
de auto-ativagdo dos complexos foi avaliada por voltameria ciclica, j& que esta propriedade €
crucial nos casos de resisténcia microbiana. Defeitos de estrutura do complexo Azul da Prussia
foram avaliados pelo método de Job. O produto deste capitulo também sera um artigo cientifico,

que serd submetido para apreciacdo no Journal of Biological Inorganic Chemistry.
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ABSTRACT

In isolated isoniazid(INH)-resistant strains, deletion or mutations in the katG gene have been
identified, which result in loss of catalase-peroxidase activity. This enzyme plays a key role in
the activation of this prodrug. As an alternative, the coordination of the INH to metal complexes
has been purposed to activate it regardless of enzyme functionality. Although
pentacyanido(isoniazid)ferrate(II) complexes have shown to be effective against resistant
strains of M. tuberculosis, low oral bioavailability was found. In this context, buccal mucosa
was selected as an alternative route to the metal complex delivery. Moreover, oral
manifestations of TB have been observed in some patients, particularly when resistant strains
are present; however, no therapeutic options may be found in the market until now.
Pentacyanidoferrate (PCF-INH) and Prussian-blue (PB-INH) complexes were initially prepared
and characterized, followed by buccal permeability studies in Franz-type diffusion cells. The
electrochemical potential of the complexes demonstrated their ability to self-activate. Job's
method suggested the presence of structural defects in PB-INH complexes, which was
correlated with permeability results. In fact, PB-INH showed a higher dissociation rate in salt-
rich aqueous medium and thus high transport rate through buccal mucosa. Its passage through
the tissue would not be possible due to the high molecular size. PCF-INH, in turn, presented a
lower dissociation rate in the salt-rich aqueous medium, justifying its slower transport rate
through the tissue. Taking together, these results suggest that INH-based metal complexes may
be efficiently administered through the buccal route, impacting on both oral bioavailability and

microbial resistance.

Keywords: metal complexes; transbuccal delivery; isoniazid; pentacyanidoferrate.
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1 INTRODUCTION

Isoniazid (INH) is a prodrug that inhibits the formation of the mycobacterial cell wall.
The mechanism of action involves its conversion into various electrophilic intermediates or
reactive species by the mycobacterial katG-encoded catalase-peroxidase. After the formation
of an isonicotinyl-NAD" adduct, this byproduct inhibits the Mycobacterium tuberculosis (Mt)
enoyl reductases, resulting in the reduction of mycolic acid synthesis [1]. Although INH has
been widely used as a front-line drug in the treatment of TB; hepatotoxic events and resistant
Mt strains have limited its clinical application [2].

The primary mechanism of multiple drug resistance in M¢ involves the accumulation
of mutations in individual drug target genes [3]. Mutations in at least five different genes (katG,
inhA, ahpC, kasA, and ndh) have been found to correlate with INH resistance [4]. Mutations in
the inhA gene, for example, can occur in the gene promoter region and in domains responsible
for the NAD-INH adduct binding [5]. Approximately 50% of isolated isoniazid-resistant strains
have either a deletion or mutations in the katG gene, showing a loss of catalase-peroxidase
activity [6].

One of the strategies to overcome the problems found in the treatment of Mt resistant
strains is the coordination of this prodrug to metal complexes [7].
Pentacyanido(isoniazid)ferrate(Il) complex, for example, would act by a mechanism of self-
activation involving an intramolecular electron transfer from the metallic center, leading to the
formation of a carbonyl-centered radical without katG participation [8]. In addition to this drug
activation mechanism, metal-based complexes have demonstrated an improved aqueous
solubility, controlled release and optimized pharmacokinetic parameters in relation to small
organic compounds [9]. In previous studies, pentacyanido(isoniazid)ferrate(Il) (IQG607) was
able to inhibit in vitro the TB target enzyme (InhA) and kill M¢, including INH-resistant strains
[1, 10]. The enhancement of the electron density on the hydrazide group could improve the
stability of the proposed radical and thus lead to improved M¢ InhA-inhibition properties [11].

Although the IQG607 complex showed to be active against M. tuberculosis resistant
strains, low oral bioavailability (3.7 and 3.8% in fasting and fed state) was observed in mice
[12]. Factors such as low gastrointestinal permeability, significant first-pass hepatic
metabolism, mucosal efflux pumps as well as a distribution and biotransformation limiting the
appropriate dose in the target tissue could explain these findings [13]. In this context, alternative
routes could be exploited aiming to ensure enough drug amount in the systemic level. With this

in mind, the transbuccal route was alternatively considered for the metal complex delivery. This
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administration route was also selected due to the fact that different studies in last decade have
demonstrated an involvement of M. tuberculosis in persistent or atypical lesions in the oral
cavity [ 14—-16]. Although oral manifestations of TB are rare (0.1-5%) [16], they are reappearing
as a consequence of the outbreak and emergence of drug-resistant TB and increased incidence
of acquired immune-deficiency syndrome. The microorganism may infect all parts of the
mouth, appearing mainly in the form of ulcerative lesions [14].

Once the IQG607 complex is stable at acidic pH [17], its buccal administration could
be performed successfully. In addition, another innovative metal complex ferric
pentacyanido(pyridine-4-carbohydrazine)ferrate(Il) (PB-INH) was prepared and its transbuccal
permeation was also evaluated. A complete physicochemical characterization of these metal
complexes was performed by using electrochemical and spectroscopic analysis (UV and IR) as

well as in vitro kinetic stability analysis.

2. MATERIALS AND METHODS
2.1 Materials

Isoniazid and isonicotinic acid were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Both Krebs bicarbonate Ringer (KBR) and phosphate (PBS) buffers were prepared
according to standardized protocols. Acetonitrile and methanol were of HPLC grade and all
other chemicals and reagents were of analytical grade and used as received. Water was obtained

from a Milli-Q water purification system (Millipore, Milford, Massachusetts).

2.2 Synthesis of the complexes
2.2.1 Synthesis of sodium amminepentacyanidoferrate(Il)

The commercially available sodium nitroprusside, Naz[Fe(CN)sNO]..H>O was used
as a starting material to synthesize the sodium amminepentacyanidoferrate complex (PCF-
ammine). Initially, 6 g of nitroprusside (20 mM) was added to 40 mL of ammonium hydroxide
(280 mM) in an Erlenmeyer flask. This flask was closed, protected from light and then kept
under agitation until complete solubilization of complexes. After 3h of agitation, a yellow solid
was observed, which is characteristic of the complex formation. At this moment, 6 g of
potassium iodide was added to precipitate the compound, followed by slow addition of 100 mL
of ethanol. Finally, a vacuum filtration of the solid was performed, and the product was stored
in a desiccator until a constant mass is obtained. The reaction yield was 82%. CsHoFeNgNa3;O3

(325.98 gmol™). Calculated: C 18.42, H2.78, N 25.78; Experimental: C 19.45, H2.63, N 25.64.


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/dicarbonate
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/acetonitrile
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reagent
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2.2.2 Synthesis of pentacyanido(pyridine-4-carbohydrazine)ferrate(ll)complexes

Considering that the NH3 ligand in the [Fe(CN)sNH3]* complex has a labile character,
it was used as a precursor to prepare pentacyanidoferrate complexes with isoniazid. The
pentacyanido(pyridine-4-carbohydrazine)ferrate(Il) (PCF-INH) complexes were prepared by
mixing INH in excess (2.9 mM) with 0.2 g of amminepentacyanidoferrate(Il) in water (0.58
mM) at room temperature under light protected conditions. INH is oxidized by
[Fe(CN)s(H20)]* to generate [Fe(CN)s(inh*)]*", where inh* corresponds the oxidation product
such as isonicotinamide and isonicotinic acid. After the reaction, 1.0 g (0.67 mM) of potassium
iodide is added, followed by slow addition of 30 mL of ethanol. The obtained precipitate
was vacuum filtered, washed with ethanol and kept in a desiccator until the constant mass is
obtained. The reaction yield was 80%. C11H23FeNgNa3Oo (536.16 g mol ™). Calculated: C 25.50,
H 4.08, N 21.62. Experimental: C 25.14, H 3.79, N 20.92.

2.2.3 Synthesis of ferric pentacyanido(pyridine-4-carbohydrazine)ferrate(ll) complex

The Fe"4[Fe'(CN)s]3-nH20 (PB) and PB-INH complexes were obtained through the
spontaneous coordination method, where an aqueous solution containing ferric chloride in
excess (0.4 mM) was mixed with an aqueous solution of hexacyanidoferrate or PCF-INH (0.1
mM). After 15 min of agitation, isolation of PB or PB-INH insoluble particles was performed
by the acetone addition. Acetone was selected in this step by considering that PB is not soluble
in this solvent [18]. Finally, the resulting precipitates were collected by centrifugation and
decanting, and then washed with acetone several times. Low-solubility microcrystalline

powders were obtained.

2.3 Determination of composition by Job's method

Job's method was used to determine the PB-INH complex stoichiometry. Various
solutions were prepared by mixing varying proportions of the PCF-INH and FeCls (0 to 3 mL),
keeping the ionic strength, pH and final volume (3 mL) constant. The solutions were analyzed
spectrophotometrically to determine the concentration ratio that generates the highest
concentration of complex ion. By plotting the absorbance of each solution against the mole
fraction of ligand, the ligand concentration that corresponds to the maximum concentration of

complex ion may be determined.
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2.4 Spectroscopic analysis

Fourier transform infrared (FTIR) spectra were recorded using an ABB FTLA
2000 spectrometer in the wavenumber range of 4,000 to 400 cm™ at a resolution of 4 cm™. The
solid sample and KBr were initially ground together with a mortar and pestle, followed by
hydraulic compression to obtain mixture discs.

Electronic spectra were obtained at room temperature on a Perkin Elmer Lambda 35
UV/Vis spectrophotometer (Waltham, MA, USA), using a quartz cuvette with an optical path
length of 1 cm. The wavelength range 200-1000 nm was evaluated.

2.5 Cyclic voltammetry analysis

Cyclic voltammograms were obtained at room temperature (25+ 1°C) using a
potentiostat-galvanostat (EG&G Priceton Versastat III). Potassium chloride (0.1 mol L) was
selected as a supporting electrolyte in all measurements. A conventional three-electrode system
was considered, i.e., an Ag/AgCl reference electrode (containing 3 mol L™! KCI), an auxiliary
electrode of platinum plate and a working electrode of glassy carbon. Solutions of ligands and
complexes were tested at 5 mmol L', degassed with nitrogen and maintained under inert

atmosphere during the measurements.

2.6 In vitro Kkinetic stability of the PCF-INH complex in different media

This assay was carried out in order to understand the stability of PCF-INH complex in
the medium used during permeability studies. In this step, the PB-INH complex was not
considered once it is characterized by a very low aqueous solubility. The dissociation of metal
complexes was monitored spectrophotometrically. The concentration of the complex was fixed
at 0.5 mmol L! and different media were added (DMSO, PBS and water). The ionic strength
of the solution was adjusted with 1.0 mol L' sodium chloride. For DMSO, analyses were
performed at 25 °C during 1 h, collecting UV-Vis spectra every 2 min. For PBS and water, in
turn, analyses were performed at 37 °C for 24 h. PBS and water were selected in order to select
the most appropriate option for permeability studies and DMSO as an alternative to extracting

the drug from complex, facilitating the analytical step (HPLC quantification).

2.7 Tissue preparation and transport studies
Once the porcine buccal mucosa resembles human buccal mucosa in structure and

permeability [19], it was selected for the ex vivo transport studies. Porcine buccal tissue was
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obtained from a local abattoir immediately after slaughter and transported in ice-cold Krebs-
Ringer buffer (pH 7.4). Within 2 h of slaughter, the buccal mucosa was carefully separated from
fat and muscles using a scalpel and surgical scissors. The separated tissue (+/- 1 mm in
thickness) was kept in ice-cold KBR until being placed in Franz diffusion cells (diffusional area
1.77 cm?). These mucosae were mounted at the interface of the donor and receiver chamber
with the buccal epithelium facing upwards and 10 mL of phosphate buffered saline was added
to the receptor chamber. No solubilizing agents were used due to high drug solubility. In the
donor phase, 1 mL of water was initially added. In the sequence, more 1 mL of INH or
isonicotinic acid previously solubilized in water (final concentration equal to 2.5 mg mL™') or
metal complex powder were added. An amount of metal complex powder equivalent to drug
amount of control solution was considered. Therefore, all samples presented a drug
concentration of 2.5 mg mL!. The system was kept at 37 °C by circulating heated water through
an external water jacket and the solution in the receptor chamber was continuously stirred at
750 rpm using Teflon® coated magnetic stirrers. At fixed time intervals (every 1 h, for 10 h),
samples (400 puL) were withdrawn from the receptor chamber, replaced by the same volume of
fresh medium and quantified by a previously validated HPLC method (see the section below).
At the end of the permeation assays, the amount of INH and isonicotinic acid retained in the
buccal mucosa was also investigated. Mucosae were placed into separate pre-weighed tubes to
determine the amount of INH and isonicotinic acid in each tissue sample collected. The drugs
were extracted from the tissues with a solution 1:2 of phosphate-buffered saline/trichloroacetic
acid, followed by overnight storage to increase the extraction efficiency. In the next day, the
tissues were vortexed for 10 min, sonicated for 30 min, and the supernatant was analyzed by
HPLC. The steady-state permeability flux (Jss) was determined from the linear slope of the
cumulative amount of INH and isonicotinic acid (IA) absorbed vs. time curve. The apparent
permeability coefficient (Papp) of INH or [A was determined by dividing Jss by the initial donor
chamber concentration, and Papp values from different treatments were compared using #-test.
All statistical analyses were performed using GraphPad Prism software (GraphPad, San Diego,

California).

2.8 Apparatus and chromatographic conditions
The quantification of INH and isonicotinic acid were performed by high efficiency
liquid chromatography (HPLC) based on a previously validated method [20]. The HPLC

apparatus consisted of a PerkinElmer® series 200 system equipped with a binary pump,
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autoinjector, vacuum degasser and a visible-ultraviolet detector. A C18 analytical column (250
x 4.6 mm, 5.0 pm internal diameter) was used preceded by a guard column of the same packing
material (Thermo Fischer® scientific). The isocratic mobile phase was composed of methanol-
ammonium acetate buffer, pH 6.8 (4:96 v/v) at a flow-rate of 0.7 mL min™!, with volume
injection of 20 pL and detection at 260 nm. The HPLC system was operated at ambient
temperature. The method was specific and linear in the range of 0.6 to 100 ug mL™! (r > 0.99).

No interference biological matrix in the drug peak was observed.

3. RESULTS AND DISCUSSION
3.1 Spectroscopic properties
3.1.1 UV-Vis spectroscopy

The pentacyanidoferrate complexes, [Fe(CN)sL]", have characteristic charge transfer
absorption in the visible light range related to o-donor and m-acceptor capability of the sixth
ligand. The complex PCF-ammine presented an absorption band close to 400 nm (¢ = 4.47 x
10> M! cm™), which was associated with a ligand-field transition [21]. When the ammonia
ligand was replaced by isoniazid, a strong absorption band is observed in the visible region of
the spectrum (Figure 1). A transition from metal to ligand [Fe(dr) = INH(pn*)] could explain
these findings. The complex PCF-INH demonstrated a metal-to-ligand charge transfer (MLCT)
at 435 nm (g =2.88 x 10° M! cm™!), which was responsible for the orange color of the solution,
overlapping the d-d transition [22]. For both complexes, metal-to-ligand transitions [Fe(dr) =

CN(pr*)] at wavelength values close to 200 nm are observed (data not shown) [21].
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Figure 1. Electronic spectra of PCF-ammine and PCF-INH in water. (g)
represents the molar extinction coefficient.
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Spectroscopic characterization was also performed between the Prussian blue complex
and traditional Prussian blue (Figure 2). The PB-INH presented a bathochromic shift in its
MLCT at 395 nm due to Fe** coordination. Moreover, PB-INH presented an electronic

intervalence band at 785 nm, which may be attributed to the cyanide bond formation.
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Figure 2. Electronic spectra of PB, PB-INH and PCF-INH. The absorbance
values between 400 and 800 nm were normalized for the comparison purpose.

3.1.2 Infrared spectroscopy

Infrared spectra were collected in order to observe the ligand coordination effect. The
infrared (IR) vibrational spectrum of [Fe(CN)s(INH)]*- displays bands at wavenumbers (cm™)
associated with stretching frequencies of vCN groups (2044 cm™), 8Fe-CN (568 cm™), vC-H
bonds involving sp*-hybridized carbons of the pyridine ring (3288 cm™), and vC=0 stretching
(1668 cm™) (Figure 3). The IR spectra were consistent with reduced pentacyanidoferrate(II)
complexes [23]. The coordination occurs through the nitrogen atom of the pyridine ring [2].

For the PB-INH complex, the infrared (IR) vibrational spectrum showed a strong
absorption at 2065 cm™!, which was attributed to CN functional group as well as bands arising
from interstitial water responses close to 1600 and 3400 cm™ associated with O-H stretch and
H-O-H bend, respectively [24]. The wide CN absorption band in PB-INH indicated a variety of
cyanides in the structure. Characteristic Fe-CN-Fe bending modes of PB were found in the

region between 450 and 650 cm™.
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The most significant part of this investigation was based on the CN stretching mode,
which generally exhibits a strong, sharp, and intense absorption peak in the range of 2200-2000
cm’! [25]. The vibrational energy of VCN increased in the following order: PCF-INH < PB-INH
< PB. The observation that bridging CN groups (e.g. Fe-CN-Fe) tend to present wavenumbers
greater than those of the corresponding terminal groups is due, in part, to the presence of two
adjacent positive charge centers [26]. Moreover, when a terminal CN group is H-bonded, there
is a change in the corresponding v(CN) wavenumber. If one CN group of a metal(CN)e unit is
H-bonded, the associated metal-ligand stretch will be little changed [26]. The Prussian blue
presents more cyanide bonds than PB-INH whereas no bridging CN groups may be found in
the PCF-INH. After the Prussian blue oxidation, a definite splitting of the cyanide band may be
observed [24]. As only a single cyanide band was found in the samples after the complex

synthesis, it is possible to state that a stable product was obtained.
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Figure 3. IR spectra of PCF-INH, PB-INH and PB.

3.2 Electrochemical data

The difference in the electrochemical potential of the metal center (E12) has been the
main reason for prioritizing [Fe(CN)s(INH)]*~ complexes. In a study comparing its InhA
enzyme inhibition ability with [Ru(CN)s(INH)]*~ complexes, only the iron complex showed to
be effective. The non-activity of the ruthenium complex regarding the iron complex was related
to the difference in the electrochemical potential of the metal center [2].

Hydrazides such as isoniazid can be oxidized either chemically by a large number of

reagents or electrochemically, yielding mainly acids, aldehydes and esters as oxidation products
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[7]. Its oxidation may be facilitated by oxygen, hydrogen peroxide, some metal ions such as
Mn?*, Mn*" and Fe*" [27]. Cyclic voltammetry assays were performed for comparing the
oxidation potentials of free and coordinated INH. The process O1 (Ei»= 880 mV; Figure 4a)
was related to irreversible oxidation of INH, which generates py-(C=0)-N=N". This product, in
turn, interacts with water and leads to the formation of isonicotinic acid, the main product of
INH degradation [28].

Pentacyanidoferrate complexes present a well-defined electrochemical process, which
is affected by ligand nature. The complex PCF-ammine presented a half-wave potential of 222
mV versus Ag/AgCl, which is attributed to pair [Fe(CN)s(NH3)]*/* (Figure 4). The PCF-INH,
in turn, demonstrated a half-wave potential in 320 mV versus Ag/AgCl. The presence of the
heterocyclic ligand resulted in an increased half-wave potential [29], representing a greater
difficulty in removing electron density from iron. A voltammogram of PCF-INH presenting a
large scan window, which represents the voltage range between which the substance is neither
oxidized nor reduced, was also presented (Figure 4b). An oxidative process may be observed
(E12=1030 mV) in this sample, which is attributed to the drug. These results indicated effective

coordination with increased oxidation of INH.
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Figure 4. Voltammograms of the aqueous solutions of (A) INH and PCF-
INH; (B) PCF-ammine and PCF-INH. A scan rate of 100 mVs™! was
considered (supporting electrolyte: KC1 0.1 mol L™).

The coordination of INH makes less positive the oxidation potential of this ligand,
which could lead to the isoniazid oxidation by other biological compounds. Manganese alone,
for example, can induce the aerobic oxidation of INH so as to yield the same products observed

for the KatG activation [30].
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3.3 In vitro Kinetic stability of the complexes in different media

In the PCF-DMSO complex, coordination occurs via sulfur atom and the involved
transitions cannot be observed in the visible region. Ligand substitution may be monitored by
a reduction in the PCF-INH MLCT absorption band. The ligand substitution mechanism is
described in Equations 1-3. The ligand transfer constant of the INH is independent of DMSO
once the substitution rate varies for pentacyanidoferrates prepared with other ligand agents (this

constant varies depending on ligand type).

k.mn
[Fe(CN)s(INH)]*> [Fe(CN)s]* + INH e}
kmu
kow
[Fe(CN)s]* + H.0 . [Fe(CN)s(H.0)]* Q)
W
kpmso
[Fe(CN)s]* + DMSO [Fe(CN)s(DMSO)  (3)
k-pmso

When the transfer reaction ligands are stronger nucleophiles than water (e.g. INH and
DMSO), the formed aquapentacyanidoferrate(Il) (Equation 2) is present at very low
concentrations and no effect on this mechanism is observed. In excess of DMSO, in turn, ligand
substitution has pseudo-first order kinetic profile so that the observed rate constant (Kobs) 1s
equivalent to the INH (k-mn) ligand dissociation step (Figure 5). A Kops value of 4.6 x 10 5!
may be obtained through Equation 4.

_  kanukpmso[DMSO]
Kobs =
kinu[INH]+kpmso[DMSO]

(C))
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Figure 5. Electronic spectrum of PCF-INH in DMSO solution and linear
relationship between In [INH] and time.

Assays testing the PCF-INH stability in PBS buffer (pH 7.4) and in water were also
performed (Figure 6). A bathochromic displacement was observed in both situations, which

may be associated with INH oxidation to isonicotinic acid.
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Figure 6. Electronic spectrum of PCF-INH in (A) water and PBS solution
(B).

3.4 Determination of composition by Job's method

Considering the complexity to prepare single crystals from coordination polymers,
structural information was obtained from Job's method. This technique was considered to

evaluate the loss of crystallinity and the consequent increase of the cavities in relation to the
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traditional PB. The presence of ligand agents that do not contribute to the formation of cyanide
bridges results in increased defects in the structure (cavities).

In this method, as already mentioned, equimolar solutions of metal and ligand were
considered (Figure 7). The electronic spectra were evaluated in the intervalence-

band transitions of each compound, followed of absorption correction.

10 ¢ PB °
~7 = PB-INH ®
« °®
0.8 o .
L
5] Y LJ
g ® oo
© 064
Q
£ o "ppmuEynt® oo
= 0.4 o n °
g ’ .. u u ®
“5 .I.. ] ®y
3 9o
S L
0.0 1 .o. L

T 1T T T T T T T T "1
00 01 02 03 04 05 06 07 08 09 10

complex

Figure 7. Job's plot obtained from intervalence transition of ferric
cyanidoferrate(Il) (710 nm to PB and 770 nm to PB-INH). Xcomplex = HCF to
PB and PCF-INH to PB-INH.

Considering the Lambert-Beer law, the maximum absorption of the curve refers to a
higher concentration of the product. While PB displayed an absorbance maximum at Xucr =
0.5, the PB-INH presented an absorbance maximum between Xpcr.inu = 0.37 and Xpcr.InH =
0.63. Therefore, a ratio of approximately 1:1 for hexacyanidoferrate (HCF):Fe(III) and 2:3 to
9:5 PCF-INH:Fe(III) would be found. The reactions resulting from the complex minimum

formula are represented by the equations below (5-7).

Nas[Fe(CN)g] + FeClz — NaFe[Fe(CN)g] + 3 NaCl 5
2 Naz[Fe(CN)s(INH)] + 3 FeCl; — Fe3{[Fe(CN)s(INH)]>}Clz + 6 NaCl ~ (6)

9 Nas[Fe(CN)s(INH)] + 5 FeCls — Naj2Fes[Fe(CN)s(INH)]o + 15 NaCl ~ (7)
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The face-centered cubic structure of PB is no longer observed for PB-INH. According
to stoichiometry, Fe(Ill) atoms need to complete their coordination with solvent molecules
(water) and may have distinct numbers of coordinated water. The coordination sphere for the
metal found at the cavity surface may be completed with water molecules, which contribute to
the stabilization of additional water molecules within the cavity through hydrogen-bonding
interactions [31]. The presence of INH also makes the presence of PCF-INH parallel to them
difficult. In other words, INH is a bulkier ligand than the CN-group, making it difficult the
interactions of PCF-INH parallel to the INH group due to steric hindrance (Figure 8c). All these
facts result in an increase in cavities and loss of crystallinity in relation to the PB. A large
variation in the stoichiometric ratio was observed for PB-INH, making it difficult to estimate
the exact ratio of iron atoms to isoniazid molecules, which varies from 2 to 9 molecules per unit
cell. In Figure 8b, a PB-INH structure containing nine INH molecules in each unit cell is

presented.
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Figure 8. Proposed ferric cyanidoferrate(II) models. A) PB with 1:1 ratio. B)
PB-INH with 9:5 PCF-INH ratio. C) A plane of PB-INH model.

3.5 Drug transport studies and in vitro dissociation studies

The difference in the electrochemical potential of the metal center (£1/2) has been the
main reason for prioritizing [Fe(CN)s(INH)]*~ complexes, as already mentioned. After the
aquacomplex formation, INH may be easily oxidized. Consequently, the dissociation of metal
complexes may lead to the formation of isonicotinic acid (IA). For this reason, the transbuccal
permeability of this compound was also evaluated.

IA showed a transbuccal permeability flux 2.3 times higher than INH (Figure 9; Table
1), which may be attributed to lower molecular size (123.11 vs. 137.14 g mol™!). Both drugs

would be transported through the paracellular route considering the hydrophilic nature of these
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molecules. Although the lag time value of IA has been slightly lower than that of INH, no
statistically significant difference was found for this parameter (p>0.05, ¢-test). INH showed
higher retention in the tissue than IA (Figure 10). The rapid diffusion of IA through buccal
mucosa and lower affinity by the tissue could explain its higher permeability flux and lower

retention in relation to INH.

Table 1. Permeability parameters of isoniazid (INH), isonicotinic acid
(IA) and metallic complexes.

Parameter  Js (ug/cm.h) T. (h) P (cm/h x 1073)
INH (control) 2.57+£0.31 3.07+£0.61 1.03+0.12
PCF-INH 0.83 £0.17*** 2.01 £0.4*%* 0.33 £0.06***
PB-INH 3.77 £ 0.95* 3.10£0.64 1.5+0.38%*

IA 6.43 £ 1.72%* 294+0.37 2.57£0.72%*

Data were represented as mean £ SD (n=5). t-test (*p<0.05, **p<0.01, ***p<0.001)
was considered to compare each tested sample with the control (INH solution). Js = flux;
TL = lag time; P = coefficient of permeability.
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Figure 9. Permeation profile of INH (e), isonicotinic acid (A), (o) PCF-INH
and (V) PB-INH Al Data are presented as mean £+ SD (n=)5).
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PCF-INH and PB-INH, in turn, presented a lower and higher transbuccal permeability
rate when compared to the control, respectively. The lag time value for PB-INH was similar to
the control whereas a significant reduction in this parameter was observed after treatment with
PCF-INH (p<0.05; t-test). Both metal complexes provided a significant reduction of drug
amount retained in the buccal mucosa when compared to control (INH), particularly the PCF-
INH complex (Figure 10). On the other hand, PB-INH and IA presented similar drug retention
(»p>0.05, t-test). Therefore, a relationship between retention and permeability results may be

established. PCF-INH complex resulted in the lowest drug retention and permeability flux.
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Figure 10. Amount of drug retained in the buccal mucosa after treatment with

INH, AI and metallic complexes. Data are represented as mean + SD (n=35). t-

test (*p<0.05, **p<0.01, ***p<0.001) was considered to compare each tested
sample with the control (INH solution).

As aresult of complex dissociation, IA was the main product for both metal complexes
(Figure 11) due to the rapid oxidation of INH in a metals-rich aqueous medium. PCF-INH
provided a rapid IA formation at the initial time period in PBS buffer-based medium, which
could explain its shorter lag time value; however, it presented a lower global release rate of IA
than PB-INH (slope from cumulative concentration versus time curve; Figure 12). The slower
dissociation of PCF may be explained due to its high structural organization. The strongly
bonded cyanide forcing the iron(Il) to adopt the low spin t2g6 electronic configuration, with

maximum crystal field stabilization [22]. In a stability study performed with the complex


https://dictionary.cambridge.org/pt/dicionario/ingles-portugues/the
https://dictionary.cambridge.org/pt/dicionario/ingles-portugues/complex
https://dictionary.cambridge.org/pt/dicionario/ingles-portugues/complex
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Na3[Fe(CN)5(INH)] in 2 mM of hydrogen peroxide (an oxidizing agent) in phosphate buffer,

a high conversion rate of INH to IA was observed [8].
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Figure 11. Dissociation profile of the PCF-INH in PBS buffer. (o)
Isonicotinic acid
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Figure 12. Dissociation profile of the PB-INH in PBS buffer. (e)
Isonicotinic acid
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The presence of PBS buffer salts had a greater impact on PB-INH than PCF-INH
dissociation. Although the donor phase had included only water and metal complexes, an influx
of salts from the receptor phase to the donor chamber could occur during the transport studies.
Consequently, PB-INH would present a faster dissociation rate, which was also observed in in
vitro kinetic studies (slope from cumulative concentration versus time curve), explaining its
higher buccal permeability when compare to PCF-INH. According to Job’s method, PB-INH
presents larger a number of structural defects than PB, and thus iron(IIl) atoms coordinated
with water are able to react with phosphate ions, facilitating structure disruption [32]. In this
situation, the amount of iron(IIl) available is higher due to the breakdown of the structure of
the PB-INH and thus the oxidation of INH is more pronounced.

Once the PB-INH is characterized by a high molecular size, its passage through the
buccal mucosa would make difficult. Therefore, the complex dissociation rate would be
responsible to control the drug permeability rate.

In addition, porous PB analogs are highly hydrated solids with both coordinated and
weakly bonded water molecules [31] and present a less crystalline structure when compared to
traditional PB. Consequently, water access to this structure would be easier, contributing to the
rapid release of [A.

A preferential formation of IA from the metal complexes was observed, which seems
to play a relevant biological role since it has been suggested that the acyl radical is the
“preactive” form of isoniazid in vivo [33]. Despite debates on INH activation mechanisms,
several studies have suggested that an acyl radical (isonicotinic acyl) is the actual active INH
intermediate [34, 35]. As a consequence, high concentration or a longer lifetime for this radical

could improve the performance of INH on Mycobacterium due to a greater chemical reactivity

[2].

4. CONCLUSIONS

INH-based metal complexes may be efficiently administered through the buccal route
as an alternative to improve oral bioavailability and microbial resistance problems.
PB-INH presents a higher dissociation rate in the salt-rich aqueous medium, leading to the
formation of isonicotinic acid, which is rapidly transported through the buccal mucosa. As the
metal complex presents a high molecular size, its passage through the tissue would not be

possible. PCF-INH, in turn, presents a lower dissociation rate in salt-rich aqueous medium and
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a more organized structure, justifying its slower transport rate through the tissue. These metal
complexes could be stabilized in a solid dosage form for later delivery to the buccal mucosa.
The application of these complexes for the treatment of rare oral disorders caused by
Mycobacterium could also be considered, specifically those metals that suffer dissociation prior

to absorption. Additional in vivo studies are needed to confirm these benefits/advantages.
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5 DISCUSSAO GERAL

Embora a INH tenha sido utilizada como farmaco de primeira escolha no tratamento da
TB desde 1952, efeitos hepatotoxicos podem limitar sua aplicagdo clinica e levar ao abandono
do tratamento. Desta forma, avaliar a absorcdo da INH por rotas alternativas, evitando o
metabolismo de primeira passagem e, consequentemente, os danos hepaticos, parece ser uma
estratégia promissora. O grupo de pesquisa a que estou inserida ja avaliou a absor¢do cutanea
da INH em um estudo prévio (CAON et al., 2015). Neste trabalho, considerou-se o impacto de
trés diferentes promotores de absor¢do (limoneno, mentol e Transcutol®); utilizando-se pele de
orelha suina como modelo de membrana. Limoneno, o terpeno mais lipofilico, promoveu uma
maior desestruturacao da pele, o que contribuiu para uma maior permeacao. Ainda que os
resultados tenham sido promissores com relagdo ao grau de absorcdo encontrado, ha de se
considerar que a pele de porco tem maior nimero de foliculos comparativamente a humana.
Como consequéncia, a INH apresentaria maior grau de absor¢do na pele de porco. A INH ¢
transportada pela pele através dos foliculos pilosos tendo em vista sua natureza hidrofilica.
Outro aspecto que merece ser mencionado € a variacdo da permeacdo de moléculas hidrofilicas
em fun¢do do sexo. Em geral, mulheres apresentam menor nimero de foliculos pilosos que os
homens.

Considerando que estas variagdes poderiam ser observadas clinicamente com a
administragdo transdérmica da INH, trazendo impactos diretos sobre a eficécia, estudos com a
mucosa bucal poderiam ser alternativamente considerados. Além de possibilitar a entrega do
farmaco na circulagdo sistémica via veia jugular interna, evita a metaboliza¢do de primeira
passagem. Com uma maior absor¢do, a dose administrada poderia ser reduzida e,
consequentemente, os efeitos adversos. Em geral, a mucosa bucal também se mostra mais
permeavel que a pele (BOBADE et al., 2013), o que seria uma vantagem extremamente
relevante. Embora raros, casos de tuberculose extrapulmonar na cavidade oral podem também
ser observados e ainda ndo existem alternativas para o tratamento local desta patologia.

A isoniazida ¢ uma molécula hidrofilica (log P=0,7), de baixo peso molecular (137,14
g/mol), que seria preferencialmente transportada através da rota intercelular da mucosa bucal.
Nos espagos intercelulares desta rota, ha lipideos que formam uma barreira a permeabilidade
de farmacos, particularmente aos hidrofilicos. Por esta razdo, foram selecionados diferentes
promotores de absor¢do com base em estudos ja realizados com farmacos hidrossoluveis.

Dentre os promotores de absor¢do com agdo ja bem conhecidos, selecionaram-se dois
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tensoativos com caracteristicas fisico-quimicas distintas, o SDS e o ST, e um polimero, a
quitosana. Esta ultima interage com o muco via interagdes eletrostaticas (a quitosana ¢
carregada positivamente enquanto o muco tem carga total negativa), prolongando o tempo de
contato/residéncia do fArmaco na mucosa. Além de avaliar os pardmetros de permeabilidade
com o modelo da cAmara de Franz, estudos espectroscopicos e de espalhamento de luz foram
realizados para um maior entendimento da interagdo quimica da INH com os promotores
quimicos e caracterizacao fisico-quimica dos sistemas micelares (potencial zeta, tamanho).
Estas técnicas também foram cruciais para a identificacdo de estruturas micelares.

O SDS aprimorou a permeabilidade da INH uma vez que aumentou o seu coeficiente de
permeabilidade em aproximadamente 11 vezes em comparagdo ao controle (solugdo de INH).
Além disso, o SDS aumentou a retengao da INH na mucosa em 2,85 vezes em relagdao ao
controle. O transporte aumentado de farmacos hidrofilicos pela presengca de SDS também foi
observada em outros estudos (DHIMAN; DHIMAN; SAWANT, 2009; HANSEN et al., 2018;
NICOLAZZO; REED; FINNIN, 2004; RAMBHAROSE et al., 2014). Um dos mecanismos
atribuidos ao SDS ¢ a formacao de micelas capazes de extrairem os lipideos intercelulares, que
exercem uma funcdo de barreira, tornando a via paracelular ainda mais hidrofilica
(NICOLAZZO; REED; FINNIN, 2004).

A concentracdo de SDS utilizada no estudo resultou na formagdo de estruturas
micelares, o que foi confirmado pelas analises de tamanho. A anélise do potencial zeta das
micelas ndo sofreu alteragdo em presenga da INH, sugerindo a inexisténcia de interagdes
eletrostaticas entre o farmaco e a micela do SDS. De fato, o farmaco nio se encontra na forma
ionizada no valor de pH em que o estudo foi realizado (pH=6,8). Por outro lado, analises
espectroscopicas sugeriram a ocorréncia de interagdes entre o farmaco e o SDS, pela reducdo
gradativa da absorbancia da INH com o aumento da concentragdo de SDS. Intera¢des ndo
eletrostaticas seriam observadas entre estes constituintes. Mesmo assim, o SDS apresentou
interacdo com a mucosa, ja que aumentou tanto a permeabilidade quanto a retencao da INH na
mucosa bucal. A cabega polar do tensoativo ¢ a regido mais provavel de interagdo com a INH
enquanto sua por¢ao hidrofobica estaria disponivel para interagdo com as membranas lipidicas,
que tem natureza reconhecidamente hidrofobica.

Para o ST, considerou-se uma concentragdo de 10 mM (préoxima da CMC) nos ensaios
de permeabilidade. O tensoativo nao foi efetivo na melhora da permeabilidade da INH. Apesar
de ter ocorrido a formacao de micelas, analises do potencial zeta e espectroscOpicas sugeriram

a ndo existéncia de interagdes com a INH. Isto explicaria o fato do tratamento com ST ter
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resultado em um coeficiente de permeabilidade similar ao controle. No estudo realizado por
Poelma e colaboradores (1990), sugeriu-se que o ST interage preferencialmente com fairmacos
lipofilicos, o que ndo seria o caso deste ativo. Em outros estudos, os autores sugerem que o ST
¢ efetivo como promotor de absor¢ao apenas para concentragdes de 2 até 10 vezes acima da sua
CMC (MAHALINGAM et al., 2007; NIELSEN; RASSING, 1999).

Ja no caso da quitosana, acredita-se que a ndo interferéncia na permeabilidade possa ter
ocorrido pela remocdo do muco durante o transporte e/ou preparo das mucosas ¢ alta
viscosidade da solucao de quitosana. Como a solu¢ao de INH foi adicionada posteriormente a
solugdo de quitosana, uma camada difusional adicional pode ter sido formada, explicando a
reducdo da permeabilidade do farmaco.

Dentre os promotores testados, o SDS foi o mais efetivo e, desta forma, poderia ser
posteriormente incluido em uma formulagao bioadesiva com o proposito de otimizar a absorgao
da INH. Embora sua utilizagdo seja condenada por alguns pesquisadores devido a possibilidade
de lise celular, cabe ressaltar que este estudo foi realizado considerando baixa concentragdo
deste agente e que a mucosa bucal apresenta rapida capacidade de recuperagdo. Além disto, este
agente ¢ ingrediente de diversos cosméticos utilizados na higiene bucal.

A resisténcia microbiana ocorre em cerca de 10,7% dos casos novos de TB, sendo
ainda mais comum nos casos de retratamento (29,0%). Foram identificadas 15 diferentes
regides onde podem ocorrer mutacdes genéticas que conferem resisténcia a INH, no entanto, a
muta¢do mais frequente (50 a 95%) € a que ocorre com a enzima KatG. Como a INH ¢ um pro-
farmaco, problemas de resisténcia geralmente envolvem mutagdes em genes de enzimas
envolvidas na sua ativacdo. Frente a isto, o preparo de complexos metalicos de fArmacos tem
se mostrado uma estratégia promissora, ja que os mecanismos de ativacao sdao simplificados,
ou seja, observa-se uma auto-ativagdo. O PCF-INH, por exemplo, vem sendo investigado por
varios grupos de pesquisa (LABORDE et al., 2018; NAIK et al.,2013; RODRIGUES-JUNIOR
et al., 2014; SOUSA et al., 2014), ja incluindo confirmacao de atividade frente a cepas
resistentes (BASSO et al., 2010). Por apresentar baixa biodisponibilidade oral, despertou o
interesse quanto a busca de uma rota alternativa para aumentar sua absorcao e, por esta razao,
a mucosa transbucal foi explorada. Além disso, um segundo complexo metalico, inédito, obtido
a partir do azul da Prussia foi incluido no estudo.

Apo6s a formagdo do aquapentacianidoferrato(Il) (aqua complexo), a INH pode ser
facilmente oxidada e, consequentemente, a dissociagdo dos complexos metéalicos pode levar a

formagdo de acido isonicotinico. Desta forma, foi necessario também avaliar o perfil de
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permeabilidade deste composto que, por sua vez, apresentou um fluxo de permeabilidade
transbuccal 2,3 vezes maior que o da INH, o que pode ser atribuido ao menor tamanho
molecular (123,11 vs. 137,14 g mol™).

Para o PCF-INH, os valores de fluxo, coeficiente de permeabilidade e a retengdo na
mucosa bucal, foram significativamente inferiores ao controle (INH). O PCF apresenta alta
organizagao estrutural e devido ao cianeto estar fortemente ligado, forca o ferro (II) a adotar
uma configuracdo eletronica de baixo spin t2,°, com estabilizagdo méxima do campo cristalino
(NAIK et al., 2012). Ja no caso do PB-INH, obteve-se uma taxa de permeabilidade maior que
o controle (solugdo de INH). Por outro lado, este complexo proporcionou menor retencao do
farmaco na mucosa que o controle (INH), porém, ndo se observou diferenga estatistica em
relagdo ao acido nicotinico (Al).

Para uma maior compreensao a respeito dos resultados de permeabilidade, estudos de
dissociacdo dos complexos em meio tamponado (tampao fosfato-salino) foram realizados. Al
foi o principal produto para ambos os complexos, provavelmente pela rapida oxidacdo da INH
em um meio rico em sais. O PCF-INH apresentou uma rapida formacao de Al em tampao PBS
nos intervalos iniciais, no entanto, apresentou uma taxa de liberacdo global (inclinacdo da reta
que relaciona a quantidade de Al dissociada ao longo do tempo) mais baixa que o PB-INH. A
dissociac¢dao mais lenta do PCF-INH pode ser explicada devido a sua alta organizagao estrutural.
Ja no caso do PB-INH, a presenga dos sais do tampao PBS teve maior impacto na dissociagao
deste complexo. Isto ocorre porque o PB-INH apresenta defeitos estruturais e os atomos de
ferro (II1) coordenados com 4gua sdo capazes de reagir com os ions fosfato, facilitando a ruptura
da estrutura. Com a presenca de maior quantidade de ferro (IIl) livre devido a quebra da
estrutura do PB-INH, ocorre uma oxidagao ainda mais acentuada da INH.

Observou-se uma formagao preferencial de IA a partir dos complexos metélicos, que
parece desempenhar um papel biolodgico relevante, uma vez que as espécies ativas do radical
acila isonicotinicas reagem com NAD, formando um aduto INH-NAD, que inibe a enzima Inha
(ZHANG, 2005). Como consequéncia, a alta concentra¢do ou uma vida 0til mais longa para
esse radical podem melhorar o desempenho da INH no Mycobacterium tuberculosis devido a
uma maior reatividade quimica (SOUSA et al., 2012). Ao contrario da INH, estes complexos
metalicos ndo necessitam de ativagao via katG, o que os torna muito mais atrativos para tratar

casos de resisténcia microbiana.
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6 CONSIDERACOES FINAIS

- Alta taxa de permeabilidade e rapida difusao da INH através da via transbucal foi encontrada,

sugerindo que esta rota ¢ promissora para a sua administragao.

- O SDS foi o promotor de permeabilidade mais efetivo, aumentando o valor de fluxo de
permeabilidade em 11 vezes em relagdo ao controle (solugdo de INH). Nao se observou
interacdo eletrostatica entre o tensoativo e o farmaco, porém, outro tipo de interagdo quimica

ocorre entre estes constituentes, como sinalizado nas analises de espectroscopia UV.

- A INH, por ser de natureza hidrofilica, provavelmente interage com a extremidade polar das
micelas de SDS. Ja a parte hidrofébica interage com a mucosa, extraindo os lipideos

intercelulares, deixando esta via ainda mais atrativa para o farmaco.

- Taurocolato de sodio (ST) ndo foi efetivo como promotor de absor¢do e interacdes quimicas
INH-ST ou do tensoativo com a mucosa ndo foram observadas. Testes de permeabilidade

adicionais variando-se a concentragdo de ST deveriam ser realizados.

- A quitosana nao alterou os parametros de permeabilidade da INH, o que pode ser justificado
pela maior viscosidade da solugdo (farmaco se difunde lentamente na solugdo) e remocao do

muco durante preparo dos tecidos.

- O complexo PB-INH mostrou uma maior taxa de transporte bucal, o que pode ser atribuido a

alta taxa de dissociagd@o em meio aquoso rico em sais € a presenca de defeitos estruturais.

- O PCF-INH ¢ estruturalmente altamente organizado, o que contribuiria para uma menor taxa

de dissociacdo em meio aquoso e, consequentemente, menor taxa de transporte transbucal.

- Analises de voltametria ciclica sugerem que os complexos PB-INH e PCF-INH sdo ativados

em meio rico em sais, dispensando a a¢dao da enzima catalase-peroxidade.

- PCF-INH e PB-INH podem ser administrados pela via transbucal como alternativa para driblar

tanto problemas de resisténcia microbiana quanto hepatotoxicidade.
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