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RESUMO

Objetivo: Avaliar as concentracdes pulmonares e brénquicas de ciprofloxacino (CIP)
utilizando modelos animais de pneumonia aguda e cronica causada por Pseudomonas
aeruginosa formadora de biofilme. Metodologia: Pneumonia aguda (2 dias) foi
desenvolvida pela inoculacéo intratraqueal de ratos Wistar com 102 UFC/mL de P.
aeruginosa formadora de biofilme ndo-mucéide (PA14), enquanto pneumonia cronica
(14 dias) foi desenvolvida pela inoculacdo de beads de alginato impregnados com P.
aeruginosa mucoide ATCC 27853 (10’ UFC/mL). A investigacdo farmacocinética
plasmética, pulmonar e brénquica (fluido de revestimento epitelial pulmonar — PELF)
foi conduzida apos dose i.v. bolus de CIP 20 mg/kg. Sondas de microdialise (CMA
20°, 4 mm, 20 kDa) foram utilizadas para avaliar as concentragées livres pulmonares e
brénquicas. CIP foi quantificado nas amostras biolégicas por CLAE/fluorescéncia
previamente validado. Andlise farmacocinética ndo-compartimental foi conduzida com
o software Phoenix® e os parametros comparados estatisticamente por ANOVA
(Graphpad®) (o = 0,05). Resultados e Discusséo: A infeccéo aguda gera parametros
farmacocinéticos plasméaticos do CIP intermediérios entre os previamente relatados
para animais sadios e infectados cronicamente (TORRES et al. AAC, 61, 2017), com
reducdo de clearance devido ao comprometimento das rotas de eliminagéo do CIP. A
infeccdo aguda mostrou uma tendéncia de reducdo das concentragbes livres
intersticiais de CIP, com reducdo de 1,5 vezes no fator de penetragdo pulmonar em
relag@o do grupo sadio (fT = 1,69 para fT = 1,02), intermediaria em comparag¢do com o
grupo cronicamente infectado (fT = 0,44). No PELF as concentragtes livres de CIP
ndo foram alteradas pela infecgé@o. O fator de penetragdo pulmonar/brénquico mostrou
gue animais sadios e agudamente infectados tém concentracbes livres no PELF
equivalentes a 46% das concentracdes no fluido intersticial pulmonar, enquanto nos
animais cronicamente infectados esta razdo aumenta para 65%. Conclusdes: A
microdialise brénquica € uma ferramenta importante para elucidar a penetracao de
farmacos no PELF. Concentracbes plasmaticas livres de CIP aumentam com a
cronificacdo da infeccdo ndo se mostrando adequadas para ajustes posolégicos do

farmaco no tratamento de pneumonias.

Palavras-chave: Ciprofloxacino, microdidlise brénquica, microdidlise pulmonar,
infeccdo pulmonar aguda, infecgdo pulmonar crbnica, Pseudomonas aeruginosa

formadora de biofilme.






ABSTRACT

Ciprofloxacin free pulmonary and bronchial concentrations evaluated by
microdialysis in healthy and biofilm-forming Pseudomonas aeruginosa infected
Wistar rats
Purpose: To evaluate ciprofloxacin (CIP) pulmonary and bronchial concentrations
using animal models of acute and chronic biofilm-forming Pseudomonas aeruginosa
pneumonia. Methods: Acute pneumonia (2 days) was developed by intratracheal
inoculation of Wistar rats with 108 CFU/mL of non-mucoid biofilm-forming P. aeruginosa
(PA14) while chronic infection (14 days) was developed by inoculation of beads
impregnated with mucoid P. aeruginosa ATCC 27853 (10’ CFU/mL). Plasma,
pulmonary and bronchial (Pulmonary Epithelial Lining Fluid — PELF) pharmacokinetics
investigation was conducted following CIP 20 mg/kg i.v. bolus dosing. Microdialysis
probes (CMA 20® 4 mm, 20 kDa) were used to evaluate free pulmonary and bronchial
concentrations. For plasma concentrations, the carotid artery was cannulated. CIP
concentrations were determined by a HPLC/fluorescence validated method. Non-
compartmental analysis was conducted using Phoenix® software and pharmacokinetic
parameters statistically compared by ANOVA (Graphpad®) (a = 0.05). Results and
Discussion: Acute infection resulted in CIP intermediate plasma pharmacokinetic
parameters, between those previously reported for healthy and chronically infected
animals (TORRES et al., AAC, 61, 2017), with reduction of clearance due to
compromised drug’ elimination routes. A tendency of lower free interstitial pulmonary
concentrations due to acute infection was observed, with a 1.5 times reduction of
pulmonary penetration factor in comparison with healthy animals (fT = 1.60 to fT =
1.02), intermediate in comparison with that observed in chronically infected animals (fT
= 0.44). Free CIP concentrations were not altered in PELF due to infection. The
pulmonary/bronchial penetration factor showed that healthy and acutely infected
animals had free PELF concentrations equivalent to 46% of pulmonary interstitial fluid
concentrations, while in chronically infected animals this ratio increases to 65%.
Conclusions: Bronchial microdialysis is an important tool to elucidate drug’s
concentrations in PELF. CIP free plasma concentrations augment with infection

chronicity and are not adequate for posological adjustment to treat pneumonias.

Keywords: Ciprofloxacin, bronchial microdialysis, pulmonary microdialysis, acute
pulmonary infection, chronic pulmonary infection, biofilm-forming Pseudomonas

aeruginosa
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As concentracdes livres no sitio de acdo dos farmacos sao as
responsaveis pelo sucesso da terapia farmacolégica (DHANANI et al., 2010).
Entretanto, para a adequacdo de regimes posologicos de antimicrobianos,
assume-se que essas sejam semelhantes as concentracdes livres plasmaticas,
partindo-se da premissa de que o transporte do farmaco do plasma para o
tecido e vice-versa ocorre por difusdo. No entanto, sabe-se que para
antimicrobianos essa premissa nem sempre € verdadeira (ROTTBOLL & FRIIS,
2014), visto que transportadores de influxo e efluxo podem contribuir para que
as concentracbes teciduais sejam maiores ou menores do que as
concentracfes livres plasmaticas, como relatado recentemente pelo nosso
grupo de pesquisa para o levofloxacino avaliado na prostata e no pulméo de
animais sadios (HURTADO et al., 2014; ZIMMERMANN et al., 2015), bem
como em outros trabalhos publicados na literatura, como por exemplo, para a
amoxicilina avaliada no ouvido médio de animais sadios e infectados (HUANG
et al., 2007).

A falta de semelhanca entre as concentracdes livres plasmaticas e
teciduais de antimicrobianos pode também ser devida as alteracdes
observadas no tecido em funcdo do processo infeccioso e inflamatério a ele
associado. Alteracbes da temperatura local e pH tecidual, aumento da
permeabilidade vascular, extravasamento tecidual de proteinas e migracédo de
células de defesa podem aumentar a degradacdo local do antimicrobiano,
aumentar sua ligacdo tecidual as proteinas e aumentar a concentracdo
intracelular de farmacos, além de acarretar no aprisionamento local de
farmacos anféteros, como ocorre com as fluoroquinolonas (MARTINEZ et al.,
2006; TORRES et al.,, 2017). Essas alteragcdes podem produzir reducdo ou
aumento da concentracdo de farmaco livre no local da infeccdo, ndo havendo
mais correspondéncia com as concentracoes livres plasmaticas.

No caso de infec¢cdes causadas por microrganismos formadores de
biofilme, outros fatores podem alterar as concentracdes livres teciduais.
Biofiimes sdo agregados bacterianos envoltos por uma matriz polimérica
extracelular autoproduzida capazes de evitar a resposta imune inata do
hospedeiro (acéo fagocitica, opsonizacao de anticorpos, acdo do complemento
e acao ciliar do epitélio respiratério) (ELKHATIB & NOREDDIN, 2014). Relatos

na literatura indicam que a estrutura dos biofiimes dificulta a difusdo de
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antimicrobianos favorecendo, desse modo, a continuidade do processo
infeccioso. Estando nesse fenétipo os microrganismos podem apresentar uma
concentracéo inibitéria minima (CIM) cerca de 10 a 1000 vezes maior do que a
CIM da sua forma livre (planctonica). Além disso, na regidao basal do biofilme
estdo localizadas células com baixa atividade metabdlica, que podem nao ser
erradicadas diante de uma farmacoterapia convencional, considerando o
mecanismo de acao dos farmacos atuais, que necessitam que a bactéria esteja
em fase de crescimento para serem efetivos (DONLAN, 2002; CATALDI et al.,
2014; WILKINS et al., 2014).

Em se tratando de pneumonias, as concentragdes pulmonares totais de
antimicrobianos sdo avaliadas comumente utilizando-se técnicas como
lavagem bronco-alveolar (BAL), aspiracdo direta, homogeneizacdo de tecido,
analise de escarro e de secrecfes brbnquicas. Essas técnicas tém como
desvantagem a possivel superestimacdo das concentracdes dos farmacos
devido a eventual contaminacdo com o fluido intracelular, células e outras
secregbes (TYVOLD et al., 2007, 2010; ARAUJO et al., 2013). As técnicas
citadas permitem determinar as concentracbes totais do farmaco na matriz
biolégica, ou seja, 0 somatdrio das concentracdes livres e ligadas as proteinas,
mas inviabilizam o] conhecimento  das concentracoes livres,
farmacologicamente ativas, no tecido-alvo. Nesse contexto, a microdialise se
apresenta como uma técnica aplicavel ao monitoramento das concentracdes
livres dos farmacos em qualquer matriz bioldgica, livre de contaminantes,
possibilitando uma melhor compreenséao do processo de distribuicao tecidual e
dos fatores que podem influencia-lo tanto em tecidos sadios quanto em
processos infecciosos.

Nosso grupo de pesquisa tem utilizado a microdialise como ferramenta
para o estudo das concentracdes teciduais livres de antifingicos (DE ARAUJO,
et al. 2009; AZEREDO et al., 2012; ALVES, et al.,, 2017) e antimicrobianos
(FREDDO & DALLA COSTA, 2002; TASSO, et al., 2008; DE ARAUJO et al.,
2011; HURTADO et al., 2014; BERNARDI, 2016; ZIMMERMANN et al., 2015;
TORRES et al.,, 2017), em diferentes tecidos (figado, prostata, musculo,
pulmdo e cérebro). Temos também investigado a influéncia da infeccdo no

processo de distribuicdo de antimicrobianos e antifungicos (ARAUJO et al.,
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2009, ARAUJO et al., 2011; AZEREDO et al., 2012; BERNARDI, 2016;
TORRES et al., 2017).

Ao contrario das infec¢cdes agudas, caracterizadas pela presenca de
microrganismos plancténicos e cuja farmacoterapia ja é bem estabelecida na
literatura, as infeccBes cronicas, comumente associadas a formacdo de
biofilmes, requerem adequacao das doses de antimicrobianos utilizadas uma
vez que as posologias convencionais adotadas na clinica acabam por expor o
biofilme a concentracdes sub-terapéuticas. A erradicacdo dos biofilmes acaba
sendo mais dificil, visto que a vida em comunidade aumenta os mecanismos de
resisténcia e dificulta a permeabilidade de diversos farmacos, se comparada
com uma infeccdo por bactéria plancténica (DHANANI, et al., 2010).

Recentemente nosso grupo iniciou a investigacdo da influéncia do
biofilme bacteriano na penetracdo pulmonar de antimicrobianos através de dois
modelos de pneumonia por Pseudomonas aeruginosa formadora de biofilme
utilizando a microdialise para coleta das concentracdes livres teciduais. Um
modelo de infeccdo cronica utilizando beads de alginato impregnados com P.
aeruginosa mucoide (ATCC 27853), foi adaptado a partir dos relatos de
Johansen & Hoiby (1999) e um modelo de infec¢cado subaguda, que utiliza cepa
de P. aeruginosa ndo-mucoide (PA14) que, por ser mais virulenta, ndo precisou
da utilizacdo dos beads para produzir a infeccdo. Em ambos os modelos o
sistema imune dos animais nado foi alterado farmacologicamente. Torres e
colaboradores (2017), utilizando o modelo de infeccdo pulmonar crénica por
cepa mucoide, verificaram que houve reducdo na exposicdo tecidual ao
ciprofloxacino nos animais infectados (fator de penetracdo tecidual fT = 0,44)
guando comparados aos sadios (fT = 1,69). Bernardi (2016) demonstrou que a
tobramicina também tem sua penetracdo pulmonar reduzida (fT = 0,94 para fT
= 0,25) diante de infeccbes subagudas com P. aeruginosa formadora de
biofilmes ndo-mucoéides.

Nos estudos com bactérias formadoras de biofiime conduzidos até o
momento, as concentragfes livres de farmacos foram determinadas no
intersticio do tecido pulmonar, em regiées pulmonares mais irrigadas como a
zona respiratéria. No entanto, sabe-se que a pneumonia em geral inicia-se a
partir da adesdo bacteriana a mucosa brénquica e que a invasdo para o

intersticio tecidual ocorre apenas com a evolucdo da infeccéo (ZEITILINGER et
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al., 2005; KENTARCHOS et al; 2006). Desse modo, a concentracdo adequada
de antimicrobianos na mucosa e no fluido de revestimento epitelial pulmonar
(Pulmonar Epithelial Lining Fluid — PELF) pode significar inibicdo da adesao
bacteriana e da consequente invaséao tecidual. Em virtude do exposto, torna-se
importante investigar por microdidlise as concentracdes brénquicas livres de
antimicrobianos, obtidas ap6s administracéo sistémica dos farmacos, a fim de
determinar se concentracdes suficientes para erradicacédo de cepas formadoras
de biofilme sdo obtidas no PELF com as posologias tradicionais desses
farmacos.

No estudo com ciprofloxacino em modelo de pneumonia crénica com P.
aeruginosa formadora de biofilme mucoide (TORRES et al., 2017) foi levantada
a hipétese de que a reducdo das concentracfes intersticiais do farmaco
observada durante a infeccdo, em comparacdo com as determinadas em
pulméo sadio, poderia ser parcialmente devida a sua maior distribuicdo para o
PELF, em fungcédo do aumento de permeabilidade tecidual, extravasamento de
liquido e proteinas além da presenca do proprio biofilme nesse local. A
verificacdo dessa hipdtese e o teste da validade do modelo farmacocinético
populacional (popPK) previamente desenvolvido sdo o foco atual das
investigacoes do grupo.

O ciprofloxacino é uma fluoroquinolona de segunda geracdo que
apresenta boa penetracdo pulmonar. Na clinica, dentre outros usos, € utilizado
para evitar o declinio da funcdo respiratéria em pacientes fibrocisticos com
pneumonias causadas por P. aeruginosa, sendo administrado por via
intravenosa ou oral (CIPOLLA, BLANCHARD & GONDA, 2016). Pneumonias
por P. aeruginosa em pacientes fibrocisticos em geral tornam-se crénicas.
Desse modo, € fundamental conhecer os niveis de ciprofloxacino obtidos no
PELF em infec¢des agudas e crbnicas, na tentativa de utilizarem-se doses que
permitam evitar o agravamento de uma infecgdo aguda para um processo
cronico, cuja erradicacdo torna-se mais complexa devido ao amadurecimento e
ampliagéo do biofilme.

Atualmente ndo existem tratamentos especificos para erradicar
infecgdes pulmonares com biofilmes. Em geral sdo utilizadas as mesmas doses
adotadas para tratar microrganismos plancténicos. A maioria dos tratamentos

para pneumonias cronicas busca melhorar a qualidade de vida do paciente em
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funcdo da impossibilidade de erradicacdo bacteriana (CIOFU et al.,, 2014),

como ocorre em pacientes fibrocisticos.
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OBJETIVOS
.






O objetivo geral do estudo é comparar as concentracbes de
ciprofloxacino no PELF (brénquicas) e no intersticio pulmonar (pulmonares) em
animais sadios e com pneumonia aguda e crbnica induzida por cepas de P.

aeruginosa formadora de biofilme.

Os obijetivos especificos do trabalho séo:

o Determinar, através de microdialise, as concentracdes livres brénquicas
de ciprofloxacino (20 mg/kg i.v. bolus) em ratos Wistar infectados
cronicamente com P. aeruginosa formadora de biofilme (ATCC 27853);

o Determinar, através de microdialise, as concentracdes livres pulmonares
de ratos Wistar com infec¢cdo aguda por P. aeruginosa formadora de
biofilme ndo-mucdide (PA14), bem como as concentracbes plasmaticas

totais, apds dose Unica i.v. bolus de 20 mg/kg;

o Determinar, por microdidlise, as concentracbes bronquicas do
ciprofloxacino em ratos Wistar sadios, com infeccdo aguda por P.
aeruginosa formadora de biofilme ndo-mucoéide (PA 14) e crdnica por P.
aeruginosa formadora de biofilme mucdéide (ATCC 27853) apo6s dose

Gnica i.v. bolus de 20 mg/kg;
o Avaliar a influéncia da infeccdo bacteriana aguda e crénica na

penetracdo pulmonar e brénquica do ciprofloxacino através de andlise

farmacocinética nao-compartimental.
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REVISAO DA LITERATURA
.






1 Pneumonias bacterianas

Pneumonias resultam de infecgcbes no parénquima pulmonar devido a
exposicdo a microrganismos patogénicos (ALCON; FABREGAS & TORRES,
2005) que conseguem transpor barreiras como a filtracdo de particulas pelas
vias respiratorias, o clearance mucociliar e acdo da resposta imune composta
por macréfagos alveolares, neutrofilos e anticorpos circulantes (KUKAVICA-
IBRULJ & LEVESQUE, 2008). O PELF é um dos mais importantes alvos das
infeccbes respiratérias por patdgenos extracelulares. Encontra-se isolado do
compartimento vascular por uma membrana capilar ndo fenestrada e um
epitélio contendo juncbes celulares justapostas (tight junctions) (RODVOLD;
GEORGE & YOO, 2011). Segundo a revisdo de Dhanani e colaboradores
(2010), com o avanco da infec¢céo, o patdégeno passa do PELF para o epitélio
pulmonar acarretando sua lesdo e posterior entrada no intersticio pulmonar,

caracterizando um quadro de pneumonia (Figura 1).

Patégeno

PELF
N\ -2

Camada de muco

Macréfagos

Cilios

Células do Epitélic Respiratério .

Intersticio Pulmonar

Parede Capilar
->

Capil
iz,

Figura 1. Representacao esquematica da barreira hemato-pulmonar.

bY

A dificil erradicacdo das bactérias do PELF se deve em parte & sua

localizac@o no escarro e na mucosa brénquica, pois se encontram distantes da
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resposta do hospedeiro. Além disso, mdltiplos mecanismos de resisténcia
bacteriana aos antimicrobianos contribuem para a sobrevivéncia desses
patégenos, estando envolvidos na (1) prevenc¢do de acesso ao alvo, limitando a
entrada de antimicrobianos a partir de alteracbes de proteinas de transporte
como as porinas, ou aumentando a expressdao de bombas de efluxo
(MESAROS et al.,2007; LEID et al.,2009); (2) modulacdo do sitio alvo de
atuacdo do antimicrobiano; (3) modulacdo do antimicrobiano através de
degradacéo enzimatica (producao de B-lactamases, por exemplo) ou inativacéo
quimica (BALDWIN; HONEYBOURNE & WISE, 1992; LODISE; LOMAESTRO
& DRUSANO, 2007; MESAROS et al., 2007; BEAUDOIN et al., 2010; KONTOU
et al.,, 2011; TAYLOR et al. 2014). De maneira geral, infec¢cdes pulmonares
agudas estdo relacionadas a procedimentos de intubacdo para ventilacdo
mecanica e aspiracdo de conteudo da orofaringe. Quadros crénicos envolvem
inalacdo de aerossois, presenca de colonizagdo bacteriana e formacao de
biofilmes, sendo consideradas também como infec¢des tardias (FRICKS-LIMA
et al.,, 2011). Estas se caracterizam pela progressdo da doenca devido a
inabilidade da resposta imune do paciente em combater a infeccdo. Nesse
cenario, a presenca de biofilmes dificulta a atuacdo do sistema imune do
hospedeiro (ROBERTS & KRAGH, 2015). No inicio da infeccdo as
concentracdes livres de antimicrobianos no PELF s&o importantes para evitar a
colonizacdo e o desenvolvimento da infeccdo. Na infeccao crénica, no entanto,
as concentracdes do farmaco no liquido intersticial pulmonar passam a ser
determinantes para a erradicagcdo da infeccédo. Zeitilinger, Muller & Joukhadar
(2005) em sua revisdo sobre uso da microdidlise para avaliar concentracdes
pulmonares de antimicrobianos, destacaram que fluoroquinolonas e
macrolideos, por exemplo, acumulam-se nas células e isso poderia resultar em
concentracfes mais elevadas desses farmacos em homogeneizados de tecido

e no PELF do que no fluido intersticial pulmonar.

1.1 Pneumonias crénicas com formagao de biofilmes

Os biofilmes sdo um modelo de agregacdo bacteriana que adere a
superficies bidticas ou abioéticas, originado em resposta a alteracées ambientais
gue possam, por exemplo, colocar em risco a sobrevivéncia da espécie

(resposta imune do hospedeiro, falta de nutrientes, presenca de
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antimicrobianos) (CATALDI et al., 2014). Sao constituidos de uma matriz
polimérica composta por lipidios, proteinas, acido desoxirribonucleico (DNA) e
polissacarideos bacterianos. A formagcdo dos biofilmes é modulada pelo
mecanismo de quorum sensing, que coordena a expressao génica de maneira
a liberar moléculas auto-indutoras que indicam a necessidade de agregacao ou
desagregacao dos microrganismos (FRICKS-LIMA et al., 2011; KONEMAN,
2012).

Os biofilmes estdo presentes nas infec¢cdes crbnicas por doencas
prévias que acabam por favorecer a invasao e 0 crescimento microbiano.
Podem levar a colonizacdo inicial de superficies de diversos 6rgdos como
pulmdes, rins, coracao e tecido epitelial, como ocorre na fibrose cistica, na qual
0 paciente apresenta uma grande viscosidade e hiperosmolaridade do muco
ciliar que favorece o crescimento de microrganismos; ou mesmo por doencas
provocadas por contaminagcdo de superficies abidticas, como nas infec¢des
associadas a cateteres intravenosos e pneumonias por ventilagdo mecanica
(CATALDI et al., 2014; WILKINS et al., 2014).

Em muitos casos, os patdgenos extracelulares responsaveis pelas
infeccdes das vias aéreas podem ser cepas formadoras de biofilme, como é o
caso do Streptococcus pneumoniae e do Staphylococcus aureus, que se
localizam predominantemente nos sitios nasal, faringeo e traqueobrénquico, e
P. aeruginosa, que tem afinidade por células do epitélio ciliado traqueal
(FRICKS-LIMA et al., 2011). A invasdo dos pulmdes ocorre quando as
bactérias passam pela traqueia. A exemplo, casos em que bactérias aderidas
ao aparato de ventilacdo mecéanica colonizam e formam biofilme em menos de
12 h apds o procedimento de intubacdo (FRICKS-LIMA et al.,, 2011). Essas
bactérias aderidas podem se desprender da superficie do dispositivo de
intubacdo passando a se localizar nos pulmdes, no PELF dos bronquios
(ALCON; FABREGAS & TORRES, 2005; TYVOLD et al., 2007; CATALDI et al.,
2014) e, a medida que o processo infeccioso evolui, acaba por se estender
para o intersticio pulmonar (DHANANI et al., 2010). A formacéo de biofilme no
trato respiratério também pode ocorrer devido a passagem da bactéria da
forma plancténica a forma de biofilme diante de ameacas ou condicOes
ambientais favoraveis, como ocorre com 0 patdgeno oportunista P. aeruginosa,

qgue forma biofilmes principalmente no trato respiratério inferior, levando a
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cronificacdo da infeccdo (AOKI et al., 2008; BEAUDOIN et al., 2010;
SHUNMUGAPERUMAL, 2010).

1.1.1 Pneumonias por biofilmes de Pseudomonas aeruginosa

Pseudomonas aeruginosa € um bacilo gram-negativo oportunista que
atinge preferencialmente pacientes imunocomprometidos, sendo responsavel,
anualmente, por importantes infecgcbes nosocomiais, como pneumonias por
ventilagdo mecanica, infeccdes relacionadas a cateteres bem como
pneumonias em unidades de tratamento intensivo (LYCZAK; CANNON & PIER,
2000; ELKHATIB & NOREDDIN, 2014), sendo seu estudo cada vez mais
relevante em ambientes hospitalares (LYCZAK; CANNON & PIER, 2000;
SIEVERT et al., 2013; SHARMA et al., 2014).

Pseudomonas aeruginosa pode apresentar fendtipo formador de
biofilme, aderindo a superficies bidticas e abibticas, desprendendo-se e
colonizando outras regides do hospedeiro. Como na forma planctbnica, na
forma de biofilme, a resisténcia a diversos antimicrobianos inclui mecanismos
como bombas de efluxo, modificacbes enzimaticas e dificuldade de penetracéo
do antimicrobiano na matriz, fazendo com que o farmaco permaneca na
superficie do biofilme, ou até mesmo inativacdo do farmaco por ligacdo
covalente com componentes da matriz polimérica extracelular (SHARMA et al.,
2014).

O biofilme de P. aeruginosa pode apresentar-se mucoéide (como na cepa
ATCC 28753) ou ndo-mucdide (como nas cepas PAl14 e PAO1L). O fendtipo
mucodide estd associado a desfechos clinicos desfavoraveis (AUERBACH et al.,
2015), sendo que a bactéria nessa forma de biofilme pode sobreviver em
superficies inanimadas por 48 horas, eventualmente até oito dias (escarro
deixado em superficie seca, por exemplo) (CANTON et al., 2015). O biofilme
mucoide apresenta maior producdo de alginato na matriz polimérica
extracelular e confere a bactéria potencial para cronicidade, podendo ser
encontrado na zona condutora e na zona respiratoria pulmonar (CIOFU et al.,
2014). O fendtipo ndo-mucoide garante sobrevida a bactéria por até 24 horas
em superficies inanimadas (CANTON et al., 2015), costuma estar localizado na

zona pulmonar condutora e apresenta reduzida producdo de alginato, que
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deixa de ser o componente majoritario da matriz (WOZNIAK et al., 2003a;
BRAGONZI et al., 2005; CIOFU et al., 2014). Sendo assim, outros polimeros
apresentam-se como principais formadores de matriz, como o Pel
(polissacarideo de manose e galactose) e o Psl (polissacarideo de glicose),
responsaveis pela integridade da matriz, tendo papel na formacdo de
microcolbnias e na adesdo a superficies, respectivamente (RYBTKE et al.,
2015).

O alginato € um polimero acetilado composto por monémeros de acido
manurdnico e acido gulurénico (BARTH & BARROS, 2001; WOZNIAK et al.,
2003a; RYBTKE et al., 2015) que confere aos biofilmes sua estrutura
tridimensional bem como a aparéncia mucoéide das colénias de Pseudomonas
quando em meio de cultura (CATALDI et al., 2014). Além disso, ele previne a
fagocitose por células do hospedeiro e liga-se a antimicrobianos catiénicos
como os aminoglicosideos (BJARNSHOLT et al., 2008), dificultando a acéo
desses.

Os biofilmes de P. aeruginosa podem ser encontrados impregnados ao
muco na zona condutora (traquéia, bréonquios e bronquiolos), contrapondo-se
as formas plancténicas predominantemente localizadas na zona respiratéria
(bronquiolos terminais, bronquiolos respiratorios, ductos alveolares e sacos
alveolares) sendo essa regido rica em polimorfonucleares do hospedeiro,
susceptivel, portanto, a resposta inflamatéria (WANG et al., 2014; RABIN et al.,
2015). Desse modo, os pacientes podem apresentar quadros de infeccao
localizada, em que mesmo com a funcdo pulmonar aparentemente normal,
coexistem regides destruidas pela resposta inflamatéria gerada pela presenca
dos biofilmes (BJARNSHOLT et al., 2009).

A infeccao por P. aeruginosa comumente predomina em pacientes mais
velhos, sendo responsavel pela cronicidade de 90% das infec¢gdes em adultos
fibrocisticos (TRE-HARDY et al., 2009). E comum a infeccdo em pacientes
jovens infectados previamente por S. aureus, havendo piora no progndstico dos
pacientes devido a presenca de P. aeruginosa (DA SILVA FILHO et al., 2013).
Cepas nao-mucoides, como a PA14, sdo mais virulentas e estdo envolvidas na
colonizagéo inicial das vias aéreas inferiores em pacientes fibrocisticos
(WOZNIAK et al., 2003b; BRAGONZI, 2010).
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2 Modelos animais de infeccdo pulmonar

Os processos infecciosos acarretam mudancas na permeabilidade
tecidual, alterando a distribuicdo dos farmacos nos seus respectivos sitios-alvo.
Modelos animais podem auxiliar a investigacdo de diferentes estdgios da
infeccdo, mimetizando a patofisiologia da doenca. Sua utilizacdo em estudos
pré-clinicos visa refletir um quadro infeccioso em humanos sem interferéncia de
comorbidades (BIELEN et al., 2017).

2.1 Modelos de infec¢cdo aguda

Modelos de infeccdo aguda s&do considerados ideais para investigar
quadros de pneumonia ndo associados a fibrose cistica, permitindo avaliar as
concentracdes de um farmaco diante da colonizacao bacteriana, sendo comum
sua aplicacdo em estudos de viruléncia e imunoprofilaxia (JOHANSEN; CRYZ
JR & HQIBY, 1994; MUNDER et al., 2011). Através deles podem-se mimetizar
patologias como pneumonias agudas e pneumonias adquiridas em ambiente
hospitalar (BIELEN et al., 2017).

Na literatura, os modelos de infeccdo sédo descritos majoritariamente em
camundongos, fazendo uso de bactérias com fenétipo plancténico. O método
de inoculacdo pode variar, podendo envolver administracdo intranasal,
intratraqueal, transtraqueal ou por inalacdo de aerossol (BIELEN, et al., 2017).
O modelo agudo de infeccdo pulmonar tem sua duracao influenciada pela acéo
do clearance pulmonar do animal, através da acdo dos macréfagos alveolares
sob o inéculo bacteriano. A carga bacteriana acaba por diminuir em dois a trés
dias apds inoculagcdo, levando inclusive a erradicagdo completa dos
microrganismos (JOHANSEN et al, 1993; JOHANSEN & HOIBY, 1999;
HEECKEREN et al., 2006; BRAGONZI, 2010).

Embora os modelos de infecgcdo aguda permitam grandes contribuicbes
na pesquisa com antimicrobianos, a desvantagem que se apresenta importante
€ a alta mortalidade dos animais em funcdo da necessidade de utilizacdo de
inéculos muito concentrados a fim de evitar o clearance pulmonar, que muitas
vezes levam a quadros de bacteremia (BAKKER-WOUDENBERG et al., 2002;
BIELEN, et al., 2017).
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Com base no modelo de Johansen & Hoiby (1999), nosso grupo de
pesquisa desenvolveu um modelo de infec¢cdo subaguda de sete dias através
da administracéo intratraqueal de um inoculo de P. aeruginosa (PA 14) néo-
mucoide, sem utilizacdo de beads para aprisionar a bactéria. Esse modelo foi
aplicado ao estudo da penetracdo pulmonar da tobramicina em ratos Wistar
infectados. A tobramicina € inativada na presenca do alginato, assim a cepa PA
14 foi escolhida em virtude de o alginato ndo ser o componente majoritario da
matriz do biofilme, evitando esse processo (BERNARDI, 2016). Os resultados
mostraram que a infeccdo subaguda com formacéo de biofilme néo alterou a
farmacocinética plasmatica da tobramicina apds dose i.v. bolus de 10 mg/kg,
entretanto reduziu em cerca de 70% a penetracdo pulmonar do farmaco. Desse
modo, as concentracdes plasmaticas da tobramicina, utilizadas para ajuste

posologico, superestimam as concentracdes ativas no pulméo infectado.

2.2 Modelos de infec¢éo cronica

Modelos cronicos sao utilizados em geral para estudos que envolvam a
fibrose cistica (KUKAVICA-IBRULJ & LEVESQUE, 2008), pois neles sao
encontradas propriedades semelhantes as que se apresentam na pratica
clinica, como a persisténcia do indculo no individuo e alteracbes na
histopatologia pulmonar, vista atraves de inflamacdo das vias aéreas
superiores, brénquios e parénquima pulmonar. Sao largamente aplicados
guando se deseja avaliar as concentracdes teciduais de um farmaco diante de
bactérias formadoras de biofilmes.

Quanto a utilizacdo de espécies animais, este modelo apresenta-se mais
diversificado do que os modelos de infeccdo aguda, sendo encontrados
estudos em ratos, camundongos, porcos e outras espécies. A sua principal
caracteristica, justamente advinda da formacdo de biofilmes, € a imobilizagédo
das bactérias em beads (esferas de alginato ou &gar, por exemplo)
(JOHANSEN et al., 1993; JOHANSEN; CRYZ JR &HQIBY, 1994) ou entdo o
aumento do numero de administragbes do inoculo utilizado caso ndo seja
adotada a utilizacdo de beads (HEECKEREN et al., 2006). Uma vez no pulméo
do animal, os beads permitem que o biofiime se desenvolva sem que sofra

acado da resposta imune do hospedeiro a ponto de elimina-lo precocemente.
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Além de sua grande aplicacdo no ambiente cientifico, o uso de modelos
cronicos ainda apresenta como vantagens a auséncia de bacteremia e a baixa
mortalidade dos animais (BAKKER-WOUDENBERG et al., 2002).

Johansen & Hoiby desenvolveram um modelo experimental de infeccéo
pulmonar cronica em ratos, utilizando o aprisionamento bacteriano em beads
de alginato, a partir de modificacbes do protocolo descrito por Cash e
colaboradores (1979) que utilizava beads de agar. Como o alginato é o
componente majoritario da matriz do biofilme da maioria das cepas de P.
aeruginosa a utilizacdo de beads dessa substancia impregnados com a
bactéria para inducdo da infeccdo se assemelharia ao processo que ocorre nos
pacientes infectados por esse patdégeno. Em nosso grupo de pesquisa, através
de pequenas modificacbes no modelo de Johansen & Hoiby (1999),
padronizamos um modelo de infeccdo pulmonar cronica por P. aeruginosa
(ATCC 27853) de 14 dias, cuja aplicacdo permitiu avaliar a influéncia da
infeccdo pulmonar por bactéria formadora de biofilme na penetracdo tecidual
do CIP (TORRES et al.,, 2017), conforme relatado anteriormente. Utilizando
esse protocolo de infeccdo cronica, diferencas significativas foram observadas
no clearance plasmatico (1,59 + 0,41 L/h/kg e 0,89 + 0,44 L/h/kg) e na
constante de eliminacéo (0,23 + 0,04 h'* e 0,14 + 0,08 h'') do CIP entre ratos
sadios e infectados apés dose i.v. bolus de 20 mg/kg, resultando em uma
exposicdo plasméatica maior nos animais infectados (ASCo- = 27,3 + 12,1
pMg-h/mL) quando comparados com os animais sadios (ASCo-» = 13,3 + 3,5
Mg-h/mL) (a0 = 0,05). Apesar da maior exposicdo plasmatica, quando
comparados com os animais saudaveis (fT = 1,69), animais infectados
apresentaram uma penetracdo pulmonar quatro vezes menor (fT = 0,44), sem
haver, no entanto, diferencas na constante de eliminacdo pulmonar entre os

dois grupos.

3. Microdialise

No estudo de distribuicdo do farmaco é importante avaliar as
concentracbes livres teciduais, tendo em vista que o sitio da infeccdo
geralmente é o fluido intersticial. Nos tratamentos de processos infecciosos

utiliza-se do monitoramento das concentracdes plasmaticas para estimar as
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concentracdes livres teciduais dos farmacos no local da infeccdo, realizando
assim, o ajuste de doses para o paciente, partindo-se da premissa que a
difusdo governa o processo de transporte do farmaco do plasma para o tecido
e vice-versa (ZEITLINGER; MULLER & JOUKHADAR, 2005; ONG et al., 2013;
KUTI & NICOLAU, 2015). Entretanto, para muitos antimicrobianos, a relacao
entre as concentragfes plasméticas livres e teciduais pode ser diferente da
esperada por difusdo, pois processos de transporte via transportadores de
influxo e efluxo contribuem para o aumento ou a reducdo das concentracdes
livres teciduais em relacdo as concentragdes livres plasmaticas (ARAUJO et
al., 2013; HURTADO et al., 2014b; ZIMMERMANN et al., 2015).

Alteracdes de pH tecidual, mudancas nas ligagcbes as proteinas e
possiveis alteracdes na farmacocinética do farmaco devido ao estadiamento da
infeccdo também podem influenciar nas concentracdes locais livres
(MARCHAND et al., 2016). Ha que considerar ainda a anatomia do pulmao,
que por conter diferentes compartimentos (intersticio e PELF) pode apresentar
concentracfes variadas conforme o local avaliado. Em infec¢des no interior dos
brénquios, é possivel que o antimicrobiano se concentre na parede ou no
limen bronquial em caso de patdgenos extracelulares (ZEITLINGER; MULLER;
JOUKHADAR & 2005; MARCHAND et al., 2016). Dessa forma, a quantificacéo
das concentracfes deve ser realizada nos tecidos ou em fluidos relevantes
como o PELF ao invés de utilizar da determinacdo das concentracdes
plasmaticas como preditivas das concentracdes teciduais (MARCHAND et al.,
2016).

Entre as metodologias disponiveis para determinar as concentracdes de
farmaco nas vias aéreas e no PELF a microdidlise é a ferramenta que permite
a obtencdo da fracdo livre do farmaco, farmacologicamente ativa, no tecido
alvo utilizando para isso um numero reduzido de animais (RODVOLD; HOPE &
BOYD ,2017).

Na microdialise uma sonda, continuamente irrigada com uma solugéo de
perfusdo, é inserida no tecido de interesse e as amostras de dialisado contendo
o farmaco que se difundiu do tecido para a sonda sdo coletadas apés a
exposicdo do liquido de perfusdo a uma membrana semipermeéavel que esta
em contato com o tecido (Figura 2). Devido ao cut-off de 20 kDA, a membrana

da sonda permite apenas a passagem de moléculas de baixo peso molecular,
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consequentemente nado ligadas a proteinas (BRUNNER & LANGER, 2006;
KENTARCHOS, 2006; CHAURASIA et al., 2007; HAMMARLUND-UDENAES et
al., 2017). Em funcédo do baixo fluxo de perfusdo se estabelece uma condicéo
sink entre o liquido de perfusdo, isosmético com o liquido intersticial (Ringer,
salina, Ringer lactato, entre outros) e o meio intersticial, permitindo a difusédo de
sustancias de baixo peso molecular presentes no tecido, e ausentes no
perfundido. A condicéo sink, na qual ndo ha equilibrio de concentracbes da
molécula sob investigacao entre o liquido de perfusdo e o liquido intersticial,
mimetiza um capilar sanguineo, carreando o farmaco do local onde a sonda é
colocada (CHAURASIA et al., 2007; GUILLON et al., 2018). O fluido coletado,
chamado de microdialisado, pode entdo ser analisado sem pré-tratamento,
diferentemente das coletas de sangue ou lavagem broncoalveolar, em que o
farmaco precisa ser extraido da matriz por meio de técnicas como precipitacao

de proteinas ou extracdo liquido-liquido, entre outras.
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Figura 2. Representacdo esquematica da sonda de microdialise. A técnica

permite a coleta da fracdo livre do farmaco, nédo ligada as proteinas, por meio
de processo difusional.

Como na microdidlise se trabalha em condicdo sink o equilibrio de
difusdo néo é alcancado, sendo necessario conhecer-se a taxa de recuperacao
relativa das sondas que expressa o percentual da concentracdo real tecidual
gue a sonda consegue coletar. Sabendo-se a recuperacéo relativa da sonda
para o farmaco de interesse € possivel determinar as concentracdes livres

teciduais reais e, desse modo, analisar o processo de distribuigéo tecidual do
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mesmo (ARAUJO et al., 2009; HAMMARLUND-UDENAES et al.,, 2017,
GUILLON et al., 2018).

A microdidlise é uma técnica versatii que permite avaliar as
concentracdes livres em diferentes tecidos, como o tecido pulmonar (TORRES
et al, 2017), renal (ARAUJO et al., 2009), hepatico (ANDRADE et al., 2014),
prostatico (HURTADO et al., 2014a), dentre outros. Em se tratando de
pneumonias, ela pode ser uma grande aliada na obtencdo de informagdes
sobre a penetrabilidade de farmacos no tecido infectado em relacdo ao sadio.
Na literatura, para o estudo de infeccbes do parénquima pulmonar, a

microdialise divide-se em microdiélise pulmonar e brénquica.

3.1 Microdialise pulmonar

Nessa técnica o animal é entubado para em seguida ser realizada uma
incisdo entre duas costelas para acessar o pulmao. A sonda de microdialise é
inserida no lobo médio direito a partir de um orificio aberto com auxilio de uma
agulha (Figura 3). Embora a sonda também esteja em contato com o alvéolo,
as trocas que ocorrem por dialise acontecem entre a fase fluida e ndo com o ar
alveolar (ZEITLINGER; MULLER & JOUKHADAR & 2005; DHANANI et al.,
2010). A vantagem da microdialise pulmonar € que permite monitorar de forma
dindmica o perfil concentragcédo versus tempo no liquido insterticial pulmonar. A
desvantagem para a aplicabilidade clinica é que costuma estar restrita a
pacientes cuja situagdo requera cirurgia toracica (ZEITLINGER; MULLER &
JOUKHADAR, 2005).

A microdidlise pumonar em geral € utilizada para investigar as
concentracOes teciduais de antimicrobianos, visto seu potencial para elucidar
0s niveis adequados de farmaco no sitio da infeccdo. Marchand e
colaboradores (2008) utilizaram a técnica para investigar a distribuicdo do
levofloxacino em ratos, a fim de avaliar possivel influéncia de transportadores
de efluxo como a glicoproteina-P (P-gp). Os autores determinaram um fator de
penetracdo tecidual de 1,06 sugerindo distribuicdo por difusdo passiva para o
levofloxacino. Em 2015, em um estudo do nosso grupo de pesquisa,
Zimmermann e colaboradores utilizaram a microdidlise para avaliar a presenca

influencia da P-gp através na distribuicdo tecidual desse farmaco apoés
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administracdo intravenosa e intratraqueal do levofloxacino associado a um
inibidor de P-gp, o tariquidar. Para o grupo da administragéo intratraqueal, a
presenca do inibidor aumentou a biodisponibilidade de 40% para 86% em
relacdo ao grupo que recebeu a dose de levofloxacino sem o inibidor.
Entretanto, verificou-se que a P-gp tem um impacto menor no efluxo do pulméao

7z

quando o farmaco é administrado por via intravenosa, visto que nao houve
diferenca na penetracdo pulmonar entre os grupos com (fT 0,69) e sem (fT
0,81) inibidor para essa via de administracdo. Esse resultado-se deve a

localizac&o da P-gp na regido apical dos pneumacitos.
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Figura 3. Representacdo da microdidlise pulmonar: a) Sonda de microdialise
inserida no lobo médio direito; b) Detalhe do posicionamento da sonda no
intersticio (Adaptado de KIEM & SCHENTAG, 2008).

Além da investigacdo da penetracdo de farmacos em tecidos sadios, a
microdialise pode ser empregada para avaliar a penetracdo tecidual em tecidos
infectados, como no estudo de Mauric e colaboradores (2010), que avaliaram
as concentracoes teciduais de fluconazol no tecido pulmonar de animais sadios
e seépticos, verificando que o processo inflamatorio ocasionado pela infecgéo
nao altera a capacidade do farmaco de penetrar nos tecidos afetados.

Embora forneca dados de grande valia para a elucidagcdo das

concentragbes que efetivamente atingem o sitio alvo, quando se trata de
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processos infecciosos, as concentracdes de antimicrobianos que conseguem
permear as membranas bioldgicas a fim de chegar a mucosa brénquica
tornam-se importantes para a prevencado da colonizagdo bacteriana, evitando
gque o microrganismo lesione o tecido e venha a invadir o intersticio,
caracterizando um quadro de pneumonia intersticial (KENTARCHOS et al.,
2006). Nesse aspecto, a microdidlise broénquica se apresenta como uma
ramificacdo da técnica de microdialise que permite a determinacdo das
concentragdes livres no PELF (EISENBERG et al., 1993; AOKI et al., 2008 ;

ZHANG et al., 2010)

3.2 Microdialise brénquica

Apesar da existéncia de relatos na literatura de estudos de microdialise
brénquica, essa técnica pode ser considerada ainda pouco explorada,
especialmente em roedores. Na microdialise brénquica a sonda € inserida
diretamente no brénquio do animal, mediante anestesia (EISENBERG et al.,
1993; AOKI et al., 2008) (Figura 4). A técnica foi inicialmente desenvolvida por
Eisenberg e colaboradores (1993) em ratos sadios, nos quais foram avaliadas as
concentracfes de tobramicina e gentamicina apds dose i.v. bolus dos farmacos,
obtendo-se taxas de penetracdo bréonquica de 0,36 + 0,06 e 0,56 + 0,09 para
gentamicina e tobramicina, respectivamente.

Em 2008, Aoki e colaboradores avaliaram as concentragfes livres
brénquicas de ulifloxacino por BAL e microdidlise em ratos que receberam o
farmaco por via intravenosa (7,9 mg/kg, infusdo 2,5 mg/kg/h), utilizando ureia
como marcador endégeno. A microdialise permitiu a obtencdo da razao das
concentracdes livres de ulifloxacino no PELF/concentracfes livres plasmaticas
(2,90 £ 0,18), caracterizando a taxa de penetracdo brénquica do farmaco.
Quando comparados aos dados de penetracdo encontrados por BAL (4,59 +
0,23) que relaciona a concentracao total de farmaco no PELF pela concentracéo
livre plasmatica, vé-se a importancia da microdidlise para esclarecer as

concentracOes efetivas para a agao antimicrobiana.
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Figura 4. Esquema da implantacdo da sonda de microdidlise brénquica: a)
sonda de microdialise entre brénquio primario e secundario do animal; b)
Detalhe do posicionamento da sonda no PELF (Adaptado de KIEM &
SCHENTAG, 2008).

O potencial de formulacdo inalatéria de azitromicina foi avaliado por
Zhang e colaboradores (2010) em ratos, através da microdidlise bréonquica.
Foram comparadas as administracfes intravenosa e intratraqueal do farmaco.
A técnica permitiu verificar que diante de administracdes intratraqueais o
farmaco atinge concentracbes maiores no PELF, havendo menor passagem
para a corrente sanguinea devido a acao fagocitica dos macréfagos. J& na
administracdo intravenosa, a azitromicina tem sua retencdao prolongada em
nivel celular, o que contribui para menores concentracées no PELF. Isso pode
ser verificado pela avaliacdo da exposi¢cdo observada apds dose intratraqueal
(ASCo-» 226,31 £+ 121,56 mg-h/L), que se apresentou cerca de 83 vezes maior
do que a exposicdo observada ap6s dose intravenosa (ASCow 2,74 + 1,18
mg-h/L).

Ha relatos na literatura de estudos que avaliam a necessidade da
utilizacdo de marcadores de permeabilidade para garantir que a sonda inserida
no brénquio esta em contato com o PELF. No monitoramento do PELF a sonda
de microdialise é colocada no lumen brénquico, relativamente rigido, e que se
encontra em constante movimento devido ao ciclo respiratorio. Assim, a
utilizacdo de um marcador permitiria aumentar a exatiddo do método e garantir

gue a membrana da sonda esta posicionada corretamente, apesar do ciclo
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respiratorio (BALDWIN; HONEYBOURNE & WISE, 1992; TYVOLD et al., 2007,
2010). Em 2007, Tyvold e colaboradores investigaram possiveis marcadores de
permeabilidade para a microdiélise brénquica de porcos, incluindo ureia, lactato
e isocianato fluoresceina-dextran (FD-4). Os estudos de microdialise brénquica
com utilizacdo de marcadores de permeabilidade e de lesdo ou contaminacao
foram realizados em animais de médio porte (porcos). Poucos sdo os relatos
sobre a utilizacdo desses marcadores em roedores, 0 que pode ser devido ao
reduzido numero de estudos realizados nessa espécie ou a ndo necessidade
de sua utilizacdo (TYVOLD et al.,, 2010). Até o momento, dois estudos que
aplicam microdialise brébnquica em roedores néo utilizaram esses marcadores
(EISENBERG et al.,1993 e ZHANG et al., 2010) e um estudo utilizou ureia
como marcador enddgeno (AOKI et al., 2008).

4 Farmacoterapia antimicrobiana

A estratégia adotada para o tratamento de processos infecciosos
consiste em implementar medidas profilaticas, erradicacdo da infeccdo ou
supressdo da infeccdo crénica (FLUME & VANDEVANTER, 2014). O
tratamento das infeccbes causadas por bactérias formadoras de biofilmes faz
uso das mesmas doses de antimicrobianos que séo utilizadas no tratamento
dos processos ocasionados por bactérias planctonicas, ndo-formadoras de
biofilmes. Entretanto, o biofilme funciona como mecanismo de tolerancia aos
antimicrobianos devido a sua heterogeneidade (CIOFU et al., 2017) de maneira
que concentragfes insuficientes do farmaco sdo atingidas no sitio alvo. Além
disso, os biofilmes possuem camadas de células em diferente situacdo de
atividade metabodlica e as células em estado de laténcia, a medida que o
tratamento € descontinuado visto a evolugdo positiva do paciente, levam a
recidiva da infec¢cao (FRICKS-LIMA et al., 2011; RYBTKE et al., 2015). Ainda,
0s antimicrobianos podem se ligar aos componentes da matriz ou da proépria
membrana dos microrganismos inativando o farmaco e diminuindo sua
penetracdo no biofilme (CIOFU et al., 2014). E sabido também que os genes
responsaveis pelo desenvolvimento de resisténcia acabam sendo expressos no
biofilme e ndo na fase planctonica do microrganismo (FRICKS-LIMA et al.,
2011; ELKHATIB & NOREDDIN, 2014).
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Segundo a revisao de Ciofu e colaboradores (2017), para cada classe de
antimicrobianos alguns fatores especificos sdo mais importantes para o
desenvolvimento de tolerancia, seja fisica, fisiologica ou adaptativa, por parte
dos biofilmes. No caso das fluoroquinolonas, a tolerancia fisica por parte da
matriz ndo tem impacto tdo relevante como ocorre com os B-lactamicos, que
tem sua difusdo parcialmente prejudicada. Entretanto, a atividade das
fluoroquinolonas é fisiologicamente afetada por condicbes de anaerobiose, e
adaptativamente em funcdo do aumento da expressédo das bombas de efluxo
em resposta a acdo do antimicrobiano. Aminoglicosideos, seguindo a mesma
|6gica, teriam prejuizos tanto na difusdo, quanto diante de células que nao
estdo em divisdo, bem como por influéncia de bombas de efluxo. Dessa forma,
a combinagéo de dois ou mais antimicrobianos torna-se ideal para atuar em
diferentes frentes a fim de erradicar a infeccao.

Uma das estratégias para o tratamento de infec¢Bes por biofilmes é a
administracdo de adjuvantes que atuem no processo de formacdo dos
biofilmes, seja utilizando moléculas quelantes, inibidores de bombas de efluxo,
enzimas ou inibidores de quorum sensing em associacado com o antimicrobiano
(FLUME & VANDEVANTER, 2014; CIOFU et al., 2015).

Em pacientes fibrocisticos, as doses adotadas para o tratamento séo
diferenciadas em relacdo a pacientes nao portadores da doenca. Preconiza-se
a prevencdo da coloniza¢do, pois uma vez que a infec¢do por P. aeruginosa
cronifica, raramente € erradicada, visto a formacéo de biofilmes e consequente
dificuldade em atingir as concentracdes efetivas do antimicrobiano na mucosa
respiratoria (CANTON et al.,, 2015). O tratamento nesse caso envolve
combinagcdo de diferentes antimicrobianos bem como distintas vias de
administracdo (intravenosa, inalatoria e oral). Dentre os esquemas posologicos
tem-se, por exemplo, a utilizacdo de tobramicina inalatéria por 28 dias
associada a ciprofloxacino por via oral (30 mg/kg/dia) (DAS; KABRA & SINGH,
2013). No tratamento das exacerbacdes (quadros agudos) a terapia empirica
baseada no teste de sensibilidade in vitro nem sempre corresponde a realidade
in vivo, dessa forma, séo utilizadas associa¢cdes de dois antimicrobianos com
distintos mecanismos de acdo como, por exemplo, p-lactamicos

antipseudomonas associados a fluoroquinolonas (CANTON et al., 2015).
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Atualmente ndo existem tratamentos especificos para erradicar
infecgbes pulmonares com biofilmes. A maioria dos tratamentos busca
melhorar a qualidade de vida do paciente em caso da impossibilidade de
erradicacao bacteriana (CIOFU et al., 2014).

5 Ciprofloxacino

O ciprofloxacino faz parte da classe das fluoroquinolonas de segunda
geracao, tendo boa penetracdo pulmonar inclusive no PELF. Atua inibindo as
enzimas bacterianas DNA girase e DNA topoisomerase IV, de modo a impedir
a replicacdo do DNA de bactérias gram-negativas e gram-positivas (TORGE et
al., 2017). Atua de forma concentracdo-dependente, ou seja, sua eficacia esta
relacionada a relacdo entre area sob a curva de concentracdo plasmatica
versus tempo e a concentracdo inibitoria minima (ASCas/MIC) (VAN
BAMBEKE et al., 2005; KENTARCHOS, 2006; CIPOLLA; BLANCHARD &
GONDA, 2016).

O ciprofloxacino, de modo geral, atravessa o epitélio por via transcelular,
por difusdo simples e difusdo facilitada (ONG et al., 2013). Alguns
transportadores de membrana contribuem para que o ciprofloxacino permeie o
epitélio pulmonar. A presenca desses € um fator importante quando se busca
estabelecer regimes posolégicos que atinjam concentracdes adequadas do
farmaco na regido em que ocorre o processo infeccioso. No estudo de ONG e
colaboradores (2013) foram investigados, através de modelos in vitro utilizando
células Calu-3, possiveis transportadores de efluxo e influxo envolvidos no
transporte do pulmonar do ciprofloxacino. O estudo demonstrou pela primeira
vez a influéncia de transportadores de influxo como transportadores de cations
organicos (OCTs) e polipeptideos transportadores de anions organicos
(OATPs) na absorgéo do farmaco atraves do epitélio pulmonar. A utilizagéo de
moléculas inibidoras da P-gp e da proteina de resisténcia a multiplos farmacos
(MRP) comprovou que o ciprofloxacino sofre também efluxo por meio destes
transportadores, embora em menor magnitude que o influxo.

Na clinica, o ciprofloxacino € administrado por via intravenosa ou oral
para infeccbes respiratorias tanto de patdgenos extracelulares quanto
intracelulares. Dentre outras aplicacdes, atua evitando o declinio da funcéo

respiratoria de pacientes fibrocisticos com pneumonias causadas por P.
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aeruginosa, sendo o antimicrobiano mais ativo contra esse microrganismo
(VAN BAMBEKE et al., 2005; ONG et al., 2013).

Como indicado nos objetivos, neste trabalho a microdiélise pulmonar e
bronquica serdo utilizadas para melhor entender a influéncia da infec¢ao por P.
aeruginosa formadora de biofilme na penetracdo do CIP em animais com

pneumonia aguda e cronica.
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ABSTRACT

Introduction: Pseudomonas aeruginosa biofilm-forming chronic infection
reduces ciprofloxacin (CIP) pulmonary penetration to one-fourth of that
observed in healthy rodents. This reduction could be due to drug’s larger
distribution into pulmonary epithelial lining fluid (PELF), as a response to
increased tissue permeability associated to the presence of biofilm, among
other factors. Aim: To verify this hypothesis by comparing CIP PELF free
concentrations reached in acutely and chronically infected lung with those in
pulmonary interstitium. Methods: Acute pneumonia (2 days) was developed by
Wistar rats intratracheal inoculation with 108 CFU/mL of non-mucoid biofilm-
forming P. aeruginosa (PA14) while chronic infections (14 days) was developed
by inoculation of beads impregnated with mucoid P. aeruginosa ATCC 27853
(10" CFU/mL). Plasma, pulmonary and bronchial (PELF) pharmacokinetic
investigation was conducted following CIP 20 mg/kg i.v. bolus dosing.
Microdialysis probes (CMA 20®) were used to evaluate free pulmonary and
bronchial concentrations. Non-compartmental analysis was conducted using
Phoenix® software and pharmacokinetic parameters statistically compared by
ANOVA (Graphpad®) (o = 0.05). Results: With exception of volume of
distribution, the acute infection resulted in CIP intermediate plasma parameters
between those observed for healthy and chronically infected animals.
Significant reduction of clearance was observed only in chronically infected
animals. Lung penetration was progressively reduced with infection, with
pulmonary tissue penetration factor reducing 1.5-fold in acutely infected (fT =
1.02) and a 4-fold in chronically infected (fT = 0.44) animals in comparison to
healthy ones (fT = 1.69). PELF concentrations equivalent to 46% of pulmonary
interstitial fluid concentrations were observed in healthy and acutely infected
animals, while in chronically infected it was increased to 65%. Conclusions:
These results indicate that the hypothesis is viable. They also confirm that CIP
free plasma concentrations are not a good surrogate for free lung
concentrations and should not be used for drug adjustment in chronically
infected individuals.

Keywords: Ciprofloxacin, bronchial and pulmonary microdialysis, acute and chronic

pulmonary infection, biofilm-forming Pseudomonas aeruginosa.
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1. INTRODUCTION

Pneumonia is characterized by an infection of the pulmonary
parenchyma originated when pathogens reach the airways through inhalation of
contaminated aerosols, haematogenous dissemination, aspiration or after
intubation process (BEIGELMAN-AUBRY et al., 2012). The acute phase of the
infection starts with pathogen adhesion and colonization of the respiratory
epithelium. When the immune system and treatment are not able to eradicate
the microorganism, the infection process occurs and could evolve to a chronic
phase.

In bacterial pneumonia, the chronic phase can be associated with biofilm-
forming microorganisms. Biofilms are bacterial aggregates involved by a self-
produced polymeric matrix that protects the bacteria from the host immune
response and environmental conditions, such as lack of nutrients (ELKATIB &
NOREDDIN, 2014). The biofilm structure impairs the antimicrobial treatment
due to factors as matrix constitution, efflux pumps and bacterial cells with
different degrees of metabolic activity. When bacteria express the biofilm
phenotype, the minimum inhibitory concentration (MIC) can be about 100 to
1000 times greater than the planktonic form leading to difficulties for pathogen
eradication (DONLAN et al., 2002; CATALDI et al., 2014).

Currently, the dose regimen used to treat biofilm infections is the same
used for treating bacteria in the planktonic phenotype, exposing biofilms to drug
levels below those necessary for their eradication (DHANANI et al., 2010). To
better select a rational dosing regimen for biofilm infections, the knowledge of
the unbound (Fu) antimicrobial concentrations at the target tissue are of
essential importance. Unbound concentrations are responsible for
antimicrobial’s pharmacological effect and plasma free concentrations are used
as surrogate for free tissue concentrations. At the target tissue, however, influx
and/or efflux transporters contribute to increase or decrease free drug
concentrations and could lead to therapeutic failure (DHANANI et al., 2010;
ROTTBOLL & FRIIS, 2014; ZIMERMMANN, et al.,, 2015b). Additionally, in
infected tissues drug penetration can be alter, once infection can change local
temperature, pH, vascular permeability. Furthermore, the presence of defense

cells at the infection site could increase intracellular drug concentration and
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protein binding. Fluoroquinolones, that are amphoteric molecules, can be
entrapped inside the cells, leading to decreased free fraction at tissue target
(MARTINEZ et al., 2006; TORRES et al., 2017).

To measure pulmonary concentrations, broncoalveolar lavage (BAL),
direct aspiration, tissue homogenate, sputum and bronchial secretions could be
analyzed. These techniques have the disadvantages of measuring total drug
concentration (bound and unbound to proteins) leading to an overestimation of
effective concentrations at the infection site due to contamination of intracellular
fluid, cells and other secretions (KENTARCHOS et al., 2006; TYVOLD et al.,
2007; ARAUJO et al., 2013). In this context, microdialysis (MD) is a tool for
monitoring free unbound pulmonary concentrations, allowing a better
comprehension of tissue distribution in healthy and infected targets.

Recently, our research group started the investigation of the influence of
biofilm infection on ciprofloxacin (CIP) lung penetration in a chronic pulmonary
infection model with Pseudomonas aeruginosa biofilm-forming (ATCC 27853)
strain (TORRES et al., 2017). It was observed that the tissue penetration factor
was almost 4 times reduced in the chronically infected rodents (fT= 0.44) in
comparison to the healthy rodents (fT = 1.69). CIP concentrations were
determined by microdialysis at the interstitial fluid, and the authors hypothesized
that the reduction observed in the interstitial concentrations in the chronically
infected group could be due to drug’s large distribution into pulmonary epithelial
lining fluid (PELF), as a response to increased tissue permeability associated to
the presence of biofilm.

In this context, the aim of this study was to compare CIP PELF
concentrations reached in chronically infected animals with those in pulmonary
interstitium previously obtained by Torres et al. (2017), in order to verify that
hypothesis. Since concentrations achieved in PELF at the acute phase of
infection are responsible for inhibition of bacterial adhesion and the following
tissue invasion (ZEITLINGER; MULLER & JOUKHADAR, 2005;
KENTHARCHOS et al. 2006), this study also investigated the influence of
biofilm-forming bacterial infection on CIP interstitial and PELF concentrations of
acutely infected rats.
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2. MATERIALS AND METHODS

Bacterial strain, chemicals, and solutions. Pseudomonas aeruginosa PA 14
and ATCC 27583 strains were used in this study. Mueller Hinton broth was
purchased from Himedia (Mumbai, India), agar Mueller Hinton was purchased
from Kasvi (Curitiba, Brazil). Ciprofloxacin (purity = 98.0%), levofloxacin
(internal standard - IS, purity = 98.0%), urethane (ethyl carbamate, purity =
99.0%) and alginic acid sodium salt from brown algae (CAS 9005-38-3) were
purchased from Sigma-Aldrich (St. Louis, USA). Heparin was purchased from
Blausiegel (Sao Paulo, Brazil). Ringer’s solution consisted of 147 mM NacCl, 1.3
mM CaCl2 and 4 mM KCI. Sodium chloride, calcium chloride and potassium
chloride were of analytical reagent grade and purchased from commercial
sources. Ciprofloxacin was prepared in saline solution (10 mg/mL) with addition
of few drops of 0.1 HCI, and the pH was adjusted to 5.5 + 0.5 prior to
administration to the animals. Tiopental, lidocain, xilazin and ketamin were
purchased from commercial sources. HPLC Ultrapure water was obtained
through Millipore Milli-Q system grade (Millipore®, Billerica, USA) was used
throughout the analyses. Triethylamine for synthesis, phosphoric acid 85% P.A
and HPLC grade methanol and acetonitrile were purchased from MERCK
(Darmstadt, Germany). Formic acid was purchased from Fluka Chemie GmbH

(Buchs, Switzerland).

Animals. The study protocols were approved by the Ethics in Animal Use
Committee of Federal University of Rio Grande do Sul (protocol #31651). Male
Wistar rats (weight 250-350 g) were purchased from the University animal’'s
facilities (CREAL, Porto Alegre, Brazil). Animals were housed under controlled
temperature and humidity with a 12-h light/dark cycles. Food and water were

provided ad libitum until the start of the experiments.

Acute Infection by Pseudomonas aeruginosa PA 14 procedure.
Pseudomonas aeruginosa PA 14 inoculum was prepared according to the
methodology previously described (JOHANSEN et al., 1994; Van HEECKEREN
et al., 2006; ANTONELLI et al., 2017). Briefly, 10 pL of frozen strain in skin milk
at -80 °C were plated in a Mueller Hinton agar plate and incubated for 18 h at
37 £ 1 °C. After incubation, the inoculum was prepared by suspending a
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bacterial loop in saline. The suspension was read in spectrometer at 625 nm
and adjusted to an absorbance of 0.500. One fraction of the inoculum was
incubated in Mueller Hinton broth at 37 + 1 °C for 2 h to reach bacteria’s log-
growth phase (ANTONELLI et al., 2017). Next, the broth was centrifuged in
1800 g for 15 min and the pellet was resuspended in saline. This procedure was
repeated twice. The bacterial pellet formed was resuspended in saline solution
at 37 = 1 °C. The inoculum in the log-growth phase read once again at 625 nm
and adjusted to an absorbance of 0.350, approximately before administering to
the animals. The number of colony forming units (CFU) in the inoculum was
confirmed by plating and counting one day after administration (4 x 108
CFU/mL). For the intratracheal inoculation an adaptation of the method
described in literature was used (MUNDER et al, 2011; ANTONELLI et al.,
2017). The animals were anesthetized with ketamine and xylazine solution (70
mg/kg + 10 mg/kg) and were positioned in an inoculation support followed by
teeth fixation. With a spatula the tongue was immobilized for the localization of
the air entrance. By positioning a flashlight in the region of the animal’s neck it
was possible to identify the trachea like a luminous and moving point inside the
larynx. Then a flexible arterial 18-gauge catheter was inserted on the trachea
and approximately 150 pL of the inoculum were instilled directly into the
respiratory tree, observing the velocity of the administration to avoid alveoli
rupture. Rapidly the inoculum syringe was removed and a syringe containing
100 pL of air was positioned in the catheter, and this volume of air was
administered to guarantee that all inoculum was administered. After the
inoculation, the animal was rapidly removed from the apparatus and positioned
lying on its side at 45 degrees inclination to recover from anesthesia.

Lungs acutely infected were analyzed microscopically 2 days after
inoculation (n = 2 animals). The histopathological analysis was conducted by
veterinary pathologists (Department of Veterinary Pathology, College of
Veterinary, UFRGS, Porto Alegre, RS, Brazil). Pharmacokinetic experiments

were conducted 2 days after bacterial inoculation.

Chronic Infection by Pseudomonas aeruginosa ATCC 27853 procedure.
For chronic infection, the protocol previously described by Torres at al. (2017)

was used. In this model, agar-bead embedded with bacteria was utilized. The
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preparation of inoculum consisted of mixing 1 mL of the P. aeruginosa ATCC
27853 inoculum (10° CFU/mL) with 9 mL of a sterile alginate solution (11
mg/mL). The viscous suspension was sprayed by compressed air into a cross-
linking solution of 0.1 M CaCl2 in TRIS-HCI buffer (0.1M, pH 7.0). The newly
formed beads (around 488 um) were cured for 1 h in the calcium bath with
continuous stirring, after which they were centrifuged at 180 g for 10 min and
washed twice in sterile saline. The inoculation procedure was the same
described for acute infection. After inoculation, the animals were maintained for
14 days under standard conditions before the start of the pharmacokinetic

experiments.

Ciprofloxacin quantification in rat plasma and microdialysate. Ciprofloxacin
concentration in microdialysate and plasma samples were assayed by a slightly
modified method of Zimmermann et al. (2015) as described below. Briefly,
plasma samples were spiked with 10 uL of internal standard (levofloxacin, 5000
pug/mL) followed by protein precipitation with ice-cold solution of methanol with
0.5% formic acid. After centrifugation, supernatant was used for analysis. The
microdialysates samples were analyzed without pre-treatment.

Analysis were performed on HPLC/fluorescence using a C18 column
(Phenomenex Gemini 150 x 4.6 mm, particle size 5 um; Torrance, USA)
coupled to a C18 guard cartridge (Phenomenex 4.0 x 3.0 mm, patrticle size 4
um, Torrance, USA). For plasma samples, the mobile phase consisted of a
0.4% aqueous triethylamine solution (pH 3.0 = 0.1), acetonitrile and methanol
(85:5:10 v/viv). The temperature of the oven was adjusted to 37 + 1 °C during
analysis and the volume of injection was 20 pL. Drugs were quantified by
fluorescence at excitation and emission wavelengths of 278 nm and 453 nm,
respectively. The peak area ratio of CIP/IS was used to quantify the samples.
For microdialysis samples were used the same mobile phase components with
a modified proportion (0.4% aqueous triethylamine solution (pH 3.0 +
0.1)/acetonitrile/methanol, 85:10:5 v/viv). CIP’s peak area was used for
quantification.

The method was validated in the concentration range of 15.0 - 2000
ng/mL for plasma and 7.5 - 1000 ng/mL for microdialysate. The limit of

guantification was 15.0 ng/mL and 7.5 ng/mL for plasma and microdialysate.

57



The method was precise (RSD < 5.46% for microdialysate and < 10.88% for
plasma) and accurate (RE 105.65% — 112.94% for microdialysate and RE
104.48 — 111.93% for plasma).

Microdialysis system. For MD, CMA/20 probes (pulmonary probe: membrane
length, 4 mm; shaft 30 mm; bronchial custom-made probe: membrane length, 2
mm; shaft 70 mm; cut-off 20 kDa; CMA Microdialysis, Kista, Sweden) were
used. The probes were coupled to a microliter syringe (500 pL, Hamilton®,
Reno, USA) to perfuse the Ringer’s solution using a PHD 2000 syringe pump
(Harvard Apparatus, Holliston, USA).

In vitro calibration of microdialysis probes. CIP relative recovery of CMA/20
probes used for the investigation of drug pulmonary concentrations were
previously investigated by dialysis and retrodialysis (ZIMMERMAN et al
(2015a). In the present study, the influence of perfusion fluid flow rate and CIP
concentration on relative recovery (RR) of custom-made bronchial MD probe
was investigated.

For dialysis, the MD probes (n = 2) were placed in a tube containing CIP
in Ringer solution at 0.75 pug/mL. Blank Ringer’s solution was pumped through
the probe at 1.5 pL/min and five samples of 45 uL each were collected every 30
min, and analyzed by the HPLC/fluorescence. Equation 1 was used to calculate

the relative recovery by dialysis (RRp, in percent):

RR, = Sdial 100 1)

ext

where Cdia is CIP’s concentration in the microdialysate and Cext is the
concentration in the medium surrounding the probe.

For retrodialysis, the MD probes (n = 2) were placed in a tube containing
blank Ringer’s solution and CIP at 0.75 pg/mL in Ringer was pumped through
the probes at the same flow rate and five samples of 45 uL each were collected
every 30 min. Relative recovery by retrodialysis (RRrp, in percent) was

determined using Equation 2:

Cdia
C‘;;) /Cperg x100 )

RRRD = 100 - (

where Cdial is the concentration of CIP sampled and Cyerf is the concentration in
the perfusate solution.
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In vivo calibration of microdialysis probes. Retrodialysis was conducted for
CIP recovery in vivo. The rodents were anesthetized with urethane (1.25 g/kg
I.p.) and the pulmonary and bronchial probes inserted as described above. The
probes were prefunded with Ringer’s solution containing CIP at 0.75 pg/mL at
1.5 pL/min, and five samples of 45 pL each were collected every 30 min. The
recovery was calculated using Equation 2. The mean in vivo recoveries for both
probes were utilized to correct free drug concentration of each experiment

(PELF and pulmonary).

Pharmacokinetic experiments design. To determine CIP plasma (n = 11) and
pulmonary free concentrations (n = 8) in acutely infected animals, male Wistar
rats were inoculated with PA 14 strain two days before CIP administration. To
determine CIP PELF concentrations, the animals were distributed in four
groups: healthy (n = 5), blank beads (n = 5), acute (n = 5) and chronic (n = 8)
infected. Plasma and pulmonary data from healthy, blank beads and chronically
infected animals (n = 6/group) were obtained from previous work (TORRES et
al., 2017).

Plasma pharmacokinetics experiments. For the plasma experiments, the
acutely infected Wistar rats were anesthetized with ethyl carbamate (1.25 g/kg
i.p.) before surgery. The carotid arteria was cannulated and the CIP 20 mg/kg
was administrated via i.v. bolus injection. Blood samples were collected into
heparinized tubes at 5, 10, 15, 30, 60, 120, 240, 360, 480, and 720 min after
dosing and plasma samples were processed for CIP quantification as

described.

Pulmonary microdialysis experiments. For pulmonary microdialysis
experiments, the acutely infected Wistar rats were anesthetized (ethyl
carbamate 1.25 mg/kg, i.p.), and the trachea was isolated to connect the
animals to a rodents ventilator (Harvard®, frequency - 64-68 min1, air volume -
2.5 mL). The right lung was exposed with an incision between two ribs and the
MD probe was inserted on the intermediate lobe through a hole made with a
needle. The probe was perfused with Ringer solution at 1.5 pL/mL flow. After 60

min for probe stabilization, CIP 20 mg/kg was administered as i.v. bolus via
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femoral vein. Microdialysate samples were collected every 30 min for 12 h after

dosing to characterize the pulmonary profile.

Bronchial microdialysis experiment. For bronchial microdialysis experiments,
Wistar rats were anesthetized with urethane (1.25 g/kg i.p.). The trachea was
isolated and an incision was made between two cartilaginous tracheal rings for
probe insertion. The probe was inserted directly on the trachea until it reached
the primary bronchi. The extent of the insertion was determined according to a
pilot study and observing the rodent’s breath patterns. This procedure did not
require animal intubation, no changes were observed in the respiratory patterns
given the insertion of the probe. After insertion, probes were perfused with
Ringer’s solution at 1.5 puL/min flow rate during 60 minutes, for the probe
stabilization. CIP 20 mg/kg i.v. bolus via femoral vein was administered and the
bronchial microdialysate samples were collected every 30 min for 12 h. At the
end of each experiment, animals were euthanized with thiopental and lidocaine
(100 mg/kg + 10 mg/kg) and dissected to verify the positioning of the probe at

the primary bronchus.

Pharmacokinetic and statistical analysis. The pharmacokinetic parameters
were determined in plasma and tissue by non-compartmental approach (NCA).
Each animal concentration versus time profile was individually analyzed using
Phoenix® WinNonlin software (Certara®, Princeton, USA). For microdialysate
samples, the midpoint of the collection interval was used as the time of the data
collection, assuming that the concentration determined was the average
concentration of the interval. The pharmacokinetic parameters determined were
elimination rate constant (A), half-life (ti2), area under the concentration-time
curve (AUCo--), total clearance (CL), volume of distribution at steady state
(Vdss) and mean resident time (MRT). The drug penetration factor (fT) was
determined as the ratio between the mean free lung tissue and the mean free
plasma area under the concentration-time curve from time zero to infinity (fT =
AUCo-, free tissue/ AUCo-~ plasma‘fu), were fu is the free fraction in plasma, assumed
to be 0.70 (TORRES, et al., 2017). The pharmacokinetic parameters were
compared among groups by one-way ANOVA using Graphpad® (a. = 0.05).

60



3. RESULTS

Acute model of lung infection. The animal model was capable of sustaining
the infection for two days. After this period, bacterial concentration was below
the limit of quantification due to pulmonary clearance. According with literature,
a two days infection model resembles an acute pulmonary infection
(BRAGONZI, 2010).

The histopathological analysis allowed verifying that an accentuated
inflammatory infiltrate composed of neutrophils, macrophages, lymphocytes and
occasional eosinophils associated to fibrillar eosinophilic material was produced
inside the alveoli, bronchioles and interior of vessels. A diffuse and accentuated
hyperemia and intra alveolar multifocal hemorrhage were observed
characterizing a pronounced purulent bronchopneumonia (Fig. 1 a to d).

¢ ;g N

.

! -3 4 T 5 . 48 &
S S ¥t o
‘"«'- Lo RO ey 02 100um : e 50um

v <t " ;| % o i o .
- -M. &-‘é“i 16 Loy « - > L Wb i il

Figure 1. Lung pathohistology photomicrographs. Sections of lungs from
acutely infected rats (n = 2) inoculated with P. aeruginosa PA 14 after 48h
stained with hematoxilyn-eosin. Panels a and b refer to animal 1; panels c and d
to animal 2, both with purulent bronchopneumonia.
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In vitro and in vivo calibration of microdialysis probes. The best perfusion
flow rate for probes calibration were chosen previously (TORRES et al., 2017)
were it was shown that CIP relative recovery is independent of drug
concentration and drug binding to probe tubing’s is negligible. For in vitro
calibration of pulmonary CMA/20 MD probes similar recoveries were observed
for dialysis (RRp = 33.2 + 2.3%) and retrodialysis (RRrp = 34.8 £ 1.5%) (o =
0.05), corroborating results already reported. The in vivo pulmonary probe
recovery by retrodialysis was 13.9 + 3.3% and this value was used to calculate
the lung true free levels measured during MD experiments.

For the bronchial CMA/20 custom-made microdialysis probes the mean
relative recovery by dialysis (RRp = 18.4 £ 4.6%) and by retrodialysis (RRrp =
19.4 + 2.9%) were also statistically similar (o= 0.05). The custom-made
bronchial CMA/20 probe recovery was lower than that of the CMA/20 pulmonary
recovery due to the reduction on the membrane length (from 4 to 2 mm). The in
Vvivo probe recovery by retrodialysis was 5.8 = 1.8% and this value was used to

calculate the bronchi true free levels.

Non-compartmental analysis. CIP total plasma profiles after i.v. bolus dosing
of 20 mg/kg are shown in Figure 2 for the healthy, acutely and chronically
infected groups. Table 1 shows the pharmacokinetic parameters determined for
these groups. The AUCo» of chronic group (27.3 = 12.1 pg-h/mL) was
statistically different from the exposition observed for acutely infected (16.8 +
4.1 pg-h/mL) and healthy (13.3 £ 3.5 pug-h/mL) groups, which did not present
statistical differences. A tendency of increasing CIP plasma exposition with the
evolution of infection stages was observed resulting in a significant higher
exposition in chronically infected animals. In the same way, a tendency of
increasing MRT and half-live and reducing total plasma clearance was
observed with the progression of infection. Although not statistically significant,
the acute infection resulted in pharmacokinetic parameters levels intermediate
between healthy and chronically infected stages. The volume of distribution was

the only parameter where this tendency was not observed.
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Figure 2. CIP mean total plasma profiles after 20 mg/kg i.v. bolus dosing to
healthy (n = 6), acutely (n = 11) and chronically (n = 6) infected Wistar rats
(Mean £ S.D.).

Table 1. CIP pharmacokinetic parameters determined in plasma after 20 mg/kg
i.v bolus dosing to healthy, chronically and acutely P. aeruginosa infected
Wistar rats determined by NCA.

PK Parameters Healthy* Acutely Infected Chronically Infected*
(n=6) (n=11) (n=6)

A (hY) 0.23+0.04 0.18 £ 0.08 0.14 +0.08

tiz (h) 3.1+0.8 45+2.1 59+27

AUCo- (ug-h/mL) 13.3+35 16.8+4.3 27.3 +12.13b

MRT (h) 34+£1.2 545+2.1 7.8 +£3.92

CL (L/h/kg) 1.59+0.41 1.27 +0.32 0.89 £ 0.442

Vvd (L/kg) 5.1+£0.7 6.7+2.7 56+1.1

*Parameters from TORRES et al., 2017.

aStatistical difference detected by one-way ANOVA with Tukey's test compared to healthy group (a =
0.05.) PStatistical difference detected by one-way ANOVA with Tukey’s test compared to acute group (o =
0.05). Data represent mean = S.D., fT = AUCfissue/AUCplasma.fu; fu = 0.7)
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Figure 3 shows the free pulmonary concentration time profiles for blank
beads, healthy and infected animals while Table 2 shows the calculated
pharmacokinetic parameters for all groups investigated. It can be seen that the
use of blank beads did not interfere with CIP lung tissue distribution and
elimination indicating that the presence of alginate does not interfere with the
drug  pharmacokinetics  parameters. Furthermore, free  pulmonary
concentrations half-life was similar in all groups investigated. The AUC was
statistically different between healthy and chronically infected groups. Acute
infection did not produce a significant reduction on CIP pulmonary exposure. An
intermediate exposure to CIP, between healthy (AUCo-wheaithy = 15.8 + 6.6
pHg-h/mL) and chronically infected (AUCo-wchronic: 8.4 +* 1.8 pg-h/mL), was
observed in acutely infected animals (AUCo-vacute = 12.1 + 5.3 pug-h/mL).

No significantly differences in lung elimination constant (A) were
observed among groups (Aneathy = 0.23 + 0.03 h™Y; Aplank bead = 0.22 + 0.05 h;
Aacute = 0.17 £ 0.05 h'Y; Achronic = 0.22 + 0.06 h1). The tissue penetration factor
observed in the infected groups (fTacute = 1.02; fTchronic = 0.44) was lower than
that found in healthy and blank beads groups (fTheaithy = 1.69; fTbiank bead = 1.63).
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Figure 3. CIP profiles determined in pulmonary tissue after 20 mg/kg i.v bolus
dosing to healthy (n = 6), acutely (n = 8), chronically (n = 6) infected Wistar rats
and blank beads group (n = 6) (mean = S.D.).
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CIP free bronchial concentration versus time profiles are presented in
Figure 4. The respective pharmacokinetic parameters are presented in Table 2.
In average, acutely infected group showed slightly lower free CIP bronchial
levels that the other groups allowing for drug quantification in microdialysate
samples only up to 6 h after dosing while the other groups drug quantification
could be carried out up to 12 h. CIP pharmacokinetic parameters determined for
acutely and chronically infected groups, however, were statistically similar to
those determined for healthy and blank bead groups (Table 2) indicating that
the infection does not produce alterations on CIP bronchial disposition and
elimination. The variability of free bronchial concentrations observed, reflected
in the standard deviation of the parameters estimated, can be attributed to the
local of probe insertion and the lung movement due to breathing that can
reposition the probe constantly, differently from the pulmonary site where the
probe is kept more immobilized.

CIP penetration factor to both lung sites investigated were determined
assigning drug plasma free fraction of 70% (TORRES et al., 2017). Table 2
shows that blank beads did not change pulmonary or bronchial tissue
penetration factors in comparison to the penetration observed in healthy
animals. CIP presents two higher distribution into healthy pulmonary tissue (fT =
1.69) than into PELF (fT = 0.78). A tendency of reducing CIP tissue penetration
factor in both lung sites was observed with the progression of infection. These
results corroborate the tendency of reduction of tissue exposition with the
evolution from acute to chronic infection in pulmonary tissue. Pulmonary
interstitial penetration was reduced in average to 60% and 26% in acute and
chronic infection in comparison to healthy tissue, while PELF penetration was

reduced to 60% and 36% with infection evolution.
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Figure 4. CIP profiles determined in bronchi after 20 mg/kg i.v bolus dosing to
healthy (n = 5), acutely (n = 5), chronically (n = 8) infected Wistar rats and blank
bead group (n =5) (mean £ S.D.).
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Table 2. CIP pharmacokinetic parameters determined in pulmonary tissue and bronchi after 20 mg/kg i.v bolus dosing to Wistar

healthy and P. aeruginosa infected rats determined by NCA.

Pulmonary Microdialysis

Bronchial Microdialysis

PK Acutely Chronically Blank Acutely Chronically Blank
Healthy* Healthy
Parameters Infected Infected* Beads* Infected Infected Beads
(n=6) (n=5)
(n=28) (n = 6) (n=6) (n=5) (n=8) (n=5)
A (hY) 0.23+0.03| 0.17+0.05 0.22+0.06 | 0.22+0.05| 0.30+0.10 | 0.38+0.15 0.25+0.12 0.21 £0.08
tu2 (h) 3.0+04 45+1.7 3.3+0.8 3.3+0.7 26+0.9 2.1+0.8 49+20 42 +2.7
AUCo. (ug-h/mL) 15.8+6.6 12.1+5.3 84+18% | 152+5.9 73124 56+3.3 54+22 86+5.1
fT 1.69 1.02 0.44 1.63 0.78 0.48 0.28 0.92

*Parameters from Torres et al., 2017.

aStatistical difference by one-way ANOVA with Tukey’s test compared to MD lung healthy group (o = 0.05).
bStatistical difference by one-way ANOVA with Tukey's test compared to MD lung blank beads group (o = 0.05).

fT = AUCfree tissue/AUCplasma.fu; fu = 0.7. Data represent Mean £+ S.D.
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4. DISCUSSION

In the present study, we evaluate CIP PELF concentrations in chronically and
acutely infected rodent’s lung using animal models of infection with biofilm-forming
strains of P. aeruginosa. Furthermore, CIP pulmonary concentrations of chronically
infected animal’s data obtained from previous study (TORRES et al., 2017) were
used to compare with data of acutely infected lungs investigated. It was observed
that the stage of infection influences CIP lung distribution in the PELF and in the
pulmonary interstitial fluid, with a significant decrease on free drug concentrations in
the chronic infection stage.

CIP plasma pharmacokinetics was also investigated using both acute and
chronic lung infection models simulating. Although significant differences between
CIP pharmacokinetic parameters observed in healthy and acutely infected animals
were not found, intermediate parameters between those observed for healthy and
chronically infected animals were determined, except for volume of distribution.
These results suggest that, with the progression of infection, CIP renal and metabolic
routes of elimination are compromised, resulting in a decrease in clearance as
previously reported (TORRES et al., 2017).

Although plasma exposure to CIP was increased due to infection evolution,
lung penetration was progressively reduced as evidenced by the pulmonary tissue
penetration factor that showed a 1.5-fold reduction in acutely infected (fT = 1.02) and
a 4-fold reduction in chronically infected (fT = 0.44) animals in comparison to healthy
animals (fT = 1.69). Tissue penetration factors greater than 1, as observed for
healthy group, suggests the existence of influx transporters carrying the drug from
blood to tissue (SAWCHUK & CHEUNG, 2007). Evidences of CIP influx transport in
lung, besides passive diffusion, have already been demonstrated in vitro (ONG et al.,
2013) and in vivo (ZIMMERMAN, 2015b). The present results indicate that, with the
progression of lung infection from acute to chronic, the influence of physiological
alterations related to the diseases such as changes in vascular permeability, tissue
pH and blood flow to the lung and migration of defense cells (DHANANI et al., 2010;
CIOFU et al.,, 2015) overcome the effect of the influx transporters, leading to a
reduction of free CIP concentrations in pulmonary interstitial fluid. These findings also

indicate that CIP free plasma concentrations are not a good surrogate for free
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pulmonary concentrations, indicating the need of dose increase to reach effective
lung concentrations especially in chronically infected individuals.

The interpretation of CIP distribution to PELF during lung infection is trickier.
Torres et al. (2017) suggested that the reduction of CIP pulmonary interstitial fluid
concentrations on chronically infected animals could be due to its large distribution to
PELF, as a response to increased permeability and presence of biofiim. To
investigate this hypothesis the bronchial microdialysis was utilized to access the free
drug concentrations in the PELF of healthy, blank bead, acutely, and chronically
infected groups. For fT calculations, the ratio of AUCo-« tissue t0 AUCo-« plasma’fu was
used, with a fraction unbound of 0.70. Similar results to those observed in pulmonary
tissue were observed following bronchial microdialysis, when CIP PELF penetration
factor was reduced in acutely (fT = 0.48) and chronically (fT = 0.28) infected animals
in comparison with healthy ones (fT = 0.78). In the PELF, however, free exposure to
CIP was similar in healthy and infected animals as shown in Table 2 by the AUCs
calculated, indicating that the reduction of fT is solely related to the increased
exposure observed in plasma during infection and not due to CIP bronchial reduced
penetration.

In pulmonary infection, the alveolar wall can be disrupted with bacteria
invasion to the interstitial space resulting in a pneumonia involving pulmonary
interstitial fluid and PELF (FOSTER et al. 2016). For antimicrobial penetration into the
PELF it is necessary the diffusion across the blood-lung barrier, passing by capillary
wall, interstitial space and alveolar wall. Since the alveolar wall is not fenestrated it
impairs drug penetration by diffusion, which is strongly dependent on the
characteristics of the drugs like lipophilicity and diffusibillity (KIEM & SCHENTAG,
2008; DHANANI et al., 2010). However, fluoroquinolones and macrolides, that are
lipophilic drugs, can cross easily the alveolar wall (KENTARCHOS, 2006). In this
scenario, a more relevant correlation, between free pulmonary and free bronchial
exposures, should be contemplated. The bronchial/pulmonary penetration factor
shows that healthy and acutely infected animals have free PELF concentrations
equivalent to 46% of pulmonary interstitial fluid concentrations, while in chronically
infected animals this ratio increases to 65%. In other words, while the infection
reduces CIP pulmonary penetration, especially on its chronic stage, CIP

concentrations are relatively increased in PELF probably because tissue damage is
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established at this stage, although the role of respiratory secretions composition and
endotracheal pH cannot be discarded.

The maintenance of similar free PELF concentrations in infected and healthy
animals corroborates with our previous hypothesis that CIP clear from pulmonary
interstitial space to PELF in chronic infections (TORRES et al., 2017). Although free
PELF concentrations are similar in chronically and acutely infected animals, total
PELF concentrations may increase. It is known that during infection, proteins (as
antibodies, complement proteins, C-reative protein, identified in serum from patients
with pneumonia) and cells (neutrophils, alveolar macrophages) are recruited to PELF
(MIZGERD, 2008). The increased levels of proteins and number of defense cells in
this site during infection raises the probability of augmented total fluorquinolone
concentrations in PELF. To quantify total PELF drug concentrations, BAL collection is
used. Although an important disadvantage of this technique is the possibility of PELF
contamination with intracellular content leading to an overestimation of PELF
concentrations (KIEM & SCHENTAG. 2008), it allows the investigation of amount of
drug that reaches the bronchi if the volume of PELF is known.

A reduction on PELF total concentrations during infectious processes was
observed by KUTI & NICOLAU (2015) in a retrospective study with levofloxacin (750
mg/kg, oral) that compares BAL samples of infected and uninfected patients. In this
study, where infected patients were diagnosed with acute exacerbations of chronic
bronchitis, a twofold reduction on total PELF penetration of uninfected patients (fT =
3.5 + 3.7) was observed in infected patients (fT = 1.4 + 1.8), indicating reduced PELF
exposure due to infection. Although another fluoroquinolone was used and reduced
total PELF concentrations were estimated, the results of this study contradicts our
expectations of increased CIP total PELF concentrations in chronically infected rats,
indicating that further studies must be conducted to investigate CIP distribution
behavior on our model of chronic infection with biofilm-formation.

In conclusion, the present results indicate that bronchial microdialysis is a very
accurate tool to determine PELF free concentrations of drugs. Biofilm forming P.
aeruginosa lung infection gradually decreased CIP free interstitial pulmonary
concentrations following infection progression from acute to chronic, although drug
plasma exposure is progressively increased. This result confirms that CIP free
plasma concentrations are not a good surrogate for free pulmonary concentrations

and should not be used for drug adjustment in chronically infected individuals. The
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present results also indicated that, although free CIP pulmonary interstitial
concentrations decrease with infection advance, free bronchial concentrations are
not affected by the disease, showing a relative increase when compared to
pulmonary free levels. The set of results indicate that the hypothesis that the
reduction observed on CIP interstitial concentrations in the chronically infected group
could be due to broader distribution of the drug into PELF is viable. The knowledge
of total PELF concentrations is necessary to decisively confirm the hypothesis.
Furthermore, the mathematical description of CIP concentrations in PELF and
pulmonary interstitial fluid in acutely and chronically infected animals by a popPK
model should produce a tool that allows better dose adjustment of this antimicrobial
to treat lung infections with biofilm formation. These investigations are the

perspectives of the present study.
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CONCLUSOES
|






A microdialise bronquica mostrou-se uma técnica adequada para a
determinacdo das concentracdes livres bronquicas do ciprofloxacino em
animais sadios e infectados;

A infecgdo pulmonar por P. aeruginosa formadora de biofiime reduz o
clearance do CIP de modo gradual ao avango da infeccdo aguda para
cronica, sem alterar o volume de distribuicdo do farmaco;

Ocorre um decréscimo gradual nas concentracdes livres intersticiais
pulmonares de CIP conforme a evolugdo da infeccdo com P. aeruginosa
formadora de biofilme, sendo essas significativamente menores na infeccao
cronica;

As concentracdes livres de CIP no PELF néo séo alteradas pela infeccéo por
P. aeruginosa formadora de biofiime, sendo a exposicdo nesse local
relativamente aumentada no caso de infec¢cao pulmonar crénica;

Para ajuste de posologias para o tratamento de pneumonias com CIP, as
concentracgdes livres plasmaticas ndo sdo adequadas, pois superestimam as
concentracfes livres pulmonares e brbénquicas disponiveis para acéo

antimicrobiana.
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Exame Macroscopico: exame exierrd: rato wistar, em Som estado corporal mucozaz
oral & poular rossas. Exams interno; pulmée; nac colabade, com areas avermelhscas
= edera.

Exame Microscdpico: Pulmao: obssrva-ze moderade infitrads irflamatore de
maEsrofagas. nzubrdfilos, linfacitcs 2 sosinofi os, hipzremia ditusa acentuads com
nemorragia intra-alvenlar mallifeosl dscrela, edema inlra-alveclar mualtical disereto e
mederaza leucootoziase. Ha ainda moderada espeszamentc da plevra dewvide a
Aipertrofia de células mescteliais.

Digagnéstice: Broncopneumoeonia pyurulenta moderada,
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