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RESUMO
Este trabalho teve por objetivo primeiramente prapo ensaio para facilitar a avaliacdo da
combinacéo de farmacos conligcobacterium tuberculosiVtb) e, posteriormente, avaliar
os efeitos da combinacdo de rifampicina (RIF), imnda (INH) ou etambutol (EMB) com
inibidores de bomba de efluxo (IBEs), a morfologia perfil transcricional de genes que
codificam para bombas de efluxo (BEs) Bt H3/Rv exposto a uma especifica combinacao
de farmacos. Os resultados estdo apresentados emartigos: “Fast detection of drug
interaction in Mycobacterium tuberculosisoy a checkerboard resazurin method” e
“Morphological changes and differentially express#flux pump genes iMMycobacterium
tuberculosisexposed to rifampicin and verapamil combinatiddd. primeiro artigo, o ensaio
Resazurin drugs combination microtiter ass@EDCA) foi proposto para avaliar o
sinergismo enMtb usando como modelo a combinacdo INH ou EMB coroflexacino. Os
resultados foram promissores para a combinacédoMt® &m levofloxacino o que a torna
uma opcao terapéutica com vista a reduzir os sfeaittversos do EMB. O segundo artigo
avaliou a atividaden vitro de RIF, INH ou EMB com IBEs (verapamil (VP) e camb
cianetom-clorofenil-hidrazona) isoladamente pResazurin Microtiter Assay Pla{fREMA)
e em combinacdo por REDCA ewtib H3;Rv. A inibicdo das BEs foi avaliada pelo ensaio de
acumulacédo de brometo de etideo. O cresciment@mriologia e a expressdo de genes que
codificam para BEs foram avaliados para a combm&#+VP que apresentou o menor
indice de fragéo inibitéria pdREDCA No ensaio de curva de tempo de morte bacterana,
contagem de células vidveis apés exposicdo a RIFeVEimilar a obtida pela exposicédo a
RIF. Enrugamento e arredondamento celular foranpragipais alteracbes morfologicas
observadas pela microscopia eletronica de varredpés exposicdao a RIF e VP,
respectivamente. Os efeitos da combinacédo RIF+VPanio parecem ser uma somatoria das
mudancas morfoldgicas citadas anteriormente. Feémiada expressdo aumentada de alguns
genes que codificam para BEs na presenca de RifRieuitdo dos mesmos na presenca da
combinacédo RIF+VP, apés 72h de exposicdo, no emsal®CR em tempo real. O presente
estudo evidenciou que o melhor efeito da combinalgiéarmacos envitb Hz;Rv ocorreu
com RIF+VP, a qual sugere vantagens sobre a Rled@mente que compde a terapia
convencional para tuberculose, incluindo a dimi&aiga resisténcia mediada por BEs.

Palavras-chave: M. tuberculosis REDCA, microscopia eletrbnica de varredura, esgdo
génica, combinacdo de medicamentos, verapamikipad de membrana transportadoras.
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ABSTRACT
This work aimed in a first moment to propose arapde easily evaluate drug combination
action againstMycobacterium tuberculosigMtb) and second, evaluate the effects of
rifampicin (RIF), isoniazid (INH) and ethambutolNBB) with efflux pump inhibitors (EPIS),
the morphology and transcriptional profile of gersoding efflux pumps (EPs) Mtb
Hs7Rv exposed to specific drug combination. The resalte presented in two articles:
combination inMtb Hs;Rv "Fast detection of drug interactionMycobacterium tuberculosis
by the checkerboard resazurin method" and "Morgficéd changes and efflux pump genes
differentially expressed iiMycobacterium tuberculosiexposed to rifampicin and verapamil
combination." At first article, Resazurin combimatidrugs microtiter assay (REDCA) was
proposed to evaluate the drug synergismMitb using as model the INH or EMB with
levofloxacin drugs combination. The results werenpising for levofloxacin and EMB
combination, which turn it a therapeutic optionréaluce EMB adverse effects. The second
article evaluated thim vitro activity of individual RIF, INH, EMB and EPIs (vapamil (VP)
and carbonyl cyanidem-chlorophenyl-hydrazone) by Resazurin MicrotiteratBl Assay
(REMA) and the combinations of anti-tuberculosiags with EPI by REDCA iMtb Hz/Rv.
EPs inhibition was assessed by the accumulatioettoflium bromide assay. The growth,
morphology and expression of genes encoding for BRese evaluated for RIF+VP
combination that had the lowest fractional inhibttgoncentration index by REDCA. In the
bacterial time kill curve assay, a viable cell coafter exposure to RIF+VP combination was
similar to RIF assay. Wrinkled and rounding cellsrgvthe main morphological changes
observed by scanning electron microscopy after &8 VP exposure, respectively. The
effects of RIF+VP combination appeared to be a satium of the above mentioned changes.
Overexpression of some EP genes to RIF and dected?d8-+VP, after 72 h of exposure,
was observed by Real-time PCR. The present studgodstrated that the best drug
combination effect inMtb Hsz/Rv occurred with RIF+VP, which suggest it to pravid
advantages over the individual RIF that composecthrerentional therapy for tuberculosis,
including a decrease in resistance mediated by EPs.

Keywords: M. tuberculosis REDCA, scanning electron microscopy, gene exmBss
combination of drugs, verapamil, membrane trangpateins.
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CAPITULO |
1. INTRODUCAO

1.1Tuberculose: Aspectos Gerais e Epidemiologia

A tuberculose (TB) € uma doenca infectocontagicsasada principalmente pelo
bacilo Mycobacterium tuberculosi@/tb) descrito por Robert Koch em 1882 uma doenca
conhecida ha séculos, no entanto, as altas taxamdalidade e morbidade associadas a TB
sdo aspectos que ainda a caracterizam como umtanpomproblema de sadde publica em
todo o mundo (WHO, 2013).

A TB é um dos agravos fortemente influenciados peladicdo social e demonstra
relacéo direta com a pobreza e a exclusao socilistaria tem mostrado que a melhoria das
condi¢des sbcio-econdmicas pode facilitar o coatdd TB (GLAZIOU et al., 2013). O
desenvolvimento e a evolugdo da doenca sado depesdda fatores como aglomerados
humanos, a desnutricdo e a baixa resisténcia irdgical, como em casos de infeccao
provocada pelo virus da imunodeficiéncia humanaV(Hsigla do inglés, Human
Immunodeficiency Virgs Quando a eliminagdo da TB parecia possivel fmoirde 1980, a
pandemia de infeccdo pelo HIV resultou em um rggsieanto da TB (SHARMA; MOHAN,
2013). A co-infeccao TB/HIV representa mais de 1d8% casos anuais de TB, sendo que 0s
individuos HIV-positivos possuem até 37 vezes mprobabilidade de desenvolver TB do
gue aqueles HIV-negativos (WHO, 2010a).

A pandemia da Sindrome da Imunodeficiéncia AdgaifdIDS, sigla do inglés,
Acquired Immunodeficiency Syndrgnmeodificou ndo apenas a tendéncia epidemiolégica d
TB e as infec¢des causadas por outras micobagtéras também a apresentacao clinica da
doenca, duracdo do tratamento, resisténcia aosatasranti-TB, intolerdncia medicamentosa
e possivelmente a susceptibilidade dos comunic@B&ERATO et al., 2004).

Estima-se que um terco da populacdo mundial eftétada pelo bacilo, mas nao
apresentam a doenca, quadro conhecido como TBda#pesar de todos os paises ja terem
relatado casos de TB, a maioria (85%) ocorre n&#f{{30%) e Asia (55%), com a India e a
China sozinhas respondendo por 35% de todos os (4440, 2010a). O Brasil ocupa 0°17
lugar entre os 22 paises responsaveis por 80%talad® casos notificados de TB no mundo.
Em 2012, um numero estimado de 8,6 milhdes de ithads, dos quais 1,1 milhdes HIV-

positivos desenvolveram TB e 1,3 milhdes de moomsreram. Segundo a Organizagéo
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Mundial da Saude (OMS), este nimero de mortes Boé Thaceitavel, dado que a maioria
dos casos poderia ter sido evitada (WHO, 2013).

Entre os principais obstaculos para o controlealda doenca estdo o surgimento de
isolados multirresistentes aos medicamentos e acrgéncia de infeccbes persistentes ao
tratamento com farmacos anti-TB convencionais (SMISHARMA; SACCHETTINI,
2004). Os maiores indices de isolados multirresistesdo encontrados na Europa Oriental e
Asia Central, sendo que em alguns paises, maiO%e dds casos novos e mais de 50%

daqueles tratados anteriormente ja apresentamrrasisténcia (WHO, 2013).

1.2Patogénese e Manifestacdes Clinicas

O bacilo é transmitido pessoa a pessoa por metomtato com goticulas dispersas no
ar durante a fala, espirro e tosse de individuos doenca pulmonar ou laringea. O contato
com o individuo bacilifero aumenta a chance decg#ie, principalmente em ambiente
fechado, com pouca ventilagcdo e na auséncia dsolaz (VERONESI, FOCACCIA, 2010).
Devido a sua forma de transmissdo e por ser umlobagrdbio estrito, ele infecta
principalmente os pulmdes, onde encontra condigéeeraveis de oxigénio para sua
multiplicacdo, e a doenca, neste caso, é defintaocTB pulmonar. O bacilo pode, por
disseminacéao linfohematogénica, atingir outraseganlb corpo como as meninges, rins, 0Ss0s
e linfonodos, e neste caso a doenca é definida d@rextrapulmonar (BRASIL, 2002).

Os sintomas da TB pulmonar sdo semelhantes ad&iés wutras doengas, como uma
simples gripe, 0 que torna o seu diagnostico caxopl®s principais sintomas incluem tosse,
febre vespertina, sudorese noturna, dor toracieaeaia, perda de peso e adinamia (LAWN;
ZUMLA, 2011b). Quando a TB é extrapulmonar, os isimasintomas dependem dos 6rgaos
e/ou sistemas acometidos e mais frequentementgeatimndividuos que vivem com HIV,
especialmente aqueles com grave comprometimentooidgico (BRASIL, 2002).

A infeccdo pelo bacilo da TB pode ocorrer em qualgdade, mas nem todos 0s
individuos expostos se tornam doentes. A transmisiEpende de alguns fatores: da
contagiosidade do individuo bacilifero que é fataanfeccao; do tipo de ambiente em que a
exposicdo ocorreu e da duracdo da exposicdo. Umainfectado, o individuo pode
desenvolver a doenca em qualquer fase da vidaatgiotece quando o sistema imune nao
pode mais manter o equilibrio para o controle dHipticacédo bacilar (BRASIL, 2002).

Uma lesdo tuberculosa € composta por populacbesbatterianas de diferentes

perfis metabdlicos, os quais incluem: (a) bacilog ge multiplicam continuamente com
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velocidade diferente (crescimento rapido ou lengb); bacilos que permanecem latentes e
com periodos esporédicos de atividade metaboli€N@E; FITERMAN; LIMA, 2011).

Neste sentido, o tratamento da TB exige uma compémade medicamentos, levando
em conta as diferentes caracteristicas da populdgéitar e tendo em vista trés objetivos
principais: (1) a acao bactericida precoce, quecapacidade de matar o maior nimero de
bacilos possiveis, responsavel pela diminuicdordasinissibilidade da TB no inicio do
tratamento; (2) a prevencdo da selecdo de baadsistentes, visto que cada populacdo
micobacteriana possui diferentes proporcoes dédsampm resisténcia natural aos diferentes
farmacos anti-TB e (3) a esterilizacdo da lesdoseaja, a capacidade de eliminar todos os
bacilos de uma lesdo evitando assim a recidivaocgagh depois de finalizado o tratamento
(DONALD; SCHAAF, 2007; CONDE; FITERMAN; LIMA, 2011)

1.3Diagnostico e Tratamento da Tuberculose

Baciloscopia, cultura (padréo ouro) e teste deepisslidade aos antimicobacterianos
sdo atualmente métodos tradicionais recomendados padiagnéstico da TB ativa
(BAMMANN et al., 2010). A baciloscopia se da pelasguisa microscépica ddtb, um
bacilo alcool-acido resistente (BAAR), corado pelétodo de Ziehl-Neelsen em materiais de
provaveis sitios da doenca, tal como o escarroulira, mais sensivel e especifica que a
baciloscopia, é realizada por semeadura da amastiaeios de cultura sélidos (Lowenstein-
Jensen, Ogawa, Middlebrook 7H10 e 7H11) ou liquidgldlebrook 7H9). Os meios
Léwenstein-Jensen e Ogawa tém a vantagem de afaes®mor custo e um menor indice de
contaminacgao, porém com a desvantagem do tempetdecdo do crescimento bacteriano
variar de 14 a 30 dias, podendo se estender pé0ati@s (BRASIL, 2002).

Para amostras biologicas proveniente de sitio®amebs que apresentam microbiota
envolvida, uma descontaminacdo do material é preande requerida a realizacdo da cultura
(SAUDE, 2002). O teste de susceptibilidade as drquade ser realizado por diferentes
metodologias, porém o método das propor¢cfes € amnewdado pelo Ministério da Saude
(CONDE; FITERMAN; LIMA, 2011).

Ensaios coninterferon Gamma Release Ass@§3RAS) e Teste Cutaneo de Mantoux
(Prova Tuberculinica) auxiliam principalmente nagtiostico de infeccao latente. Testes que
amplificam acidos nucléicos, exames de imagenstegatoldgico de bidpsia sao ferramentas
gue complementam o diagnéstico da TB (BRASIL, 2002)
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Um teste molecular para o diagndstico da TB, Xp&RB/RIF detecta bacilos do
complexoMtb dentro de 2 horas diretamente do escarro, comsemsibilidade maior do que
a baciloscopia (BOEHME et al., 2010). Alem da dedecda presenca ddtb, este teste
também detecta resisténcia a rifampicina (RIF) l@mndo assim no diagndstico détb
multirresistente. Entre os infectados com o HIMtee®ste aumentou em 45% a taxa de
deteccdo de casos de TB comparado com a bacilasflopWWN et al., 2011a). Este ensaio
molecular, recomendado pela OMS tem o potenciaheldorar o desempenho de programas
nacionais de combate a TB e esta atualmente semlaritado em laboratorios/paises com
alta prevaléncia da doenca (WHO, 2013).

Apbs a confirmagdo do diagnostico, o tratamentoqaaéo pode ser iniciado
rapidamente. A OMS recomenda que o tratamento datiMd comMtb, susceptivel aos
farmacos anti-TB, seja realizado pela administradéria de RIF, isoniazida (INH),
pirazinamida (PZA) e etambutol (EMB) durante doieses, seguido de RIF e INH durante
guatro meses (WHO, 2010a).

A poliguimioterapia € usada para potencializar aoacontraMtb e prevenir o
desenvolvimento de resisténcia. A elaboracdo dopdamdo 4 em 1, dose fixa combinada,
trouxe vantagens, como a diminuicdo de erros dpedo e nimero de comprimidos diérios
a serem tomados, o que facilita a adesao do deete@péutica (BLOMBERG et al., 2001,
WHO, 2010b). Outra estratégia desenvolvida, em owdds anos 1990, para o controle da
TB foi o tratamento diretamente supervisionado (3Q3igla do inglésDirectly Observed
Treatment Sho)t uma abordagem recomendada internacionalmentienadé reduzir a
irregular e descontinua ingestdo do medicamentntio tratamento (WHO, 2010a).

Mesmo com o0s avancos diagnosticos e terapéuticdecmrer das Ultimas décadas, a
almejada erradicacdo da TB mostrou-se dificil deatmncada. Isolados détb resistentes
aos farmacos surgiram como uma grande ameaca jgargrole global da doenca. Apesar da
disponibilidade de terapia anti-TB curativa por spianeio século, o tratamento inadequado
permitiu ao baciladquirir resisténcia aos farmacos anti-TB (DALEMVAMINERO, 2013).
Em 2012, cerca de 450.000 individuos desenvolvef&rmpor Mtb multirresistente Nitb
MDR), considerado resistente a pelo menos a INHFeeR houve cerca de 170.000 mortes
por cepas extensivamente resistentes aos mediaasreitih XDR), as quais sao classificadas
como MDR com resisténcia adicional as fluoroquina®e pelo menos um farmaco injetavel
de segunda linha (canamicina, capreomicina e amea@VHO, 2013).

A toxicidade evidenciada pelos farmacos disponj\adiada a necessidade de seu uso

diario por no minimo seis meses, tem despertadag@essidade da busca por novos
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medicamentos ou combinacdes destes, a fim de dimbsuefeitos colaterais, encurtar o
tempo de tratamento da forma ativa da doenca enelino bacilo em estado latente ou
resistente aos farmacos disponiveis (CONDE; FITERMAMA, 2011).

1.4Mecanismo de Acdo e Resisténcia aos Principais Famgos Utilizados no

Tratamento da TB

A INH é um dos principais farmacos usados no tratamda TB, apresenta efeito
bactericida sobre os bacilos ativos. Este medictongpresenta formula estrutural simples
(Figura 1), e sua acgdo primaria consiste em iritsintese dos acidos micolicos presentes na
parede celular micobacteriana. INH é um pré-farmgoe exige ativacdo pelo sistema
enzimatico catalase/peroxidase micobacteriano.ab @godificado pelo geneatG (ZHANG
et al., 1992). A resisténcia a INH é um processopexo, pois mutagdes em Varios genes,
incluindokatG, ahpC inhA, kasA ndhe regiao intergénicaxyR-ahpCtém sido observadas,
sendo mais freqiente a presenca de mutacGes nabiasa de leitura dos genedG einhA,
bem como na regido promotoraidbA (CARDOSO et al., 2004; SILVA et al., 2003).

Devido a acao antimicrobiana eficiente da RIF (Fagl), considera-se, em conjunto
com INH, a base do esquema de tratamento de curtgab para TB. Mais de 90% dos
isolados resistentes a RIF também s&o resistenligsl,afazendo da resisténcia a RIF um
marcador déitb MDR (PANG et al., 2013). A RIF atua inibindo a sullade beta da RNA
polimerase, pela formacdo de um complexo farmaeovetiico estavel, o que leva a
supressdo do inicio da transcricdo para a sineeBN&m (LEWIS, 2013). Este farmaco atua
em bacilos ativos e bacilos metabolicamente lef@#VBO et al., 2007). Cerca de 95% dos
casos de resisténcia a RIF sdo causados por msitagdgenapoB que codifica a enzima
RNA polimeraseem Mtb (TELENTI et al., 1993).

Ao contrario da RIF e INH, que sdo farmacos bagittas, 0 EMB é bacteriostatico
(RAMASWAMY et al.,, 2000). O EMB (Figura 1) atua rase intensiva do tratamento
inibindo as arabinosil transferases envolvidas ioasiintese da parede celular, bloqueando
assim a sintese de arabinogalactano. A resistbactariana a este farmaco desenvolve-se por
mutacdes n@peronembCABque codifica arabinosil transferases (COLL, 2008ytacoes
emembBsé&o identificadas em mais de 65% dos isoladogainsendo associadas com alto
nivel de resisténcia. No entanto, uma porcentagaeporitante dos isolados resistentes ao
EMB nao apresentam mutacées embB sugerindo assim um outro mecanismo para a
resisténcia ainda néo descrito (ZHANG; YEW, 2009).
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A PZA (Figura 1) é um analogo estrutural da niantiida, um pro-farmaco
convertido em acido pirazindico pela enzima piraziildase bacteriana, a qual é codificada
pelo genepncA (SCORPIO; ZHANG, 1996). Este farmaco apresentadaiile bactericida
sobre bacilos semi-adormecidos residentes em atebieAcidos, como dentro dos
macréfagos. Mutacbes no geprecA,é o principal mecanismo de resisténcia a esteaf@m
A acdo especifica da PZA ehitb, pode ser explicada pelo fato do ggmeA apresentar
polimorfismos que levam a ndo ativacao da PZA eiaoguirazindico conforme a espécie de
micobactéria (SUN; ZHANG, 1999).
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Figura 1- Estrutura quimica dos principais farmaeos$i-tuberculose e de inibidores de
bomba de efluxo.
Fonte: Adaptado de Viveiros et al. (2012, p. 98®uza ev/asconcelos et al. (2005, p. 679).

As micobactérias sdo naturalmente resistentes arigados antimicrobianos
tradicionalmente usados na clinica, devido a pggsde um envelope celular contendo &cido
micélico altamente hidrofébico que dificulta a exta dos antibiéticos no bacilo, e de alguns
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receptores e enzimas micobacterianas que impedagd@de antimicrobianos como beta-
lactamicos e aminoglicosideos (BRENNAN; NIKAIDO,9B CALGIN et al., 2013). Além

da estrutura original das micobactérias, as mugagds genes que codificam enzimas alvo
sao importantes razfes da resisténcia aos farnaatesB (LOUW et al., 2009). No entanto,
em algumas situacdes, a resisténcia nao pode,, aedaexplicada pela presenca dessas
mutacdes génicas, sugerindo a existéncia de omecanismos de resisténcia (SILVA et al.,
2001).

1.5Bombas de Efluxo e Inibidores

Evidéncias recentes sugerem que a resisténcMtilea multiplos antimicrobianos
pode ser atribuida a uma combinagcdo de uma paeddlarcaltamente impermeavel com um
mecanismo ativo de efluxo do farmaco. Expressoéestitotivas ou induziveis de sistemas de
efluxo podem ajudar o bacilo a escapar dos efeos/os dos farmacos (DANILCHANKA;
MAILAENDER; NIEDERWEIS, 2008; DE KNEGT et al., 201.30 papel de mecanismos de
efluxo tem sido também reconhecido como um imptetéator para a resisténcia natural de
espécies de micobactérias a alguns antimicrobiacmsp tetraciclinas, fluoroquinolonas,
aminoglicosideos, entre outras (DE ROSSI; AINSACBARDI, 2006; DA SILVA et al.,
2011).

As bombas de efluxo (BESs) séo proteinas transpmdadenvolvidas na eliminagéo
de substancias toxicas da célula. Esta funcdo degdio permite as células bacterianas
sobreviverem em ambientes hostis, incluindo aquglescontém antimicrobianos, o que as
tornam assim tolerantes. A atividade dos sistereaafldxo pode diminuir significativamente
a concentracao intracelular de diversos antimiamis, reduzindo a sua eficacia clinica e
contribuindo para a selecdo de bactérias resistbie ROSSI et al., 2002). Além disso, o
efluxo de farmacos também tem sido associado déwria, formacdo de biofilme e
patogenicidade, incluindo a sobrevida no interiormacréfago (DA SILVA et al., 2011;
SZUMOWSKI et al., 2013).

Recentes estudos tém mostrado que o estado dordeehtdy no hospedeiro pode
ser devido a tolerancia mediada pela atividadesttemas de efluxo que foram estimulados
com a entrada do bacilo no macréfago (ADAMS et2dl11).

As BEs bacterianas sdo classificadas em cinco ifmnilsendo duas delas
superfamiliasATP Binding Casset@®BC) e Major Facilitator SuperfamilfMFS). As outras

trés sao familias menores e evolutivamente maisntes: Small Multidrug Resistance
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(SMR), Resistance Nodulation Cell DivisiofRND) e Multidrug and Toxic Compounds
Extrusion (MATE) (DE ROSSI; AINSA; RICCARDI, 2006; ZECHINIVYERSACE, 2009;
DA SILVA et al.,, 2011). A familia ABC pertence aaske de transportadores ativos
primarios, que utilizam energia derivada da hideldo ATP para transportar compostos
contra um gradiente de concentragdo. Ja os merdasomilias MFS, SMR, RND e MATE
sdo transportadores secundarios, e utilizam ogmugaleletroquimico de protons para expulsar
os farmacos das células (ZECHINI; VERSACE, 2009; BIAVA et al., 2011).

Enquanto membros das familias ABC, MFS, MATE e SK&® observados em
bactérias Gram-positivas, BEs pertencentes as i#miABC, RND e MFS séao
frequentemente encontrados em bactérias Gram-nagafDKANDEJI et al., 2011). Nos
altimos anos,algumas BEs pertencentes as familias ABC, MFS, RNBMR tém sido
descritas emMtb (DE ROSSI et al, 1998; DANILCHANKA; MAILAENDER,;
NIEDERWEIS, 2008; GUPTA et al., 2010b; DA SILVA ak, 2011; BALGANESH et al.,
2012; RODRIGUES et al., 2012; CALGIN et al., 20R)DRIGUES et al., 2013). O papel
dos transportadores MATE em procariotos incluindib ainda ndo é bem caracterizado
(MISHRA; DANIELS, 2013).

Mtb apresenta um dos maiores niumeros de BEs de f&neat@omparacdo com o
tamanho do seu genoma, representando de 6 a 188takeos transportadores encontrados
na célula bacteriana (DA SILVA et al., 2011). R&sisia aos farmacos, mediada por efluxo,
pode ser devido a uma ou mais BEs atuando isolatarmna em combinacédo (BALGANESH
et al., 2012). Algumas BEs séo especificas paermetados farmacos, ao passo que outras
fazem o efluxo de varios compostos denominadas He &e resisténcia a multiplos
compostos (CALGIN et al., 2013), como por exempl@roteindMmr, da familia SMR, que
confere resisténcia a acriflavina, brometo de etideeritromicina enM. smegmatigDE
ROSSI et al., 1998).

A atividade das BEs parecem também induzir resis#éoruzada a compostos
diferentes, tal como observado por Louw et al. 20dnde o tratamento com RIF de isolados
resistentes a este farmaco induziu resisténcibbgamina, a qual pode ser revertida com o uso
de inibidores de bomba de efluxo (IBEs). Os mecaossde inducéo e regulacdo dessas BEs
ainda nao sao totalmente compreendidos (DA SILVAlIet2011) e nem todos os farmacos
anti-TB disponiveis atualmente sdo consideradossteatbs de mecanismos de efluxo
(PALOMINO; RAMOS; DA SILVA, 2009).

Varias BEs em micobactéria tém sido associadasistéacia a farmacos anti-TB,
tais comojefA (Rv2459, que confere resisténcia a INH e EMB (GUPTA et2010b);Mmr
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(Rv3063) resisténcia a INH (RODRIGUES et al., 201355 (Rv1410¢ resisténcia a
aminoglicosideos e tetraciclina (SILVA et al., 2)0Rv1217ce Rv1218cresisténcia a RIF
(WANG et al., 2013);Rv1258ce Rvl410cresisténcia a INH e RIF (JIANG et al., 2008);
Rv1634resisténcia a fluoroquinolona (DE ROSSI et alQ2)0entre outras.

Em geral, as BEs de antimicrobianos conferem banigsis de resisténcia, em
contraste com os altos niveis de resisténcia ddofepor mutacdes em genes que codificam
os alvos primarios desses agentes (SZUMOWSKI, et2@ll3). De fato, mesmo a
superexpressdao de uma bomba de efluxo com espmuipbado para mdultiplos farmacos
pode ndo conferir alto nivel de resisténcia. Eatrigt, embora o significado clinico imediato
desta resisténcia seja pequeno, a diminuicdo deentmacao intracelular do antimicrobiano
permite a bactéria sobreviver até que sejam seledas mutantes com alteracbes
moleculares que podem determinar niveis de resistéglinicamente significativos
(MARTINEZ; BAQUERO, 2000; VIVEIROS, et. al.,, 2012VEBBER; PIDDOCK, 2003).
Neste sentido, a atividade de uma Unica BE podeesidtar em um alto nivel de resisténcia,
porém a superexpressao associada de multiplos gereesodificam para BEs em isolados
clinicos resistentes ndo pode ser ignorada (WEBBHBDOCK, 2003).

Alguns trabalhos tém focado na identificacdo deslIBE bactérias Gram-negativas e
Gram-positivas que podem potencialmente ser ufiiga em combinagdo com
antimicrobianos para melhorar a eficacia clinicatele e evitar a resisténcia (ZECHINI,
VERSACE, 2009; JIN et al., 2010). Esses inibidore®, bloquear o efluxo dos
antimicrobianos, aumentam a concentracao intraarelibs mesmos, favorecendo assim a
morte da célula bacteriana (ZECHINI; VERSACE, 2009)

Varios compostos IBEs tem sido descrito, tais cesrapamil (VP), carbonil cianeto
m-clorofenil-hidrazona (CCCP), nigericina, valinomi&, o-vanadato, reserpina,
clorpromazina, haloperidol, farnesol, omeprazolpepna, tioridazina, entre outros
(VIVEIROS et al., 2012; ZECHINI; VERSACE, 2009). Dtee estes farmacos, o VP e o
CCCP estéo entre os mais estudados (RODRIGUES 20aB).

O VP (Figura 1) tem sido reconhecido como o ma@nmssor IBE, pois inibe a
tolerancia deMtb a multiplos farmacos; € geralmente bem tolerado paciente; tem sua
farmacocinética bem caracterizada e em modelosagiesta significativamente concentrado
nos pulmdes (ADAMS; SZUMOWSKI; RAMAKRISHNAN, 2014)Seu uso clinico é
relativamente seguro como um bloqueador de camacaldio no tratamento de hipertensao,
arritmias cardiacas e angina. No entanto, recemiemii observado que a atividade

inibitéria do VP emMtb independe de sua atividade como antagonista d® (ADAMS;
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SZUMOWSKI; RAMAKRISHNAN, 2014; GUPTA et al., 2013Estudos tém mostrado que
o VP pode inibir algumas BEs tipo ABC, tal comoransportadomp-glicoproteina gpP)
humano, que funciona como uma bomba ATP-dependentsta relacionada com a
resisténcia a multiplos farmacos (CHOUDHURI et2002; ZECHINI; VERSACE, 2009).

Por outro lado, o CCCP (Figura 1) é um inibidorngjad da fosforilagdo oxidativa
gue vem sendo utilizado nos estudos por dispergaadiente préton-motor das membranas e
por despolarizar a membrana energizada, inibindomaas BEs que utilizam o gradiente
eletroquimico de protons para expulsar os farmaesscélulas (VIVEIROS et al., 2012).
Entretanto, 0 mecanismo de agéo da maioria dos #tta ndo esta totalmente elucidado
(ZECHINI; VERSACE, 2009).

O aparecimento de isolados #&tb resistentes aos antimicrobianos disponiveis
contribui para a falta de opcdes terapéuticas (WAMNGI., 2013; ZUMLA et al., 2014).
Assim, os IBEs podem ser usados para tornar o dbandis suscetivel aos agentes
antimicrobianos, principalmente emdtb com resisténcia mediada por BEs (RAMON-
GARCIA et al., 2006). Neste sentido, alguns trabaih vitro tém obtido bons resultados em
Mtb, tais como: diminuicdo da resisténcia a INH ens@nea de CCCP, reserpina (PASCA et
al., 2005) e VP (RODRIGUES et al., 2012); e redudgéoconcentracéo inibitoria minima
(CIM) de RIF quando associada ao inibidor pipefBHARMA et al., 2010). Recentemente
um estudon vivo com camundongos, realizado por Gupta et al. (2@E3honstrou a reducéo
do tempo de tratamento da TB quando associado ddm V

O surgimento déltb MDR e XDR se tornou um problema na gestao da é&nrdo
a uma necessidade urgente de compreender os mmoartde resisténcia aos farmacos, bem
como desenvolver pesquisas relacionadas a novimsieobianos ou esquemas terapéuticos,
incluindo a combinacao de IBEs com farmacos atuatendisponiveis (REY-JURADO et al.,
2013).

1.6Metodologias Empregadas no Estudo da Atividade e A¢@ Combinada de
Farmacos Anti-TB

1.6.1 REMA, chequerboard e curva de tempo de morte
O métodoResazurin Microtiter Assay Plaf&EMA), descrito por Palomino et al.
(2002), permitiu a deteccédo rapida de resisténcrailliiplos farmacos, em isolados kb,
com uma precisdo de 97% quando comparado ao mészdproporcées. O REMA utiliza a

resazurina, um corante de oxidagao-reducdo comwamhot de viabilidade celular. A
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resisténcia € detectada por uma mudanca na codd@dor, que € diretamente proporcional
ao numero de micobactérias viaveis no meio. Os dgoétaolorimétricos representam uma
boa alternativa para a rapida deteccéo de resiatérfarmacos em laboratorios com recursos
limitados (PALOMINO et al., 2002).

Para avaliar novas opc¢Oes terapéuticas, estudoscoombinacdes de diferentes
farmacos tém sido realizados (REY-JURADO et al.120ZUMLA et al.,, 2014). O
sinergismo entre os farmacos pode ser avaliadizanido as metodologiashequerboard
(CALEFFI-FERRACIOLI et al.,, 2013) e/ou o método derva de tempo de morte
(LIMONCU et al., 2011; PANKUCH, et al., 2008; PILILA2005). E importante enfatizar que
o chequerboardavalia o efeito bacteriostatico dos farmacos (CREEFERRACIOLI et al.,
2013), ao passo que a curva de tempo de morteaavaliefeito bactericida (DE
STEENWINKEL et al., 2010).

Recentemente, a técnica de REDCRegazurin Drugs Combination Microtiter
Assay, um chequerboardnodificado desenvolvido no Laboratorio de Bacteg@a Médica
da Universidade Estadual de Maringa, que empreggeueina como indicador de viabilidade
celular, reduziu o tempo de incubacdo do ensaica paib, facilitou a leitura e,
consequentemente, diminuiu o tempo para obtencsioedaltados (CALEFFI-FERRACIOLI
et al., 2013).

Para interpretar o efeito sinérgico entre os faomaestudados pelo método de
REDCA, utiliza-se o indice da Fracéo InibitérialjtFsendo, IFlI = (CIM A + B/ CIM A) +
(CIM B + A/ CIM B), onde: CIM A + B representa al@Ido farmaco A quando associada ao
farmaco B; CIM B + A representa a CIM do farmacqu&ando associada ao farmaco A; CIM
A representa a CIM do farmaco A quando testad@adsohente; e CIM B representa a CIM
do farmaco B quando testado isoladamente. O efé#® combinacbes dos agentes
antimicrobianos é classificado em: sinérgico (#10,5); aditivo ou indiferente ou sem
interacéo (IF1 > 0,5 - 4); e antag0nico (IFI > @ODS, 2003; PILLAI, 2005).

A técnica de curva de tempo de morte microbianbaseia na incubacdo (35°87
por 7-8 dias) de culturas acrescidas de antimiarms sozinhos e em combinacdo e, de
repiques quantitativos ao longo deste tempo, adandeterminar o niumero de bactérias
viaveis remanescentes em cada tempo previamergentdieado. O sinergismo é definido
quando ocorre reducdo de dois ou maisol&f~C/mL para a combinacdo de farmacos, em
comparagao com o agente anti-TB mais ativo (LIMON&E@l., 2011).
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1.6.2 Ensaios de acumulo de brometo de etidio em presenda IBEs

Viveiros et al. (2008) propuseram um método flugtinco semi-automatizado para
estimar a atividade de BEs em bactéria. Por estmdmé o efluxo de um substrato
fluorescente comum, tal como o brometo de etidiBr(Esigla do inglésethidium bromidgeé
guantificado em toda a célula viva por determingdwiodo de tempo. A cinética do
transporte de EtBr é a base para determinar adatigi de efluxo das células. EtBr emite
fluorescéncia fraca em solucbes aquosas, e tornfmtemente fluorescente quando
concentrado intracelularmente pela ligacdo aoso&aciticléicos o que torna este método
importante para monitorar continuamente o transpdat substrato fluorescente através das
membranas celulares (PAIXAO et al., 2009).

Este ensaio permite observar, em tempo real, o @lolm o efluxo de EtBr sob
diferentes condicdes fisiologicas (alteracdes deperaturas e pH, a presenca ou auséncia de
uma fonte de energia) e na presenca ou auséntiEdeDessa forma, este método pode ser
utilizado na triagem de IBEs e no monitoramentsudaerexpressao de BEs (VIVEIROS et
al., 2008; PAIXAO et al., 2009).

1.6.3 Microscopia eletronica

A microscopia eletronica difere da microscopia @pfelo tipo de radiacao utilizada
e pela maneira como ela € refratada. Na primein@adacdo empregada é a de feixe de
elétrons, sendo ele refratado por meio de lentgdeicas, e na segunda as radiacdes provém
de fontes luminosas e sdo refratadas em lentesidie. \Neste sentido, a microscopia
eletrdnica, seja a tipo varredura (SEM, sigla egiés, Scanning Electron Microscopyue
permite estudar a topografia da superficie de objeblidos,ou a tipo transmissédo (TEM,
sigla em inglésTransmission Electron Microscopgue permite estudar estruturas de parede
e intracelulares, agrega vantagens sobre a mi@i@sde luz, uma vez que permite maior
resolucdo e consequentemente favorece a melhorvabde de detalhes (BOZZOLA;
RUSSELL, 1999).

A maioria dos estudos de microscopia eletronicaulti@-estrutura enMtb foi
realizada nas décadas de 1950 e 1960 e carecelta desalucéo para os padrées modernos
(DAHL, 2005). Takayama, Wang e Merkal (1973) resiggn um trabalho pioneiro com SEM
para avaliar a morfologia das célulashibd Hs/Ra apds exposicado a INH. No entanto, até o
nosso conhecimento, estudos para avaliar da agBé&s utilizando SEM ainda nao foram

reportados.
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1.6.4 Avaliacédo da expressao génica relativa por PCR erarmpo real

Grandes avancos em biologia molecular e a disdaade de novas informacoes
geradas apOs o sequenciamento do genomltdcaumentaram o conhecimento sobre os
mecanismos de resisténcia aos principais farmaued B e o papel das BEs (GUPTA et al.,
2010a). Existem varias maneiras de investigar ajfezs induzidas artificialmente ou por
agentes naturais, durante um processo bioldgicaéhda. Uma maneira é pesquisar as
mudancas ocorridas na transcricdo celular, que paodear mudancas na proteina
correspondente (TEVFIK, 2006). O transcriptoma @edeente do contexto, ou seja, O
RNAm, transcrito a partir da informacéo genémicajavde niveis de acordo com o0s aspectos
fisiol6gicos ou patolégicos (BUSTIN; NOLAN, 2004).

A PCR quantitativa, em tempo real, a partir do dcamo (RT-gPCRreverse
transcription quantitative real-timePCR) € um meétodo de quantificacdo de RNAm,
rotineiramente usado para investigar a expressaond@equeno ou moderado numero de
genes (TEVFIK, 2006), tais como a expressao desggadEs (JIANG et al., 2008; HAO et
al., 2011; WANG et al., 2013). Para a avaliacaaigleis de expresséao de transcritos em larga
escala pode-se utilizar a metodologia do microgrémicroarray) como realizado por alguns
autores (RAMON-GARCIA et al.,, 2009; GUPTA et al01Da; LIANG et al.,, 2012).
Entretanto, tanto para o RT-qPCR guanto para métbdseados earrays, 0s alvos génicos
a serem estudados precisam ser conhecidos.

RT-gPCR tornou-se o ponto de referéncia para &clbee quantificacéo de alvos de
RNA e esta cada vez mais sendo utilizado em novsi@s clinicos de diagndstico
(BUSTIN; MUELLER, 2005). O principio desta técnicaseia-se na coleta continua de sinal
fluorescente a partir de uma ou mais PCRs em uervelb de ciclos e, posteriormente,
realiza a conversdo destes sinais a um valor nampara cada amostra. Quanto mais alto o
namero de copias iniciais do acido nucléico alvajsnrapido sera observado o aumento
significativo na fluorescéncia (BUSTIN; MUELLER, @8; TEVFIK, 2006).

A deteccdo quimica pela RT-gPCR pode estar baseatdasondas (deteccéo
especifica) ou ndo-sondas (inespecifica). O sis@WBR nao utiliza sondas, utiliza o corante
SYBR Green que possui ligacdo altamente espec@daNA. Neste sistema a dupla-fita de
DNA emite fluorescéncia conforme o acumulo do ptodda PCR durante os ciclos da
reacdo. Como exemplo de sondas especificas, tesistema TagMan, o qual utiliza sondas
de hidrélise que sao projetadas com especificipade o DNA alvo complementar (BUSTIN
et al., 2005). A diferenca mais importante entségstema SYBR Green e o sistema TagMan &

que o SYBR Green detectard todo DNA dupla-fita,lusige produtos de reagdo nao
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especificos, assim a especificidade da técnicandiepda especificidade do iniciadgri(ner)
utilizado. Neste contexto, uma reagdo bem otimizadportanto, essencial para resultados
precisos, além da curva deeltingque deve acompanhar todas as reacdes de RT-gRH@R a
de monitorar se um Unico produto da reacdo es@osgerado e a auséncia da formacéo de
dimeros derimers(TEVFIK, 2006).

Os niveis de expressdo dos genes podem ser medildoguantificacdo absoluta ou
por uma quantificacdo relativa (ou comparativa)y por-qPCR (TEVFIK, 2006). A
quantificacdo absoluta correlaciona o sinal de R©OR o namero de copias transcritas
usando uma curva de calibracdo. Ja a quantificeglativa mede os niveis de expresséo
relativos de RNAm comparados a um controle (naraigé&le farmacos, por exemplo). Para
alcancar melhores resultados de expresséo relativegrmalizacdo apropriada, utilizando
genes enddgenos, sao estratégias necessariaopamac o erro experimental (BUSTIN et
al., 2005).

O gene endodgeno, de referéncia, deve ser express@aigeira constitutiva em todas
as condicoes, de forma independente do projetoriexgetal. Alguns dos genes utilizados na
normalizacdo do RT-qPCR efitb sé0:16sRNA(JIANG et al., 2008), genaolA (GUPTA et
al., 2010b)e geneHsp65(HAO et al., 2011; WANG et al., 2013). Segundo Bust al.
(2005), o emprego de genes ribossomais (RNAr) atndanais indicado para normalizacao,
ja que estes sofrem menos variagbes que os RNAageings quando expostos as mesmas
condicoes.

O método mais comumente usado para a quantificedtiva é o método 2!
(LIVAK; SCHMITTGEN, 2001). O célculo pode ser reado da seguinte maneira:

Quantificacéo relativa, RQ="2%", onde:

AACt = ACt (amostra tratada) ACt (amostra controle); e

ACt = (Ct gene alvo — Ct gene de referéncia);

sendo: Ct =iclo threshold niumero do ciclo da PCR no qual a fluorescéndamgato
threshold Threshold =Nivel arbitrario de fluorescéncia estabelecido acio Baselinee

dentro da regido de crescimento exponencial (TEYEO06).



27

2. JUSTIFICATIVA

O surgimento d&tb multirresistente® uma preocupacao mundial, visto que o arsenal
de antimicrobianos disponiveis para o tratamentdRla pequeno. Sendo assim, a descoberta
de novos farmacos, ou mesmo associacoes destesseefmam um grande desafio, pois 0
bacilo apresenta crescimento lento e tem uma pamld&r rica em lipidios, o que o torna
protegido contra acdo de um significativo nimeramtgmicrobianos.

Combinacdes de diferentes farmacos com atividadieTBntem sido relatadas na
literatura. Assim, a proposta de acao sinérgiceeesgtes pode ajudar a encurtar o tempo de
tratamento da TB, melhorar a adesédo do paciente@tar alternativas terapéuticas mais
eficazes e seguras para o tratamento da doengi@pptimente quando causada pib MDR
e XDR.

Recentemente, a resisténcia mediada por BEs, as gadem conferir resisténcia
natural ou adquirida a um ou varios compostos,discrita em micobactérias. Estudos
envolvendo as BEs mostraram que a atividade des&snas pode resultar na reducao dos
niveis intracelulares de antimicrobianos, o queepodntribuir para a selecdo de bactérias
resistentes. Portanto, a inativacdo dessas BEg somo grande expectativa para controlar a
resisténcia do bacilo a determinados antimicrolsano

O uso combinado de substancias capazes de iniBEasom alguns farmacos anti-
TB, em estudo vitro, tem demonstrado uma consideravel reducdo nosegatte CIM do
antimicrobiano. Nos ultimos anos, estudasvivo também tém corroborado com estes
achados experimentais mostrando inclusive a redudae efeitos colaterais dos
medicamentos.

Considerando os poucos estudos envolvendo a cogdloirde farmacos anti-TB com
IBEs emMtb; que a maioria dos procedimentos experimentaia padentificacdo de BEs
estdo limitados a estudos de expressdo em mutadiegdos em laboratério; e que poucos
estudos foram realizados com a cepa de refer@ithaHs/Rv; o presente trabalho visa
ampliar os conhecimentos sobre a atividade e toeflei combinacdo de antimicrobianos de

primeira linha no tratamento da TB com IBEs
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3. OBJETIVOS

3.10bjetivo Geral
Avaliar os efeitos da combinacéo de antimicrobiamasibidores de bomba de efluxo

na morfologia e expressao génicalimmtuberculosis.

3.20bjetivos Especificos

. Determinar a concentragdo inibitéria minima dosidores CCCP e VP e, dos
antimicrobianos (INH, RIF e EMB) para a cepa dem@&ficiaMtb Hz;Rv pelo método
REMA,;

. Propor um ensaio dehequerboardnodificado com reducéo no tempo de incubacéo e
maior facilidade de leitura para estudos de sisergi de antimicrobianos em
micobactérias;

. Determinar a acdo sinérgica entre IBEs e antimiamus classicos usados na terapia
anti-TB pelochequerboardi-dimensional e o melhor resultado de combinagétoe
estes farmacos emtb Hi/Ryv;

. Determinar o farmaco com melhor poder de inibicds BEs emMtb Hs/Rv
evidenciado pelo acumulo de EtBr na célula bactaripor meio da metodologia de
fluorimetria;

. Determinar o tempo de exposicdo dos farmacos qui® sdilizados nos ensaios de
SEM e RT-gPCR por meio da curva de tempo de matihana;

. Realizar SEM enMtb H3/Rv exposto a combinacgéo de farmacos com melhddatie
contra o bacilo pelo métodmequerboardi-dimensional,

. Realizar RT-gPCR dos principais genes que codifiggara BEs, emMtb Hs/Rv
exposto a combinacdo de farmacos com melhor atigigalo métodehequerboardi-

dimensional.
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SUMMARY

Tuberculosis (TB) is a health public problem andrag combination therapy is necessary to
treat patients. In recent years, some drugs, natingly used in treatment of TB, have
appeared as promising new anti-TB therapies ireptiwith resistance to classical drugs.
The aim of this study was: (i) to evaluate a medifcheckerboard assay, resazurin drugs
combination microtiter assay (REDCA) to detect druigteraction inMycobacterium
tuberculosis (ii) to evaluate the interaction between isorda@NH) or ethambutol (EMB)
with levofloxacin (LEVO) in susceptible and resigtaV. tuberculosisBrazilian clinical
isolates.M. tuberculosisHz7/Rv ATCC 27294 and 19 clinical isolates (10 resistand 9
susceptible) were tested. The fractional inhibitayncentration index (FICI) 0.5 was
considered synergistic. Synergism M tuberculosisHs7Rv and resistanM. tuberculosis
Brazilian isolates was observed with EMB vs. LEM@ synergism was observed with INH
vs. LEVO by both assays. No statistical differem@s observed by the two assays studied.
REDCA showed to be a simple assay for detectingergysm between drugs iM.
tuberculosis.The results with EMB vs. LEVO are promising andadn be a new option in
future investigations of drugs interactions agaidsttuberculosiswith the view to reduce
EMB adverse effects.

Keywords: M. tuberculosisSynergism REDCA; Drugs
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1. Introduction

The incidence of tuberculosis (TB) remains highHe&tfng mostly young adults in
their most productive years [1]. According to WoHealth Organization (WHO), a third of
the world’s population is infected witMycobacterium tuberculosi@vitb) and 95% of TB
deaths are in the developing world [2]. TreatmehflTB patients is based on six-month
regimen using isoniazid (INH), rifampicin (RIF), haimbutol (EMB) and pyrazinamide
(PZA). A long combination therapy is necessaryribeo to prevent relapse of the disease and
development of drug resistance. In 2011, there vesreestimated global prevalence of
630,000 cases of multidrug-resistant TB (MDR-TB)oag the world’s 12 million prevalent
cases of TB [3]. In this case, second-line drugsused, but most of them are either very
toxic and more expensive [4].

In recent years, fluoroquinolones and other drugs,routinely used in treatment of
TB, have emerged as promising new TB therapiesiieipts with resistance to classical anti-
TB drugs [5]. Clinical trials have also suggestedt tfluoroquinolones such as moxifloxacin
or levofloxacin (LEVO) may be useful in shortenitige treatment of TB [6]. Yew et al. [7]
reported that LEVO was found to be more efficacithen ofloxacin when incorporated into
multidrug regimens for treatment of MDR-TB and hmeen recommended for treatment of
MDR-TB in the Unites States. [8]

As the discovery of new drugs is a challenge, whliemands time and money, new
combinations of old and known antimicrobials haeerstudied [9, 10] and synergistic effect
againstVitb have been demonstrated empirically [10, 11].

To establish a new therapeutic regimen, it is resmgsto develop quantitative and
reproductive assay to estimate antimicrobial agtiwinen two agents are combined [12]. The
synergism of drugs can be studied using checkedd&; 15] and/or by the time-kill method
[12, 16]. Two of the main difficulties in implemeng the classical checkerboard assay for
Mtb are the long incubation period and difficulty eading.

There are a couple of methods to detect the viglwfi actively growing bacteria in a
microplate format. Colorimetric methods that usdore indicators or the nitrate reduction
assay have received increasing attention becausigeinfsimplicity and the absence of any
requirement for sophisticated equipment or highlgined personnel [17]. Colorimetric
methods are based on the reduction of a coloradatod added to the culture medium after
M. tuberculosishas been exposed in vitro to different drugs. Aange in color of the

indicator is directly proportional to the number\waéble mycobacteria in the medium [18].
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The most common indicators used have been theusgalso known as alamar blue, an
oxidation-reduction colorimetric indicator) [19, ]2@nd tetrazolium salts (reduction by
metabolically active cells) such as: XTT [2,3-bi&methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide] and MTT [3(4,5-dimelitjazol-2-yl)-2,5-diphenyltetrazolium
bromide] [21, 22]. No differences in results usmegazurin, MTT and XTT indicators have
been observed [22, 23]. Sala and Hartkoorn [24pntep that the main method, to date,
employed to high and medium-throughput screeningoofipound libraries is the oxidation-
reduction colorimetric method called resazurin-besgsay (REMA).

In this sense, the use of resazurin to assessrtiryaobacterial activity in drugs
interaction assay, has been previously proposeddéermination of Minimal Inhibitory
Concentration (MIC) by Palomino et al. [25] and Kfaet al. [26, 27].

In this context, the aim of this study was: (i) éealuate a modified checkerboard
method, Resazurin drugs combination microtiter w¢B&EDCA), to determine interaction of
drugs in vitro againsmMtb clinical isolates; (ii) to evaluate the interactibetween INH or

EMB with LEVO in susceptible and resistavitb Brazilian clinical isolates.

2. Materials and methods
2.1.Bacterial isolates

NineteenMtb clinical isolates belonging to the reference cerfite TB diagnosis
denominated LEPAC (Laboratory of teaching and me$ean clinical analysis), State
University of Maringa, Parana, Brazil were selectealsed in previously characterized
mutations in th&atG andinhA genes [28]: Nine isolates were susceptible tarmimicrobial
agents and ten resistant to INH and/or other d@wrtulous drugs (9 were MDR-TB clinical
isolates).M. tuberculosisH37Rv (ATCC 27294) wild-type reference strain wased as
control. The tested isolates were grown in Middbeltr 7H9 medium (Difco), added with
0.2% glycerol (vol/vol), 0.025% tween 80 (vol/vahd supplemented with OADC (Oleic
acid, albumin, dextrose and catalase) (BBL/BectakiDson, Sparks, MD, USA) for 15 days
at 37°C.

2.2. Antimicrobials

The antimicrobial agents INH and EMB were provitigdSigma Chemical Co. (USA,
Canada) and LEVO by HalexIstar Co. (Brazil, Goianighe stock solutions and further
dilutions were prepared in OADC-supplemented Mitddbek 7H9.
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2.3.REDCA and classical checkerboard assay

The REDCA was performed in duplicate as descridsewdere with minor changes
in time of incubation and reading using as modelittieraction between INH vs. LEVO and
EMB vs. LEVO, and compared with classical checkardassay [12].

Plates were prepared by serially diluting INH (686009 mg/L and 32-0.125 mg/L
for susceptible and resistant isolates, respegivel EMB (64-0.250 mg/L) in the x-axis and
LEVO (16-0.0156 mg/L) in the y-axis in a 96-well erotitre plate [14, 29]. One hundred
microliter of mycobacterial suspension adjustedatturbidity of 1.0 McFarland Standard
scale and diluted 1:20 was inoculated in each Wéle plates were covered with their lids,
sealed and incubated at 37 °C in normal atmospioeré days [25] for REDCA and two-
three weeks until adequate growth in the contral weuld be visually read for classical
method [12]. After, 30 ul of freshly 0.02% (wt/vaBsazurin solution (Acros, Morris Plains,
NJ, USA) were added to each REDCA plate well. Blatere incubated overnight at 37 °C. A
blue to pink color change indicated reduction cfamurin and therefore, bacterial growth
[25]. The classical checkerboard reading was ahwig by visual reading of growth, without
resazurin, as previously described [12].

To evaluate the synergistic effect for both asffag/ fractional inhibitory concentration
index: FICI = (MIC A + B/MIC A) + (MIC B + A/MIC B)was used, where: MIC A + B
represents the MIC of drug A when combined withgdBu MIC B + A represents the MIC of
drug B when combined with drug A. The MIC A and MBCrepresent the MICs of drugs A
and B when tested alone, respectively. The resudts interpreted by the FICI as: synergism,
<0.50; indifference, >0.50 and 4; and antagonism[144.

2.4. Statistical analysis
Statistic 7.1 software (StatSoft, 2005) was usedaftalysis of REDCA compared
with Classical Checkerboard Method. The level gh#icance was considered p < 0.05.

3. Results

The MICs values of INH, EMB and LEVO fdtb H37Rv, susceptible and resistant
Mtb clinical isolates are listed in Table 1. INH, EMBd LEVO MICs ranged from 0.03 to 32
mg/L, 0.5 to 32 mg/L and 0.06 to 4 mg/L, respedyivi@able 1). Altogether, 90% of the
clinical isolates were inhibited at MIC 4, 8 and Ong/L for INH, EMB and LEVO,

respectively.
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A synergistic effect for th&itb H37Rv reference strain was observed only with EMB
vs. LEVO (Table 1).

Discrepant EMB vs. LEVO synergism results wereeobsd by REDCA (two
resistantMtb clinical isolates) and by the classical checkertidane resistani#tb clinical
isolate) (Table 1). However, this result showed statistical difference between the two
assays studied (p = 0.959).

Similar for INH vs. LEVO synergism results, no sgtital difference (p = 0.145) was
observed when compared classical checkerboard BRCR, with FICIs ranging from 0.61
to 2 (Table 1).

4. Discussion

The combination of anti-TB drugs is a potentialltimw the treatment of TB as it has
been recommended by WHO for decades. Despite &tk afeemergence of new drugs for TB
treatment, there is no short-term prospect of haspening. Drugs that have actions on non
Mtb complex microorganisms have been used in somatisifis as the treatment of resistant
TB. In this regard, the study of old and known drugcombination with the classical anti-TB
drugs is a valuable alternative.

Comparing classical checkerboard with REDCA assaye variations in the FICI
values were observed. For example, the isolatesb@wed FICI equal to 1 for REDCA and
0.75 for classical checkerboard with EMB vs. LE\Athough the FICI values are different,
both values indicate non-synergism between dru$@SI(E 0.50). Thus, the changes in the
FICI did not show differences in the interpretat{gsgnergic or non synergic) of the observed
interaction between the studied drugs with the ptior of isolate 69.

The improved performance of REDCA, in detecting EMB. LEVO synergism
observed in the present study may reside in ittebastatic activity againgtitb [30]. Using a
long incubation time necessary in classical chdusand, the EMB can lose the bacteriostatic
effect thus masking the synergism, becadiecan grow back.

Rastogi et al. [31] reported that combinations WEBE with LEVO were also
synergistic in two of five clinical isolates usidgug combination classical assays, but not in
Mtb H37Rv as observed in the present study. Rey-Juetdb [32] working with three drugs
combinations, LEVO, linezolid (LINE) and EMB, didbhobserve synergism iltb Hs/Rv
and clinical isolates by classical checkerboarayss

Although Rastogi et al. [31] found synergistic etfbetween INH vs. LEVO iMtb

clinical isolates, our study did not show this effdy both, classical checkerboard and
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REDCA. In this regard, the good correlation betwdenresults, by both assays for the INH
vs. LEVO, may have been influenced by the bactaicactivity of INH [33].

Traditionally (and still the gold standard), bakrviability was determined by
counting colony-forming units (CFUs), such as oscur the Time-Kill method [34]. It is a
process that is laborious and time-intensive, ngaiaf mycobacteria which take longer to
grow in vitro, but gives an accurate picture of the bactericmtabacteriostatic activity of a
compound [24]. Recently, some promising alternathethods for detecting drug resistance
and MICs have been proposed. The colorimetric nusthdespite having lack of sensitivity
compared with CFU evaluation, with a limit of deten of approximately 1 x FOCFU/mL
(for tetrazolium salts) and 1 x AGFU/mL (for resazurin) [21], are easier to perfaand the
result can be obtained in shorter incubation tifffee possibility of a method for detecting
synergism inM. tuberculosisa slow growing mycobacteria, which use a shadrteubation
time, is important for accurate results. Nonethgl&ala and Hartkoorn [24] reported that the
main disadvantage of colorimetric methods is thatused dyes measure bacteriostatic rather
than bactericidal activity. The REDCA presentedhiis paper, could detect synergistic effect
of EMB and LEVO. An explication for this lies ingifact the REDCA does not need a long
incubation time, which could cause the lose of &aastatic activity of EMB, thus masking a
real result. Additionally, a long incubation timby(the classical checkerboard) generates
other disadvantages, such as, evaporation andgdgfinthe plate wells. Beyond a long
incubation time can provide water condensationhenlil of the microplate, which can favor
fungal contamination.

The main attractiveness of using fluorescent siggakesazurin dye is the read ability.
It is known that fluorescence readouts obtainedellpx-dye, typically display a background.
However, in the use of a fluorescence detectingpegent, the reading should be adjusted for
the background level fluorescence originated bydye and medium [35]. The read ability of
REDCA assay, without necessity of using equipmemtkes it accessible for its use in
laboratories with low financial resources.

The drugs interaction model used in the presemystiNH vs. LEVO and EMB vs.
LEVO determined by REDCA showed to be efficient pamable to the classical
checkerboard (p < 0.05), with the advantage ofinintg the result in eight days (seven of
incubation plus one for resazurin reading) instehdwo-three weeks used in the classical
assay. Additional advantage of REDCA is the easinéseading by visual inspection and the

low cost of resazurin.
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To our knowledge, there was two other previous wdi6, 37] that employed the
resazurin to assess the viability and the antirbiatactivity in drugs interaction assayMtb
Hs7Rv andM. smegmatisHowever, none of them applied a comparison whiin ¢lassical
checkerboard assay in susceptible and resisgantclinical isolates including MDR-TB as
carried out in the present study. The limitationtldf study was the small number Mitb
clinical isolates evaluated and the limited claslsanti-TB drugs combinations. Nevertheless,
the results make us optimistic about the use of ®&Dn future investigations of drugs
interactions, once it is faster compared to classaheckerboard assay and the use of
resazurin, which is inexpensive, makes the viseatling to be more reliable. The relevance
of using the drugs combination model proposed endiudy, including LEVO, call attention
for its potential in treatment d¥itb-HIV co-infected patients who are at increased fmk
developing MDR-TB disease and also the dose-depe¢noeular toxicity of EMB. The
finding of two Brazilian clinical MDR-TB isolateh&t showed EMB vs. LEVO synergism
points attention to the benefits of this combimatior the treatment of these cases and

consequently reduce the adverse effects.
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Table 1
MICs values alone and FICI obtained by REDCA ands€ical checkerboard assay with isoniazid or ethiéohlys. levofloxacin combinations in

Mycobacterium tuberculosids;Rv and drug-susceptible and multidrug-resistant RyIBlycobacterium tuberculosidinical isolates

solate  Suscepibility pattern REDCA Chockarbeard REDCA a Chce:cl:ii:'ll:?c?;rd REDCA b Chce:cl:izsrll:?c?;rbd
MIC (mg/L) MIC (mg/L) INH/ LEVO INH/LEVO EMB/LEVO EMB/LEVO
INH EMB LEVO INH EMB  LEVO ('x']'gclf) FICI ('x']'gclf) FICI ('\rggc/f) FICI (“r"ngc/f) FICI
Ha7Rv S 0.03 1 0.50 0.06 2 0.50 0.03/050 1.5 0.03/0.125 0.75 0.25/0.125 0.50 0.5/0.125 0.50
49S S 0.25 2 0.25 0.25 2 0.50 0.25/0.25 2 0.25/0.5 2 05/0.125 075 05/0.25 075
57S S 0.25 2 0.25 0.25 2 0.50 0.25/0.25 2 0.125/0.125 0.75 1/0.125 1 05/0.25 075
80S S 0.06 1 0.25 0.06 2 0.25 0.03/0.06 0.74 0.03/0.125 1 0.5/0.125 1 0.5/0.125 0.75
46 S S 0.06 2 0.125 0.25 1 0.25 0.06/0.125 2 0.06/0.125 1 0.5/0.07 053 0.5/0.125 1
9S S 0.03 1 0.06 0.06 2 0.125 0.03/0.06 2 0.06/0.125 2 0.5/0.03 1 1/0.007  0.56
20S S 0.03 1 0.125 0.06 1 0.125 0.03/0.125 2 0.03/0.06 1 0.5/0.06 1 0.5/0.06 1
50 S s 0.06 1 0.125 0.06 NP 0.25 NP NP 0.03/0.125 1 NP NP NP NP
58 S S 0.06 1 0.06 0.06 NP 0.125 0.06/0.06 2 0.06/0.125 2 NP NP NP NP
65 S S 0.06 2 0.25 0.06 2 0.5 0.03/0125 1 0.03/0.125 0.75 1/0.06 0.74 1/0.25 1
18R MDR 2 4 0.25 4 4 0.25 05/0.125  0.75 2/0.125 1 2/0.06 0.74 2/0.125 1
97R MDR 32 8 0.25 4 8 0.50 16/0.125 1 2/0.125 0.75 4/0.125 1 2/0.25 0.75
3614 R MDR 16 32 0.25 4 8 0.25 16/0.25 2 4/0.25 2 32/0.25 2 4/0.125 1
3408 R MDR 8 32 0.125 16 8 0.125 8/0.125 2 2/0.06 0.61 8/0.06 0.73 4/0.125 1
69 R MDR 2 4 0.5 4 1 0.125 1/0.08 0.66 1/0,06 0.73 1/0.014 0.28 0.5/0.06 1
71R MDR 1 1 0.125 4 2 0.50 1/0.125 2 2/0.125 0.75 0.125/0.03 0.36 0.5/0.125 0.50
73R MDR 2 2 2 4 2 4 212 2 21 0.75 1/1 1 1/2 1

91R R 4 1 0.125 4 1 0.25 2/0.03 0.74 2/0.125 1 0.5/0.06 1 0.5/0.125 1
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4250 R MDR 8 1 0.25 4 1 0.25 8/0.25 2 2/0.125 1 0.5/0.125 1 0.5/0.125 2

25252 R MDR 1 0.50 0.125 4 2 0.25 1/0.25 2 NP NP 0.5/0.125 2 1/0.008  0.53

*M. tuberculosis(S), Drug-susceptible isolates; (R), Resistanddlk; (MDR), multidrug-resistant; gfRv: wild-type Mtb strain; NP, not
performed; MIC, minimum inhibitory concentration(H, fractional inhibitory concentration index; REIA, Resazurin drugs combination
microtiter assay.

4p = 0.145, t-test; FICI results by REDCA assayGlassical checkerboard for INH vs LEVO.

P =0.959, t-test; FICI results by REDCA assayGlsssical checkerboard for EMB vs LEVO.
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Artigo 2: “MORPHOLOGICAL CHANGES AND DIFFERENTIALLY  EXPRESSED
EFFLUX PUMP GENES IN Mycobacterium tuberculosis EXPOSED TO RIFAMPICIN
AND VERAPAMIL COMBINATION”
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Resistance irMycobacterium tuberculosiéVitb) has been attributed to combination of a
highly impermeable cell wall, spontaneous mutati@amsl active efflux pumps (EPs). The aim
of the present study was t) €valuatein vitro combinations of rifampicin (RIF), ethambutol
(EMB), or isoniazid (INH) with the inhibitors carbgl cyanidem-chlorophenyl-hydrazone
(CCCP) or verapamil (VP) inMtb Hsz;Rv and {i) evaluate morphological and EP
transcriptional changes iNtb Hs;Rv exposed to the drug combination, which showexd th
best action against the bacillus. The MIC and syiceeffects of drug combinations were
evaluated by Resazurin Microtiter Plate Assay aedaRurin Drugs Combination Microtiter
Assay, respectively. The effects of RIF+VP comboraion the morphology and EPs genes
expression were evaluated. VP showed the best BBition, and RIF+VP the lower
fractional inhibitory concentration index Mtb Hiz;Rv. RIF+VP exerted a similar reduction
of viable cell counts as RIF by time-kill curve. MWkiled and rounding cells were the main
morphological changes after RIF and VP exposurspaetively. The effects of RIF+VP
appeared to be a summation of the observed chahigjesoverexpression of some EP genes
after 72 h to RIF exposure was observed. For RIFeXbosure at the same time, decrease on
EP gene expression was observed. The present slemhpnstrated the best effect of
combination with RIF+VP irMtb Hs7Rv, suggesting that this drug combination may mtevi
advantages over conventional therapies, includidga@ease in resistance mediated by EPs,

and may help guide further studies witib clinical isolates.
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INTRODUCTION

Tuberculosis (TB) is still one of the most comma@uses of death worldwide (1),
responsible for 8.6 million new cases and 1.3 onlldeaths in 2012 (2). The high mortality
and morbidity, especially in poor countries, anceegence of multidrug-resistant (MDR) and
extensively drug-resistant (XDRYlycobacterium tuberculosigMtb) has become a major
public health concern worldwide (3, 4).

Mycobacteria are naturally resistant to most of daemmonly used antimicrobial in
the medical clinic because of the slow uptake aigdracross the highly hydrophobic
mycobacterial cell envelop (5, 6). In addition ke uinique structure of the bacteria, mutations
of drug target genes are known to be an importagthanism of resistance (1). However,
explaining the observed MDR to first-line drugs lwiknown mutations has not yet been
possible (7).

Recently, the resistance dfitb has been attributed to an active drug efflux
mechanism. Bacterial efflux pumps (EPs) are menmgpanteins that are capable of actively
transporting a broad range of substrates, includamgimicrobial agents (5, 8). The
constitutive or inducible expression of efflux ®sis in response to treatment contributes to a
decrease in the intracellular concentration of dragd thus natural or acquired resistance (9-
12).

Mtb has some of the largest numbers of putative dfegyénes in its genome (4).
Some EPs have been described and well characten2dtb as belonging to the adenosine
triphosphate binding cassette (ABC), major fadiita superfamily (MFS), resistance
nodulation division (RND), and small multidrug since (SMR) families (3-5, 10, 12, 13).
Some EPs have been reported to play a role intaeses to anti-TB drugs, such as rifampicin

(RIF), ethambutol (EMB) and isoniazid (INH) (3,14-17).



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

55

Efflux pump inhibitors (EPIs) have been describad tested in drugs combinations
to increase their intracellular concentration aestare the activity of standard antimicrobial
(18). Some EPIs, such as carbonyl cyameehlorophenyl-hydrazone (CCCP), valinomycin,
and dinitrophenol, affect transmembrane electroctanpotential. Other EPIs include the
vesicular monoamine inhibitor reserpine, proton pumhibitor omeprazol, and calcium
channel antagonist verapamil (VP) (19). Howeveg, tiechanisms involved in the induction
and regulation of EPs are not yet fully underst¢dd Not all currently available anti-TB
drugs are considered substrates for EPs (20).

Efflux pump-mediated resistance has become relebacduse these systems help
bacteria extrude antimicrobial until relevant migias emerge in thbycobacteriungenome
(21). Promisingin vivo results have been reported with VP as an adjundtierapy in an
attempt to accelerate the treatment of TB (22).

The aim of the present study was ifpgvaluaten vitro combinations of RIF, EMB,
and INH with EPIs (CCCP and VP) Mtb Hs/Rv and {i) evaluate morphological and EP
transcriptional changes Mtb Hs7Rv exposed to the drug combination that showedést

action against the bacillus.

MATERIALS AND METHODS

Bacterial culture. M. tuberculosisHs/Rv (ATCC 27294), a wildtype strain, was used
throughout the study. Bacterial cells were growB8%87C for 15 days in Middlebrook 7H9
medium (Difco Laboratories, Detroit, MI, USA) suppiented with 10% (v/v) oleic acid-
bovine serum albumin-dextrose catalase enrichn@ADC, BBL/Becton-Dickinson, Sparks,

MD, USA), with the addition of 0.2% glycerol (v/end 0.025% Tween 80 (v/v).
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Antimicrobial agents and efflux pump inhibitors. The antimicrobial agents RIF, INH,
EMB, CCCP, and VP were provided by Sigma (St. LoM®, USA). Stock solutions were
prepared and stored at <80 INH, EMB, and VP were prepared in distillate aratCCCP
was prepared in dimethyl sulfoxide (DMSO; Synthad®@ma/SP, Brazil). Rifampicin was
prepared in methanol:water (1:10, v/v). Furtheutthins for the study were prepared in
OADC-supplemented Middlebrook 7H9 with the folloginconcentration ranges: RIF
(0.0005-0.25 pg/mL), INH (0.0009-0.25 pg/mL), EM®X25-32 pg/mL), CCCP (0.39-100
png/mL), and VP (3.90-1,000 pg/mL). The final DMS@damethanol concentrations had no

effect onMtb growth.

Determination of MIC. The MIC for Mtb H37Rv was determined in triplicate for each drug
(antimicrobial agents and EPIs) using the Resazhhorotiter Assay Plate (REMA) as
described by Palomino et §23). The MIC was assessed by a color change flamtb pink,

which indicates a reduction of resazurin by baategrowth.

Checkerboard assayThe interactions between anti-TB drugs (INH, Rld &MB) and EPIs
(CCCP and VP) were evaluated using the ResazunigDCombination Microtiter Assay
(REDCA) as described previously by Caleffi-Ferréicat al. (24). The fractional inhibitory
concentration index (FICI) was used to evaluateitieraction effect, and the results were
interpreted as synergism (FI€I10.50), indifference/additive (FICI > 0.50-4), aadtagonism

(FICI > 4) (25).

Accumulation of ethidium bromide. The ethidium bromide (EtBr) MIC faMtb was first
determined by the REMA method (23) and then EtBuawlation inMtb cells was assessed

by fluorometry (11, 26)Mtb H3/Rv was grown in 7H9-OADC medium at 35-37°C until an
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optical density at 600 nm (QR) of 0.6-0.8 was reached. The culture was centedugt
2,880 x g for 10 min, and the pellet was washedrasdspended in phosphate-buffered saline
(PBS; pH 7.4). After adjusting the @Qf3 to 0.4 with PBS (with 0.05% Tween 80, Synth,
Diadema/SP, Brazil), 100 pl aliquots of bacteriadgension were transferred to microplate
wells that contained 0.25 pg/mL EtBr (8MJIC) (26). Ten microliters of CCCP and VP at a
final concentration of 0X8MIC was added to the corresponding well in the optate and
incubated at 25°C for 15 min. Fluorescence wasraéted for the bacterial suspension in the
absence of CCCP and VP as a reference assay. $¢eape relative to EtBr-loaded cells was
acquired every 51 s for 60 min at 37°C in a VICTAR fluorometer (PerkinElmer, Santa
Clara, CA, USA) using 530/25 nm as the excitatioav@lengths and 590/20 nm as the
detection wavelengths, respectively (11). The netatiuorescence values were obtained by
normalizing the data against the background flumese of EtBr. The relative final
fluorescence (RFF) for each assay was determined tise formula (REsay- RFer) / RFef,
where REssayis the relative fluorescence at the last time p¢minute 60) of the EtBr
accumulation assay with EPIs, and, KI5 the relative fluorescence at the last time poin

the EtBr accumulation assay under reference camsitfjwithout EPIs) (11).

Time-kill curve assay. The time-kill curve assay was performed with tmegdcombination
that showed the lowest FICI by REDCA and using Qtt&xMIC of each drug. A culture of
5mL of Mtb Hs/Rv (7.5 x 10° CFU (colony-forming unit)/mL) in OADC-supplemented
Middlebrook 7H9 medium was exposed to RIF and \WWhaland the RIF+VP combination
and continuously shaken at 96 rpm at 35-37°C. Avtir@wontrol without drugs was included.
Aliquots (0.1 ml) were removed at 0, 1, 2, 3, Bla¥s and serially diluted (£010° and 10°)

in sterile saline to avoid RIF and VP carry-oveffteward, 20 pl of each dilution was

immediately seeded on OADC-supplemented Middlebradkll (Difco Laboratories,
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Detroit, MI, USA). The plates were incubated at35C for 21 days, and the colonies were
counted. The time-kill curve assays were perfornrediuplicate. Log CFU values were
plotted against time (in days) to obtain the tiniledurve. Synergy was defined as a decrease

of > 2 log,p CFU/mL compared with the most active single dr2ig, £8).

Scanning electron microscopyThe RIF and VP combination that showed the lovi&t

by REDCA was selected for scanning electron miapgg{SEM).Mtb H3;Rv was exposed to
the 0.5MIC of VP, RIF, and RIF+VP for 16 and 72 h at 33:37 Subcultures on OADC-
supplemented Middlebrook 7H11 were performed tauenshe absence of contamination.
After drug exposure, the cells were fixed with 2.5ffitaraldehyde (Sigma) in 0.1 M
cacodylate buffer (Electron Microscopy Science,fidit, PA, USA) for at least 2 h at 4°C.
The treated cells were placed on a glass suppaint paly4-lysine (Sigma), dehydrated in
graded ethanol, critical-point-dried in g@oated with gold, and observed in a Shimadzu SS-
550 (Kyoto, Japan) scanning electron microscopeavarage of 20-30 microscopic fields in
each sample were selected by random scanning artdgraphed. SEM was performed in

duplicate with different cultures to ensure reprmtility of the obtained data.

Efflux pump gene expression study

RNA extraction. Mtb H3;Rv was exposed to VP, RIF, and RIF+VP ¢WBC) for 16 and 72 h

at 35-37°C. Total RNA fromMtb Hsz/Rv growth was extracted in two time-independent
experiments and purified using RNeasy Mini Kit P{((@agen Biotechnology, Valencia, CA,
USA) according to the manufacturer's instructior@uantification/purity and quality
assessments were performed with a Qubit 2.0 fluaem{nvitrogen, Carlsbad, CA, USA).

RNA quality (RIN > 9.0) was assessed using an AgiBioAnalyzer. Contaminating DNA
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166 was removed by prior treatment with RNase-free @Na@nvitrogen, Carlsbad, CA, USA)
167 according to the manufacturer’s instructions.

168

169 Reverse transcription quantitative real-time polymease chain reaction (RT-qgPCR) First-
170 strand cDNA was synthesized with RT Superscriplivitrogen, Carlsbad, CA, USA) using
171 a random primer (Invitrogen, Carlsbad, CA, USA) ading to the manufacturer’s
172 instructions. gPCR was performed using SYBR gre€R Pnaster mix (Applied Biosystems,
173 Foster City, CA, USA). Specific primers (Promegaadon, WI, USA) for the EPs are listed
174 in the Table 1. Melting curves for each reactiorrevassessed, and each sample was run in
175 triplicate. A negative control was performed. TI&SIRNA (rs) gene was used to normalize
176 all of the reactions. A reference assay was cordueith Mtb Hz7Rv grown in the absence of
177 drugs. The relative quantification of target gen@ression was calculated by the*¥'
178 method (29). The data analysis was performed usioge-way test with SAS 9.0 software
179 (SAS OnlineDoc 9, SAS Institute, Cary, NC, USA)l|ldaed by the Tukeypost hoctest.
180 Values ofp < 0.01 were considered statistically significant.

181

182

183 RESULTS

184 MICs and checkerboard. The MICs for RIF, EMB, INH, CCCP, and VP were 310@.0,
185 0.03, 3.125, and 125 pg/mL, respectively. The Flibiserved by REDCA were 0.75 and 1.5
186 for RIF+VP and RIF+CCCP, respectively. For the ottieig combinations, the FICI was 2
187 (Table 2).

188
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EtBr accumulation. The 0.5MIC of EtBr did not affect cell viability (influx-#lux in
equilibrium). EtBr efflux was inhibited by VP anddCP (Fig. 1). The RFF was 0.544 for VP

and 0.154 for CCCP.

Time-kill curve assay. The assay was performed for VP alone (EPI thatvedahe largest
intracellular EtBr accumulation), RIF+VP (combirati that showed the lowest FICI by
REDCA), and RIF alone (antimicrobial of choice)FR). No decrease 2 logoCFU/mL

was observed witMtb Hs7Rv exposed to RIF+VP compared with RIF alone.

Morphological changes Some morphological changes occurred over the timbacillus
exposure to the drugs. Figures 3.1a and b showgpearance of drug-unexposed cells at 16
and 72 h, respectively, with dimorphic rod-shapetlsc a smooth surface, and typical cord
formation at the two exposure times. Figures 3.3, 8nd 3.4 show the aspects of treated
cells. Beyond the bacterial clumps, wrinkled andnating cells were observed Mtb Hiz/Rv
exposed to RIF and VP, respectively, mainly at 4 drug exposure. The effect of RIF on
cell morphology was less evident (Fig. 3.2a anddmppared with cells exposed to VP (Fig.
3.3a and b). A summation of effects caused by RtF\& exposure alone was observed with

the RIF+VP combination, with a larger intensity’ath of exposure (Fig. 3.4a and b).

Differential efflux pump expression. Figure 4 shows the relative quantification of the
transcript levels of 12 selected EP genebltb Hz/Rv exposed to the OMIC of RIF, VP,
and RIF+VP for 16 h (Fig. 4a) and 72 h (Fig. 4biteA16 h of drug exposure, compared with
the control (absence of drugs), a significant défee in relative expressiop € 0.01) was
detected in six EP geneR\(1458 Rv1218 Rv1819 Rv2846 Rv1258and Rv141( for RIF,

nine EP genesRv1456 Rv1458 Rv1218 Rv1457 Rv1819 Rv2846 Rv1258 Rv2942and
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Rv1410 for VP, and seven EP gend3v(458 Rv1218 Rv1457 Rv1819 Rv1258 Rv1217
and Rv2459 for RIF+VP. At 72 h, a significant difference the relative expressiormp
0.01) for the EP genes was also observed in teesg@®v1456 Rv3065 Rv1458 Rv1457
Rv2846 Rv1258 Rv2942 Rv1217 Rv2459 and Rv1410Q for RIF, three genesR{3065
Rv1457 and Rv1410 for VP, and four genesR{1457 Rv2846 Rv1258and Rv2942 for
RIF+VP.

Downregulation of relative expression was obseimeiost of the studied EP genes
with 16 h of VP exposure. At 72 h, upregulation bst of the studied EP genes was
observed with RIF exposure. The RIF+VP combinasbowed lower EP gene expression

(with the exception oRv2846 at 72 h of exposure compared with RIF alone.

DISCUSSION

Recent evidence suggests that EPIs can prevent Brtiug resistance or even restore
drug susceptibility inMtb (15, 21, 30). However, the effect of anti-TB drugisis EPI
combinations on the morphology and expression diquéar genes is unclear and has not
been investigated in depth. In the present study attivity of RIF, INH or EMB (first-line
anti-TB drugs) combined with CCCP or VP was asskseeMtb Hsz/Rv. Additionally,
changes in bacillus morphology and EP gene trgotsmni induced by RIF, VP, and the
RIF+VP combination were analyzed.

Although no synergistic effects were revealed by REDCA assay between the
classical anti-TB drugs and EPIs htb Hz7/Rv, the RIF+VP combination showed the best
effect (FICI = 0.75). This finding corroborates tB¢Br accumulation assay, in which VP
showed a greater capacity of EtBr accumulation (RFF.544), indicating better EP

inhibition compared with CCCP (RFF = 0.154)Mitb H3;/Rv.
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The present results encouraged us to perform akilineurve assay for the RIF+VP
combination. The activity of RIF+VP combination neducing viable cell counts was
comparable to RIF alone. The observed additiveceféem MIC decreases in the bacillus
exposure to RIF+VP combination, by REDCA, was aonéid by time kill curve inMtb
Hs7Rv. The activity of RIF in reducing viable cell gids was time-dependent, which is
consistent with Steenwinkel et al. (31). A bactstatic effect was observed with exposure of
the bacillus to VP alone at a sub-inhibitory corncaion.

Few studies have investigated morphological chaafies exposure to drugs Mtb.
Most electron microscopy studies withtb were performed in the 1950s and 1960s, with a
lack of high resolution compared to modern starsla(@2). To our knowledge, no
morphological study, by SEM, &fitb after RIF or VP exposure has been published te. dat

The Mtb Hs/Rv times of exposure to RIF+ VP in the present studyewi6 and 72 h
for the evaluation of morphological and transcaptl changes. The exposure times were
based on thdtb generation time and activity in reducing viabld ceunts reflected by the
time-kill curve. Sub-inhibitory drug concentratiomsere used to evaluate the effect of the
combination and reduce the effect of stress orb#wteria according to previous studies (33,
34). A long exposure time and high drug concerdrathay cause toxic side effects and not
reflect a primary morphological change or true s@iptional profile related to exposure to
the RIF+VP combination.

TheMtb Hsz7Rv control cells had a rod-shaped appearance,ansthooth surface and
typical cord formation. The ability of cell divigiaio form transient branching structures (35)
was observed in the present study (Fig. 3.1a).

The main morphological changes were wrinkled anghding Mtb Hsz/Rv cells,

which were intensified with 72 h of exposure to RIRd VP, respectively (Fig. 3.2b and
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3.3b). The effect of the RIF+VP combination wasuansiation of the observed changes by
RIF and VP exposure alone (Fig. 3.4a and b).

We can infer consistency of the results obtaineth whe time-kill curve and
morphological changes. The effect of RIF on the phology of the bacillus was more
evident at 72 h, which is consistent with the tikileeurve results, in which lower viable cell
counts were found at this time compared with lénterestingly, with VP exposure, some
morphological changes in the bacillus were obseniadluding the induction of cell
rounding, but viable cell counts were not apprdgialifected by 72 h exposure, demonstrated
by the time-kill curve.

The morphological changes observed by SEM are stamii with the presently
known mechanism of action of the drugs studied!| @Geinkling was observed with RIF
exposure, which may be attributable to the intlataal action of this drug. The main biotarget
of RIF is thep subunit of DNA-dependent RNA polymerase, encodgdhe rpoB gene,
which suppresses the transcription process (36, BY@ morphological changes (i.e., cell
rounding) observed by SEM with VP exposure agrdé s action on the cell wall. VP is a
well-known calcium channel antagonist and inhibitwir human membrane proteiR-
glycoprotein P-gp) (19).P-gp expression is responsible for the efflux of idevrange of
drugs, including antimicrobials and anticancer ag€B88).

Recent evidence suggests that bacterial EPs anév@t/in physiological processes,
such as cell wall division, homeostasis, metabaéeretion, and the transport of substrates,
including drugs (8, 39). Some EPIs have been usedumans for the treatment of some
pathologies because of their antiarrhythmic, ap@niensive, antiulcer, and antiemetic effects
(19). In vivo (15, 22) andn vitro (12, 18) studies oMtb have shown the applicability of

some EPIs in restoring the susceptibility of MDkiclal isolates to anti-TB drugs.
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Based on a thorough literature review of EPs in abgcteria, 12 EP genes were
chosen for the present study, in which the oversgion of EPs from the ABC (19, 33, 40),
MFS (8, 12, 41), RND (13), and SMR (3, 11) familiezs been associated with resistance in
Mtb.

The best inhibitory effect oWMtb H3;Rv EPs in the present study was observed with
16 h exposure to VP alone. This is consistent wightime-Kkill curve results, in which initial
bacillus growth inhibition was observed. Growth wiaen restored after this time when VP
exhibited a bacteriostatic effect.

For RIF, overexpression of most of the studied EReg was observed at 72 h of
exposure. A parallel may be observed with the tkilecurve assay results. Fig. 2 shows
adaptation of the bacillus to RIF beginning at thime in an attempt to restore their
subsequent growth. Notably, RIF is a hydrophobitnaorobial and may enter the cell by
diffusion through the hydrophobic bilayer (42); shthe active EPs extrude antimicrobial out
of the cell, allowing for the typical drug toleranphenomenon.

The observed expression changes over RIF expasueete consistent with Calgin et
al. (5), who postulated that an increase in EP esgwon inMtb clinical isolates during
treatment can drive constitutive or inducible ERression and lead to an increase in the
MICs of anti-TB drugs and consequently render thallus more resistant.

Resistance iMtb has long been assumed to arise mainly from speatenmutations
in specific genes that are related to the targegsirand then, the selection of a resistant
bacillus by a neglected treatment. Additionally ot explained resistance by known
mutation, an increased efflux activity sustained Ay pressure of a sub-inhibitory
concentrations of anti-TB drug could favor the depement of the spontaneous mutaf#t§,

43),
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311 Although eight of the studied gend3y1410c(8), Rv1456¢(44), Rv1457c(44),
312 Rv1458c(44), Rv1258c(41), Rv1217¢c(9, 40), Rvi819¢(3), and Rv1218c(9, 40), have
313 already been reported to be overexpressed in mygtaiem exposed to RIF, the
314 overexpression of thRv3065 Rv2846 Rv2942 andRv2459EP genes was demonstrated in
315 the present study at 72 h. Overexpression oR¥@065(mmr) (3, 11, 45, 46)Rv1258dtap-
316 like gene) (41, 45, 46)Rv1410c(p55) (41, 45, 46)Rv1819(3), Rv2459(jefd) (3, 16, 46),
317 Rv2942(mmpL7 (45, 46), andRv2846c(efpA (45) genes has also been reported previously
318 in mycobacteria exposed to INH and EMB.

319 Gupta et al. (3) and Pang et al. (14) did not Sighificant expression of tHev3065
320 gene in resistarntitb clinical isolates exposed to RIF, as observedhénpgresent study ikltb
321 Hs/Rv at 72 h of exposure to the 8MBIC of RIF. One possible explanation for this
322 difference may be related to the exposure time RBHe concentration, which were not
323 specified by Gupta et al. (3) or Pang et al. (td$pectively. According to Rodrigues et al.
324 (11), Rv3065overexpression was induced by drug exposure fong period of time, and a
325 similar effect may have occurred wigtv2846 Rv2942 andRv2459in the present study.

326 At 16 and 72 h of exposure to the RIF+VP combimgtisix EP genesRv1218
327 Rv1457 Rv1819 Rv1217 Rv2459 and Rv1258 and four EP genesRy1457 Rv1258
328 Rv2846 andRv2942 exhibited significant overexpressiop £ 0.01), respectively. Notably,
329 at 72 h of exposure to RIF+VP, a smaller numbegarfes and lower EP expression, with the
330 exception oRv2846 were observed compared with RIF exposure alone.

331 The time-kill curve assay showed a decrease inleviabll counts with the RIF+VP
332 combination similar to RIF exposure alone. The egpion study showed an EP inhibitory
333 effect with combination exposure, which was morenpunced throughout the period of

334 exposure than RIF exposure alone. The use of a\HFgombination may decrease the
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resistance mediated by EPs. This theory is shar&bimon-Garcia et al. (47) who studiéd
fortuitumand other EPIs.

Some studies have shown that EPIs may also blotkniarobial efflux in Mtb-
infected macrophages, leading to an increase radeliular drug levels and an increase in
drug actions on the bacillus (48-50). AccordingAtams et al. (49), VP is perhaps the most
promising inhibitor for further evaluation as anjuatttive TB agent, given its ability to
reverse macrophage-induced tolerance to RIF. Tthes,role of EPs in promoting drug
tolerance opens up a potentially powerful apprdaachortening TB treatment.

This combination therapy could be a promising aléve for the treatment of patients
with TB, including TB/HIV co-infection. This co-iettion, mainly infection witiMtb MDR
strains, is associated with difficult therapeutiamagement. Despite promising results, the
RIF+VP combination should be investigated more dbghly to determine proper VP
dosages for combined therapy by considering it@badism by liver enzymes (22).

Finally, the present study demonstrated the consbeféect between RIF, EMB or
INH with EPIs (CCCP or VP) itMtb Hz7Rv. The use of VP in combination with anti-TB
drugs, mainly RIF, may provide advantages over eatignal therapy, including a decrease
in resistance mediated by EPs. This suggestionaged on the morphological changes
observed, including wrinkled and rounding cellseaRIF+VP exposure. These effects are
consistent with the known mechanism of action afhedrug. We also observed differential
expression of some EP genes, including some chdhgebave not been previously reported,
associated with this drug combination. The resaoltained withMtb Hs/Rv help guide

further studies wittMtb clinical isolates.
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Efflux Transpprter Sequences (5'- 3") Ampllcon Reference
pump gene family size (bp)

Fw- TACCCAAGCTGGAAACAA

Rv 2942 RND Rv- CCGTCAGAATAGAGGAACAG 214 (45)
Fw- AACCAGCCTGCTCAAAAG

Rv 3065 SMR  Ry- CAACCACCTTCATCACAGA 221 (45)
F- ATGGTAATGCCTGACATCC

Rv 2846 MFS  Rv- CTACGGGAAACCAACAAAG 131 (45)
Fw- AGTGGGAAATAAGCCAGTAA

Rv 1410c MFS  R-TGGTTGATGTCGAGCTGT 198 (45)
Fw- AGTTATAGATCG GCTGGATG

Rv1258c MFS  Ry- GTGCTGTTCCCGAAATAC 268 (45)
Fw- CATCTTCATGGTGTT CGT G

Rv 2459 MFS  Rv- CGGTAGCACACAGACAATAG 232 (46)
Fw- GAGTCGCACCAGAATCGC

Rv 1456¢ ABC Rv- TCGCTGTTGGTTGCCTAC 90 (44)
Fw- GTAGCACCGAGTCGTTTG

Rv 1457¢ ABC  Ry- ATCTCCACCGCATTCACC 80 (44)
Fw- CAGTCCAAGTACCTCAATG

Rv 1458c ABC  Ry- GCGATACGGGTCAATAAC 163 (44)
Fw- CCGCAAGGCGTCTAGTGAA

Rv 1218c ABC Rv- TGGACCCGTTGATGGAAAA 173 (40)
Fw- CGGTGAGGTTGGCGTAG

Rv 1217c ABC  Ry- CGGTCGGAATCTGGAAA 150 (40)
Fw- CGGTGATTTCTTTCACAGC

Rv 1819¢ ABC  Rv- CCGACAGATTCCATCCATT 351 (41)
Fw- CAAGGCTAAAACTCAAAGGA

16s RNA Rv- GGACTTAACCCAACATCTCA 197 (45)

F, forward. R, reverse.



522

523

524
525
526

527

528
529
530
531

75

TABLE 2 MIC and FICI values for the classical drugs, efflpump inhibitors, and drug

combinations irMycobacterium tuberculosids/Rv.

Drugs MIC (ug/mL) REDCA
combination |\ EMB RIF CCCP VP MICs (ug/mb) ¢,
Drug/Inhibitor
RIF+VP - - 0.004 - 125 0.001/62.5 0.75
RIF+CCCP - - 0.004 3125 - 0.004/1.56 1.5
EMB+VP - 2 - - 125 2/125 2
EMB +CCCP - 2 - 3125 - 2/3.125 2
INH+VP  0.03 - - - 125 0.03/125 2
INH +CCCP  0.03 - - 3125 - 0.03/3.125 2

RIF, Rifampicin; EMB, Ethambutol; INH, Isoniazid; B/ Verapamil and CCCPm-
chlorophenyl-hydrazone. FICI, Fractional Inhibitor€oncentration Index; REDCA,
Resazurin Drugs Combination Microtiter Assay; - performed.

—e—1.56 pg'mL CCCP —&62.5ugmL VP ——NoEPI

Relative Fluorescence (arbitrary units)
Il

0 TTrT T I 11 117171 T 17T T 1T T T T T T T T T T T 1T T T T T T T T 1T T T 1T T T T I I T 1T 1 T 11T TT17T1

SRR RCRCRC PR R BRI U R

Time (min)
FIG 1 Efflux of ethidium bromide (EtBr) byMycobacterium tuberculosidis;Rv by
fluorometry. The assays were conducted at 35-3%f@,or without an efflux pump inhibitor
(EPI1). Relative fluorescence was obtained by nomimg the data to the background
fluorescence of EtBr. The efflux of EtBr was inttdd by verapamil (VP) andn
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chlorophenyl-hydrazone (CCCP) at ®MBIC. Relative final fluorescence (RFF) was
calculated for each EPI.

——RIF —#-RIF+VP —=—VP —<—CONTROL

Log CFU/mL

o] 1 2 3 5 7

Time (days)

FIG 2 Time-kill curve results oMycobacterium tuberculosigsing 0.%MIC of rifampicin
(RIF) and verapamil (VP) alone and in combinati&iF+VP) for 7 days. Each data point
(days 0, 1, 2, 3, 5, and 7) represents the mearbe&wuwf viable bacterial cell counts in
duplicate experiments.
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FIG 3 Scanning electron micrograph Mfycobacterium tuberculosidltb) after 16 h (a) and
72 h (b) of exposure to a sub-inhibitory concemrat(0.5<MIC) of rifampicin (2) or
verapamil (3) alone and in combination (4). A cohtof Mtb cells without drugs is also
shown (1). The arrow (1a) showib cell division. Inset magnification: 1a = 18,60@Bb and
4a-b = 10,008.
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FIG 4 Relative expression of 12 efflux pump genedvimcobacterium tuberculosigMitb)
assessed by gPCR after 16 h (A) and 72 h (B) obsxe to 0.8MIC rifampicin (RIF),
verapamil (VP), and RIF+VP combination in logariibnscale. The error bars indicate SD.
The results were normalized to 16s RNA and thetivelaexpression calculated by*2°"
method. p < 0.001, compared witkltb control growth in the absence of drugs.
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CAPITULO 1l

CONCLUSOES

* A metodologia de REDCA foi bem aceita pela areattiea e facilitou o estudo de
combinacéo de farmacos évitb. Devido aos bons resultados obtidos com o modelo d
associacdo entre INH ou EMB com LEVO, o REDCA fdilizado no estudo da
combinacéo de antimicrobianos anti-TB e IBEs;

* A melhor atividade, entre as combinactes de farmtesiadas efiltb Hs7Rv, foi obtida
com RIF+VP;

* Os resultados dos estudos de crescimento, moréoéode expressdo de alguns genes que
codificam para BEs enMtb Hz/Rv, ap0s exposicdo a RIF+VP, mostram a acgao
combinada destes farmacos e a diminuicdo da nesiatédo bacilo mediada por BEs a
RIF, o que torna esta associacao uma terapia alieaire promissora para o tratamento
de casos de tuberculose causada por bacilo rasistéIF.

PERSPECTIVAS FUTURAS

Tendo em vista a necessidade do surgimento de rapges terapéuticas para o
tratamento da TB e, que resultados promissoresmfaratidos com a combinagao de
antimicobacterianos e IBEs no mod&litb Hs;Rv, estudos adicionais com isolados clinicos
de Mtb resistentes serdo conduzidos para um melhor ententb do funcionamento dos
sistemas de efluxo de farmacos, bem como, comaeeomibicdo dos mesmos no bacilo.
Adicionalmente, outros genes que codificam paraasuBEs e a realizacdo de microscopia
eletrbnica de transmissdo serdo também alvos dguipas futuras pelo nosso grupo de
estudos de mecanismos de resisténcidvilono Laboratorio de Bacteriologia Médica, a fim

de melhor compreender o efeito da combinacéo deaféss anti-TB com IBEs.
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Tuberculosis (TB) is a health public problem and a long combination therapy is necessary to treat pa-
tients. In recent years, some drugs, not routinely used in treatment of TB, have appeared as promising
new anti-TB therapies in patients with resistance to classical drugs. The aim of this study was: (i) to
evaluate a modified checkerboard assay, Resazurin drugs combination microtiter assay (REDCA) to detect
drugs interaction in Mycobacterium tuberculosis; (ii) to evaluate the interaction between isoniazid (INH)
or ethambutol (EMB) with levofloxacin (LEVO) in susceptible and resistant M. tuberculosis Brazilian
clinical isolates. M. tuberculosis H37Ry ATCC 27294 and 19 clinical isolates (10 resistant and 9 susceptible)
were tested. The fractional inhibitory concentration index (FICI) < 0.5 was considered synergistic. Syn-
ergism in M. tuberculosis H37Ry and resistant M. tuberculosis Brazilian isolates was observed with EMB vs.
LEVO. No synergism was observed with INH vs. LEVO by both assays. No statistical difference was
observed by the two assays studied. REDCA showed to be a simple assay for detecting synergism be-
tween drugs in M. tuberculosis. The results with EMB vs. LEVO are promising and it can be a new option in
future investigations of drugs interactions against M. tuberculosis with the view to reduce EMB adverse

effects.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The incidence of tuberculosis (TB) remains high, affecting
mostly young adults in their most productive years [1]. According
to World Health Organization (WHO), a third of the world’s pop-
ulation is infected with Mycobacterium tuberculosis (Mtb) and 95%
of TB deaths are in the developing world [2]. Treatment of TB pa-
tients is based on six-month regimen using isoniazid (INH),
rifampicin (RIF), ethambutol (EMB) and pyrazinamide (PZA). A long
combination therapy is necessary in order to prevent relapse of the
disease and development of drug resistance. In 2011, there were an
estimated global prevalence of 630,000 cases of multidrug-
resistant TB (MDR-TB) among the world’s 12 million prevalent
cases of TB [3]. In this case, second-line drugs are used, but most of
them are either very toxic and more expensive [4].

* Corresponding author. Laboratério de Bacteriologia Médica, Departamento de
Andlises Clinicas e Biomedicina, Universidade Estadual de Maringa, Avenida
Colombo, 5790, 87020-900 Maringa, Parand, Brazil. Tel.: +55 44 3011 5376;
fax: +55 44 3011 4797.

E-mail addresses: katianyrcf@gmail.com, krcaleffi@yahoo.com.br
(K.R. Caleffi-Ferracioli).

1472-9792/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tube.2013.09.001

In recent years, fluoroquinolones and other drugs, not routinely
used in treatment of TB, have emerged as promising new TB ther-
apies in patients with resistance to classical anti-TB drugs [5].
Clinical trials have also suggested that fluoroquinolones such as
moxifloxacin or levofloxacin (LEVO) may be useful in shortening
the treatment of TB [6]. Yew et al. [7] reported that LEVO was found
to be more efficacious than ofloxacin when incorporated into
multidrug regimens for treatment of MDR-TB and has been rec-
ommended for treatment of MDR-TB in the Unites States. 8]

As the discovery of new drugs is a challenge, which demands
time and money, new combinations of old and known antimicro-
bials have been studied [9,10] and synergistic effect against Mtb
have been demonstrated empirically [10,11].

To establish a new therapeutic regimen, it is necessary to
develop quantitative and reproductive assay to estimate antimi-
crobial activity when two agents are combined [12]. The synergism
of drugs can be studied using checkerboard [13—15] and/or by the
time-kill method [12,16]. Two of the main difficulties in imple-
menting the classical checkerboard assay for Mtb are the long in-
cubation period and difficulty in reading.

There are a couple of methods to detect the viability of actively
growing bacteria in a microplate format. Colorimetric methods that
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Table 1

MICs values alone and FICI obtained by REDCA and Classical checkerboard assay with isoniazid or ethambutol vs. levofloxacin combinations in Mycobacterium tuberculosis
Hs7Ry and drug-susceptible and multidrug-resistant (MDR) Mycobacterium tuberculosis clinical isolates.

Isolate  Susceptibility REDCA Classical checkerboard REDCA Classical checkerboard ~ REDCA Classical checkerboard
pattern MIC (mg/L) MIC (mg/L) INH/LEVO' INH/LEVO" EMB/LEVO' EMB/LEVO'

INH EMB LEVO INH EMB LEVO  MICs (mg/L) FICI MICs (mg/L)  FICI MICs (mg/L) FICI MICs (mg/L)  FICI
Hs7Ry N 003 1 0.50 0.06 2 0.50 0.03/0.50 1.5 0.03/0.125 0.75 0.25/0.125 0.50 0.5/0.125 0.50
49 S S 025 2 0.25 0.25 2 0.50 0.25/0.25 2 0.25/0.5 2 0.5/0.125 0.75 0.5/0.25 0.75
57S S 025 2 0.25 0.25 2 0.50 0.25/0.25 2 0.125/0.125 0.75 1/0.125 1 0.5/0.25 0.75
80S S 0.06 1 0.25 0.06 2 0.25 0.03/0.06 0.74 0.03/0.125 1 0.5/0.125 1 0.5/0.125 0.75
46 S S 0.06 2 0.125 0.25 1 0.25 0.06/0.125 2 0.06/0.125 1 0.5/0.07 0.53 0.5/0.125 1
9S S 003 1 0.06 0.06 2 0.125 0.03/0.06 2 0.06/0.125 2 0.5/0.03 1 1/0.007 0.56
208 S 003 1 0.125 0.06 1 0.125 0.03/0.125 2 0.03/0.06 1 0.5/0.06 1 0.5/0.06 1
50S S 0.06 1 0.125 0.06 NP 0.25 NP NP 0.03/0.125 1 NP NP NP NP
58S S 0.06 1 0.06 0.06 NP 0.125 0.06/0.06 2 0.06/0.125 2 NP NP NP NP
65S S 0.06 2 0.25 0.06 2 0.5 0.03/0.125 1 0.03/0.125 0.75 1/0.06 0.74 1/0.25 1
18R MDR 2 4 0.25 4 4 0.25 0.5/0.125 0.75 2/0.125 1 2/0.06 0.74 2/0.125 1
97R MDR 32 8 0.25 4 8 0.50 16/0.125 1 2/0.125 0.75 4/0.125 1 2/0.25 0.75
3614R MDR 16 32 0.25 4 8 0.25 16/0.25 2 4/0.25 2 32/0.25 2 4/0.125 1
3408 R MDR 8 32 0.125 16 8 0.125 8/0.125 2 2/0.06 0.61 8/0.06 0.73 4/0.125 1
69 R MDR 2 4 0.5 4 1 0.125 1/0.08 0.66 1/0,06 0.73 1/0.014 0.28 0.5/0.06 1
71R MDR 1 1 0125 4 2 0.50 1/0.125 2 2/0.125 0.75 0.125/0.03 036 0.5/0.125 0.50
73R MDR 2 2 2 4 2 4 22 2 21 0.75 11 1 1/2 1
91R R 4 1 0125 4 1 0.25 2/0.03 0.74 2/0.125 1 0.5/0.06 1 0.5/0.125 1
4250 R MDR 8 1 0.25 4 1 0.25 8/0.25 2 2/0.125 1 0.5/0.125 1 0.5/0.125 2
25252 R MDR 1 0.50 0.125 4 2 0.25 1/0.25 2 NP NP 0.5/0.125 2 1/0.008 0.53

M. tuberculosis: S: Drug-susceptible isolates; R: Resistance to INH; MDR: multidrug-resistant; H37Ry: wild-type Mtb strain; NP, not performed; MIC, minimum inhibitory
concentration; FICI, fractional inhibitory concentration index; In bold, Synergistic effect (FICI < 0.50); REDCA, Resazurin drugs combination microtiter assay.

* p = 0.145, t-test; FICI results by REDCA assay vs. classical checkerboard for INH vs. LEVO.

f p = 0.959, t-test; FICI results by REDCA assay vs. classical checkerboard for EMB vs. LEVO.

use redox indicators or the nitrate reduction assay have received
increasing attention because of their simplicity and the absence of
any requirement for sophisticated equipment or highly trained
personnel [17]. Colorimetric methods are based on the reduction of
a colored indicator added to the culture medium after
M. tuberculosis has been exposed in vitro to different drugs. A
change in color of the indicator is directly proportional to the
number of viable mycobacteria in the medium [18]. The most
common indicators used have been the resazurin (also known as
alamar blue, an oxidation—reduction colorimetric indicator) [19,20]
and tetrazolium salts (reduction by metabolically active cells) such
as: XTT [2,3-bis- (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazo-
lium-5-carboxanilide] and MTT [3(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] [21,22]. No differences in results
using resazurin, MTT and XTT indicators have been observed
[22,23]. Sala and Hartkoorn [24] reported that the main method, to
date, employed to high and medium-throughput screening of
compound libraries is the oxidation—reduction colorimetric
method called resazurin-based assay (REMA).

In this sense, the use of resazurin to assess the antimycobacterial
activity in drugs interaction assay, has been previously proposed for
determination of Minimal Inhibitory Concentration (MIC) by Palo-
mino et al. [25] and Martin et al. [26,27].

In this context, the aim of this study was: (i) to evaluate a
modified checkerboard method, Resazurin drugs combination mi-
crotiter assay (REDCA), to determine interaction of drugs in vitro
against Mtb clinical isolates; (ii) to evaluate the interaction between
INH or EMB with LEVO in susceptible and resistant Mtb Brazilian
clinical isolates.

2. Materials and methods
2.1. Bacterial isolates
Nineteen Mtb clinical isolates belonging to the reference center

for TB diagnosis denominated LEPAC (Laboratory of teaching and
research in clinical analysis), State University of Maringd, Parana,

Brazil were selected based in previously characterized mutations in
the katG and inhA genes [28]: Nine isolates were susceptible to all
antimicrobial agents and ten resistant to INH and/or other antitu-
berculous drugs (9 were MDR-TB clinical isolates). M. tuberculosis
Hs7Ry (ATCC 27294) wild-type reference strain was used as control.
The tested isolates were grown in Middlebrook 7H9 medium
(Difco), added with 0.2% glycerol (vol/vol), 0.025% tween 80 (vol/
vol) and supplemented with OADC (Oleic acid, albumin, dextrose
and catalase) (BBL/Becton-Dickinson, Sparks, MD, USA) for 15 days
at 37 °C.

2.2. Antimicrobials

The antimicrobial agents INH and EMB were provided by Sigma
Chemical Co. (USA, Canada) and LEVO by HalexIstar Co. (Brazil,
Goiania). The stock solutions and further dilutions were prepared in
OADC-supplemented Middlebrook 7H9.

2.3. REDCA and classical checkerboard assay

The REDCA was performed in duplicate as described elsewhere
with minor changes in time of incubation and reading using as
model the interaction between INH vs. LEVO and EMB vs. LEVO, and
compared with classical checkerboard assay [12].

Plates were prepared by serially diluting INH (0.25—0.0009 mg/
L and 32-0.125 mg/L for susceptible and resistant isolates,
respectively) or EMB (64—0.250 g/mL) in the x-axis and LEVO (16—
0.0156 mg/L) in the y-axis in a 96-well microtitre plate [14,29]. One
hundred microliter of mycobacterial suspension adjusted to a
turbidity of 1.0 McFarland Standard scale and diluted 1:20 was
inoculated in each well. The plates were covered with their lids,
sealed and incubated at 37 °C in normal atmosphere for 7 days [25]
for REDCA and two-three weeks until adequate growth in the
control well could be visually read for classical method [12]. After,
30 ul of freshly 0.02% (wt/vol) resazurin solution (Acros, Morris
Plains, NJ, USA) were added to each REDCA plate well. Plates were
incubated overnight at 37 °C. A blue to pink color change indicated
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reduction of resazurin and therefore, bacterial growth [25]. The
classical checkerboard reading was carried out by visual reading of
growth, without resazurin, as previously described [12].

To evaluate the synergistic effect for both assay, the fractional
inhibitory concentration index: FICI = (MIC A + B/MIC A) + (MIC
B + A/MIC B) was used, where: MIC A + B represents the MIC of
drug A when combined with drug B. MIC B + A represents the MIC
of drug B when combined with drug A. The MIC A and MIC B
represent the MICs of drugs A and B when tested alone, respec-
tively. The results were interpreted by the FICI as: synergism,
<0.50; indifference, >0.50—4; and antagonism, >4 [14].

2.4. Statistical analysis

Statistic 7.1 software (StatSoft, 2005) was used for analysis of
REDCA compared with Classical Checkerboard Method. The level of
significance was considered p < 0.05.

3. Results

The MICs values of INH, EMB and LEVO for Mtb H37Ry, suscep-
tible and resistant Mtb clinical isolates are listed in Table 1. INH,
EMB and LEVO MICs ranged from 0.03 to 32 mg/L, 0.5—32 mg/L and
0.06—4 mg/L, respectively (Table 1). Altogether, 90% of the clinical
isolates were inhibited at MIC 4, 8 and 0.5 mg/L for INH, EMB and
LEVO, respectively.

A synergistic effect for the Mtb Hs;Ry reference strain was
observed only with EMB vs. LEVO (Table 1).

Discrepant EMB vs. LEVO synergism results were observed by
REDCA (two resistant Mtb clinical isolates) and by the classical
checkerboard (one resistant Mtb clinical isolate) (Table 1). However,
this result showed no statistical difference between the two assays
studied (p = 0.959).

Similar for INH vs. LEVO synergism results, no statistical dif-
ference (p = 0.145) was observed when compared classical check-
erboard and REDCA, with FICIs ranging from 0.61 to 2 (Table 1).

4. Discussion

The combination of anti-TB drugs is a potential tool for the
treatment of TB as it has been recommended by WHO for decades.
Despite the need of emergence of new drugs for TB treatment, there
is no short-term prospect of this happening. Drugs that have ac-
tions on non Mtb complex microorganisms have been used in some
situations as the treatment of resistant TB. In this regard, the study
of old and known drugs in combination with the classical anti-TB
drugs is a valuable alternative.

Comparing classical checkerboard with REDCA assay, some
variations in the FICI values were observed. For example, the isolate
57s showed FICI equal to 1 for REDCA and 0.75 for classical
checkerboard with EMB vs. LEVO. Although the FICI values are
different, both values indicate non-synergism between drugs
(FICI > 0.50). Thus, the changes in the FICI did not show differences
in the interpretation (synergic or non synergic) of the observed
interaction between the studied drugs with the exception of isolate
69.

The improved performance of REDCA, in detecting EMB vs. LEVO
synergism observed in the present study may reside in its bacte-
riostatic activity against Mtb [30]. Using a long incubation time
necessary in classical checkerboard, the EMB can lose the bacte-
riostatic effect thus masking the synergism, because Mtb can grow
back.

Rastogi et al. [31] reported that combinations of EMB with LEVO
were also synergistic in two of five clinical isolates using drug
combination classical assays, but not in Mtb H37Ry as observed in

the present study. Rey-Jurado et al. [32] working with three drugs
combinations, LEVO, linezolid (LINE) and EMB, did not observe
synergism in Mtb H37Ry and clinical isolates by classical checker-
board assay.

Although Rastogi et al. [31] found synergistic effect between INH
vs. LEVO in Mtb clinical isolates, our study did not show this effect
by both, classical checkerboard and REDCA. In this regard, the good
correlation between the results, by both assays for the INH vs.
LEVO, may have been influenced by the bactericidal activity of INH
[33].

Traditionally (and still the gold standard), bacterial viability was
determined by counting colony-forming units (CFUs), such as oc-
curs in the Time-Kill method [34]. It is a process that is laborious
and time-intensive, mainly for mycobacteria which take longer to
grow in vitro, but gives an accurate picture of the bactericidal or
bacteriostatic activity of a compound [24]. Recently, some prom-
ising alternative methods for detecting drug resistance and MICs
have been proposed. The colorimetric methods, despite having lack
of sensitivity compared with CFU evaluation, with a limit of
detection of approximately 1 x 10® CFU/mL (for tetrazolium salts)
and 1 x 10° CFU/mL (for resazurin) [21], are easier to perform and
the result can be obtained in shorter incubation time. The possi-
bility of a method for detecting synergism in M. tuberculosis, a slow
growing mycobacteria, which use a shorter incubation time, is
important for accurate results. Nonetheless, Sala and Hartkoorn
[24] reported that the main disadvantage of colorimetric methods
is that the used dyes measure bacteriostatic rather than bactericidal
activity. The REDCA presented in this paper, could detect syner-
gistic effect of EMB and LEVO. An explication for this lies in the fact
the REDCA does not need a long incubation time, which could cause
the lose of bacteriostatic activity of EMB, thus masking a real result.
Additionally, a long incubation time (by the classical checkerboard)
generates other disadvantages, such as, evaporation and drying of
the plate wells. Beyond a long incubation time can provide water
condensation on the lid of the microplate, which can favor fungal
contamination.

The main attractiveness of using fluorescent signal by resazurin
dye is the read ability. It is known that fluorescence readouts ob-
tained by redox-dye, typically display a background. However, in
the use of a fluorescence detecting equipment, the reading should
be adjusted for the background level fluorescence originated by the
dye and medium [35]. The read ability of REDCA assay, without
necessity of using equipment, makes it accessible for its use in
laboratories with low financial resources.

The drugs interaction model used in the present study, INH vs.
LEVO and EMB vs. LEVO determined by REDCA showed to be effi-
cient comparable to the classical checkerboard (p < 0.05), with the
advantage of obtaining the result in eight days (seven of incubation
plus one for resazurin reading) instead of two-three weeks used in
the classical assay. Additional advantage of REDCA is the easiness of
reading by visual inspection and the low cost of resazurin.

To our knowledge, there was two other previous works [36,37]
that employed the resazurin to assess the viability and the anti-
microbial activity in drugs interaction assay in Mtb Hs;Ry and
Mycobacterium smegmatis. However, none of them applied a com-
parison with the classical checkerboard assay in susceptible and
resistant Mtb clinical isolates including MDR-TB as carried out in
the present study. The limitation of this study was the small
number of Mtb clinical isolates evaluated and the limited classical
anti-TB drugs combinations. Nevertheless, the results make us
optimistic about the use of REDCA in future investigations of drugs
interactions, once it is faster compared to classical checkerboard
assay and the use of resazurin, which is inexpensive, makes the
visual reading to be more reliable. The relevance of using the drugs
combination model proposed in the study, including LEVO, call
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attention for its potential in treatment of Mtbh-HIV co-infected pa-
tients who are at increased risk for developing MDR-TB disease and
also the dose-dependent ocular toxicity of EMB. The finding of two
Brazilian clinical MDR-TB isolates that showed EMB vs. LEVO syn-
ergism points attention to the benefits of this combination for the
treatment of these cases and consequently reduce the adverse
effects.
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