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RESUMO

A evolucdo dos casos de resisténcia bacteriana as formulacdes antibioticas
atuais, o crescente numero de casos de superbactérias, a demanda por métodos
para melhorar a eficacia dos medicamentos ja conhecidos instigaram esse
estudo. Uma das formas utilizadas para potencializar acdo meia-vida e diminuir
os efeitos adversos dos antibioticos € a utilizacdo de lipossomas como
carreadores de moléculas de farmacos. Este trabalho avaliou a eficacia de
diferentes doses e administracbes de uma formulacdo nanohibrida de
lipossomas, pectina e norfloxacina (PEC@LUVNOR) em camundongos C57/6
infectados experimentalmente com Pseudomonas aeruginosa PAO1 (PA PAO1)
como modelo preliminar para futuros testes em pets. Em um primeiro momento
foi realizada a reviséo da literatura para melhor apresentar o contexto do estudo.
Em um segundo capitulo foi apresentado os resultados por um artigo cientifico.
Um total de 86 roedores foram infectados com PA PAO1 e apos tratados com
diferentes doses terapéuticas e subterapeuticas (20 e 5mg/Kg) e dois (2)
esquemas de intervalos de administracdo, sendo um apds 24 horas de
inoculacao (pi) (dose Unica) e outro 24 e 72 horas pi de PEC@LUV/NOR. A
formulagdo comercial de norfloaxacina foi usada como controle positivo. Os
resultados mostraram alta eficiéncia em doses menores da formulacdo
nanohibrida em relacdo as formulacdes comerciais, maior facilidade de
administracdo do medicamento devido a necessidade de menor numero de
repeticbes para que haja o efeito desejado da droga. Assim, a formulacdo
nanohibrida PEC@LUV/NOR é uma alternativa com grande potencial para

substituir formulac@es tradicionais.

Palavras-chave: nanotecnologia, resisténcia aos antimicrobianos, menor efeito

adverso, mucoadesivo, maior disponibilidade.



ABSTRACT

The evolution of cases of bacterial resistance to current antibiotic formulations,
the growing number of cases of superbugs, and the demand for methods to
improve the effectiveness of known drugs instigated this study. One way to
enhance the effect, half-life and decrease the side effects of antibiotics is by using
liposomes as carriers of drug molecules. This work evaluated the effectiveness
of different doses and administrations of a nanohybrid formulation of liposomes,
pectin and norfloxacin (PEC@LUVNOR) in C57/6 mice experimentally infected
with Pseudomonas aeruginosa PAO1 (PA PAOL1) as a preliminary model for
future tests in pets. At first, a literature review was carried out to present the
context of the study better. In the second chapter, the results of a scientific article
were presented. A total of 86 rodents were infected by PA PAO 1 and treated
with two therapeutic and subtherapeutic doses (20 and 5mg/Kg) and two dosing
interval schedules, being 24 hours post-infection (pi) in a single dose or 24 and
72 hours pi of PEC@LUV/NOR. The commercial formulation of norfloxacin was
used in parallel. The results showed high efficiency in smaller doses of the
nanohybrid formulation compared to commercial formulations, and greater ease
of drug administration due to the need for fewer repetitions for the desired drug
effect. Thus, the PEC@LUV/NOR nanohybrid formulation is an alternative with
great potential to replace traditional formulations.

Keywords: nanotechnology, antibiotics resistance, less side effect,

mucoadhesive, greater availability.
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INTRODUCAO

A utilizagcdo de antibidticos encapsulados em vesiculas lipossomais
apresenta uma grande vantagem na protecédo do farmaco contra a degradacao,
prolongamento da liberacédo e diminuicdo nos efeitos adversos decorrentes do
seu metabolismo, além de ter potencial de otimizar a eficacia terapéutica da
molécula-ativa do sistema (ALHARIRI et al., 2013).

O uso de lipossomas seria uma vantagem para o tratamento de pets pela
facilidade do tratamento (maior intervalo entre doses), menor dose e
consequente menor efeitos adversos e toxicidade, além da possibilidade de ser
um aliando no combate de um dos maiores perigos biolégicos que tem sido
exposto na atualidade, a resisténcia antimicrobiana, por partes das bactérias, as

chamadas super bactérias.

Os farmacos podem também ser associados aos polimeros para melhoria de
suas capacidades fisico-quimicas e farmacolégicas, melhorando a
especificidade da sua acdo em determinadas situacdes e com isso sendo uma
importante aliado no combate ao aumento dos casos de resisténcias bacterianas
(DRULIS-KAWA & DOROTKIEWICKZ-JACH, 2009). Dentre os polimeros
utiizadas para a associagdo com farmacos se destaca a pectina, um
heteropolissacarideo derivado inicialmente da estrutura de plantas terrestres,
que vem sendo utilizada como uma excelente matriz para carreamento de
farmacos, uma vez que apresenta importante propriedade mucoadesiva aliada a
resisténcia ao pH acido do estdbmago, 0 que aumenta a estabilidade dos

farmacos ligados a ela (LI et al., 2021).

A norfloxacina € uma droga antibiética da classe das fluorquinolonas,
amplamente utilizada no tratamento de doencas do trato urinario, osteomielites,
otites, prostatites no combate a agentes gram-negativos e gram-positivos
(SPINOSA et. al., 2006). O numero de agentes que desenvolveram resisténcia
a norfloxacina tem aumentado, ja se tendo relatos de cepas de Pseudomonas
aeruginosa (FUKUDA et al., 1990) e Escherichia coli (LINDGREN et al., 2005)
com genes especificos que as concederem essa caracteristica. Uma da

limitacbes na utilizacdo da norfloxacina é sua baixa absorgdo intestinal e



consequente baixa biodisponibilidade apds administracdo oral, o que faz com
gue seja necessario uma maior dose, com isso aumentando seus efeitos
adversos gastrointestinais, como emese, desconforto abdominal e azia
(SPINOSA et. al., 2006).

A formulacdo PEC@LUV/NOR, é um sistema nanohibrido de norfloxacina
lipossomal e pectina, que foi desenvolvida e previamente testada in vitro e em
modelo in vivo em que foram observados resultados que mostraram as
caracteristicas supramoleculares da formulacdo nanohibrida (RIBEIRO et al.,
2020). Dentre outros achados, uma diminui¢cdo da concentracéo inibitdria minima
(CIM) (com alguns casos uma diminuicdo da resisténcia bacteriana ao
antibiético) e um prolongamento do perfil de liberacdo do farmaco e menor
toxicidade foram observados (RIBEIRO et. al, 2020).

No presente trabalho o objetivo foi testar a formulacdo PEC@LUVNOR em
camundongos C57/6 expostos a infeccdo experimental por PA PAO 1 para
avaliar a eficiéncia da formulacéo in vivo e obter um esquema de administracédo
terapéutica eficaz na posterior utilizacdo em extrapolacdo alométrica para testes

em animais domeésticos.

1. OBJETIVOS

1.10Objetivo geral

Avaliar a eficacia da formulacdo nanohibrida de norfloxacina lipossomal
PEC@LUV/NOR no combate a infeccdo experimental por PA PAOl em
camundongos da linhagem C57/6 em diferentes doses e esquemas de

administracdo em comparacao as doses terapéuticas usuais de norfloxacina.

1.2 Objetivos especificos

Avaliar a efetividade das diferentes doses da formulacdo PEC@LUV/NOR no

combate a uma infecgéo experimental;

Avaliar diferentes esquemas de administragdo da formulagéo

PEC@LUV/NOR no combate a uma infecgéo experimental;



Identificar, quantificar e qualificar possiveis lesGes renais a partir de

analise histopatoldgica dos rins dos camundongos utilizados no experimento;

Obter uma dose terapéutica em camundongos para futura utilizacao por
extrapolacdo alométrica da formulacdo PEC@LUV/NOR para testes em outras

espécies;



CAPITULO 1 - REVISAO DE LITERATURA

1. Antibidticos

A origem do termo ‘antibiotico’ pode ser rastreada até a palavra antibiose,
usada pela primeira vez como antbnimo de simbiose por Paul Vuillemin em sua
publicacdo de 1890 para descrever a acao antagOnica entre diferentes
microrganismos (por exemplo, fungos x bactérias; bactérias x protozoarios )
(NICOLAOU & RIGOL, 2017). Mais tarde, a palavra antibiético foi usada para
descrever metabdlitos secundarios de ocorréncia natural produzidos por
bactérias e fungos que possuiam atividades inibitérias de crescimento
(bacteriostéaticas) ou matadoras (bactericidas) contra bactérias ou fungos. Hoje
o termo tem um significado mais amplo, descrevendo moléculas projetadas para
o controle de microorganismos, porém sendo preconizado o uso dos termos
antibacteriano ou antifungico, para designar suas acfes especificas contra
bactérias e fungos (BENTLEY & BENNETT, 2003).

Os antibidticos tiveram um efeito ndo apenas no tratamento de doencas
infecciosas, mas também na sociedade, alterando a morbidade e a mortalidade.
Desde a introducéo de os primeiros antimicrobianos (1911), varias novas drogas
foram descobertas, fornecendo aos médicos mais opcdes terapéuticas para
doencas que antes ameacgavam a vida. No entanto, o amplo uso de drogas
antimicrobianas introduziu uma nova era na qual os médicos devem enfrentar a
surgimento de patdgenos resistentes as drogas conhecidas (ZAFFIRI et al.,
2012). Durante o século XIX, infeccbes como pneumonia, diarreia e difteria
representaram as principais causas da morte. Além disso, a Revolucéo Industrial
e a urbanizacgao que se aproximava levou a um deslocamento da populagéo para
as cidades, o que consequentemente aumentou a incidéncia de doencas como
tuberculose e sifilis (WALLACE et al., 2000).

Com a producédo de derivados semi-sintéticos na era moderna, o termo
“antibidticos” foi substituido pelo termo “antimicrobianos” que se refere a
substancias naturais, semissintéticas e sintéticas capazes de inibir a proliferacéo
de microbios levando-os a apoptose (KOURKOUTA et al., 2018).



A descoberta de uma classe de farmacos que pode ser comercializada e
administrada de forma facil e rotineira para tratar infeccbes bacterianas
revolucionou a medicina, sendo uma das maiores descobertas médicas de todos
os tempos (MUNITA & ARIAS, 2016). Infelizmente essa popularizacao do acesso
ao tratamento antimicrobiano levou a uma utiliza¢ao indiscriminada por parte da
populacao civil e da saude, o que resultou no aumento do niumero de casos de
resisténcia bacteriana em varios dos patégenos mais comuns, e assim, € uma
grande preocupacao na area cientifica (FONSECA et. al, 2019). O risco sanitario
decorrente do aumento nos surtos causados por bactérias multirresistentes
levou a Organizacdo Mundial da Saude (OMS) a declarar a resisténcia a
antibidticos como uma das trés ameacas sanitarias mais importantes para a
saude publica do século XXI (WORLD HEALTH ORGANIZATION et al., 2014).

Dentro as classes de antimicrobianos, uma das que se destaca sdo as
quinolonas que compdem um grupo de substancias quimicas antibacterianas,
com grande aplicacdo tanto em Medicina Humana como em Medicina
Veterinéria. A primeira quinolona introduzida foi o acido nalidixico, seguindo-se
a flumequina e o acido oxonilico. Dentre as quinolonas, as mais utilizadas
atualmente sao as fluorquinolonas, devido aos seus menores efeitos colaterais
e maior espectro de acdo. As principais fluorquinolonas sédo a enrofloxacina
(exclusivamente de uso veterinario), orbifloxacina, difloxacina e marbofloxacina
(exclusivamente de uso veterinario), norfloxacina, ciprofloxacina, ofloxacina,

lomefloxacina e pefloxacina (Spinosa et al., 2006).

A norfloxacina € muito utilizada como opcao terapéutica em casos de cistites
cronica ou recorrentes, que tem como mecanismo de acdo a inibicdo das
topoisomerases bacterianas do tipo Il, também conhecida como DNA girase; in
vitro inibem também a topoisomerase IV, porém ndo se sabe se esse fato
contribui para acgéo antibacteriana. As topoisomerases s&0 enzimas que
catalisam a direcao e a extensao do espiralamento das cadeias de DNA. Assim,
embora as quinolonas apresentem diferentes caracteristicas de ligagdo com a
enzima, todos estes quimioterapicos inibem a DNA girase, impedindo o
enrolamento da hélice de DNA em uma forma superespiralada. Em mamiferos,
existem algumas topoisomerases, entretanto as quinolonas nao exercem acao
sobre estas enzimas (GORNIAK in SPINOSA et al., 2006). Além disso, é uma



molécula anfotérica de baixa solubilidade em agua e baixa biodisponibilidade em
humanos e animais p6s administracao oral (<40%), devido a sua baixa absorcéo
intestinal e baixa aderéncia nas mucosas, 0 que contribuiu para limitar a
atividade antimicrobiana e os microrganismos resistentes (DONG et al., 2011).
Tais caracteristicas quimico-fisicas da molécula tornam muitas vezes sua
administracéo oral pouco eficiente, o que limita sua eficacia, além de contar com
mais efeitos adversos se comparada com outras drogas mais modernas. Entre
0s principais efeitos colaterais se destacam as altera¢gfes géstricas e intestinais
(NORRBY, 1986).

A norfloxacina € uma fluoroquinolona derivada do &cido nalidixico,
comumente administrada pela via oral (HOLMES et al., 1985). Aproximadamente
30% de uma dose administrada é excretada como farmaco inalterado por
filtracdo glomerular e secrecao tubular (STEIN, 1987). Apés uma dose Unica de
norfloxacina, os niveis terapéuticos do farmaco na urina sdo alcancados
rapidamente e mantidos por pelo menos 12 a 24 horas. A norfloxacina tem uma
meia-vida de eliminagdo terminal de aproximadamente trés horas, embora a
presenca de uma taxa de filtracdo glomerular reduzida aumente a meia-vida de
eliminacao (ADHAMI et al., 1984). O metabolismo hepéatico é o principal local de
metabolismo da norfloaxacina enquanto a urina é a principal via de excrecao e
seis metabdlitos da norfloxacina sdo excretados ndo conjugados na urina
(PAULIUKONIS et al., 1984). A droga € altamente lipossollvel, mas exibe baixas
propriedades de ligacdo a proteinas (STEIN, 1987), o que diminui sua

disponibilidade quando administrada por via oral.

Embora o metabolismo da norffloxacina se da em sua maioria no figado, as
principais lesbes patolégicas encontradas como efeito colateral sdo as
alteracbes renais, principalmente nefrites intersticiais, devido a ligacdo de
antigenos no rim ou metabdlitos que atuam como antigenos que sao entao

depositados no intersticio, induzindo uma reacédo imune (NAUGHTON, 2008).

2. Sistemas de liberacdo e carreadores nanoestruturados



Uma das formas de que tem sido pesquisada para potencializacdo de
farmacos e diminuicdo de seus respetivos efeitos colaterais tem sido a utilizagéo
de sistemas nanoestruturados de liberagdo de farmacos, onde ocorre a
associacdo da molécula do farmaco a uma estrutura vesicular composta de uma
bicamada lipidica com um nudcleo aquoso bem definido (BANGHAM & HORNE,
1964).

Dentro dessa estrutura os lipossomas podem carrear drogas hidrofilicas
no nucleo aquoso e aumentar a penetragcdo através das membranas fisioldgicas
lipofilicas, enquanto as drogas lipofilicas estdo contidas dentro da bicamada
lipidica e aumentam sua solubilidade nos fluidos corporais aquosos (RAHMAN
et. al., 1974). Tal mecanismo potencializa o efeito de acéo dos farmacos, além
de melhorar a resisténcia das moléculas a enzimas de degradacédo (CHAIZE et
al., 2004) e sua composicdo a partir de materiais naturais torna a formulacao
mais biocompativel com o organismo e biodegradavel (VAN ROOIJEN & VAN
NIEUWMEGEN, 1980).

Os primeiros lipossomas sintetizados apresentavam algumas
desvantagens, pois a producéo era complexa, tendo menos estabilidade inerente
e, portanto, ndo podiam ser armazenados por muito tempo. Entretanto com
objetivo de superar essas limitagcdes, novas geracdes de lipossomas foram
produzidas com extensas modificacbes em suas estruturas de superficie,
tamanho e mecanismo de disposi¢cao molecular, resultando em alta estabilidade
mecanica, capacidade de induzir ou inibir a agdo de componentes do sistema
imunolégico, tempos de circulacdo mais longos, e eficiéncia de
carregamentopenetracdo e especificidade do alvo aprimorados (MADNI et. al,
2014).

Vérias classes de antibigticos foram encapsuladas com sucesso em
lipossomas, melhorando seu potencial de acéo e diminuindo efeitos colaterais,
como a rifampicina (DEOL et al., 1997), ceftiofur (LIU et al., 2011), tobramicina
(ALHARIRI & OMRI, 2013), vancomicina (MUPPIDI et al., 2012), ciprofloaxina
(HOSNY, 2010), polimixina B (ALIPOUR et al., 2008), claritromicina (ALHAJLAN
etal., 2013), gentamicina (RUKHOLM et al., 2006), meropenem (DRULIS-KAWA
et al., 2006), benzilpenicilina (KIM & JONES, 2004), amicacina (LEITZKE et al.,



1998), rifabutina (GASPAR et al., 2008), norfloxacina (AHMAD et al., 2016) e
pefloxacina (PUGLISI et al., 1995).

Existem varios métodos de preparacdo dos lipossomas carreadores de
antibioticos, dentre eles os principais sdo os métodos de desidratacdo-
reidratacdo, evaporacdo de fase reversa, método de injecdo, método da
remocao por detergentes, sonicacao, extrusao e microfluidizacéo, sendo cada
um aplicavel em funcéo do tipo de lipossoma utilizado e do farmaco que se
deseja adicionar a estrutura (ALHARIRI et al., 2013).

3. Pectina

A pectina € um termo geral para um grupo de polimeros naturais que ocorrem
como materiais estruturais em todas as plantas de cultivo de terra. Faz parte,
portanto, da natureza dieta humana. A pectina comercial é obtida da casca de
frutas citricas ou do bagaco de maca (ROLIN & DE VRIES, 1990).

A pectina tem sido amplamente descrita como uma matriz de biopolimero
para entrega de drogas (RIBEIRO et al., 2014), devido a sua resisténcia ao meio
de baixo pH e a capacidade de interagir com a mucina, o principal glicoproteina
de tecidos mucosos, 0 que torna a pectina um excelente mucoaderente
(SRIAMORNSAK, 2011, LI et al., 2021) e um aliado no sistema de entrega de
farmacos (LI et al., 2021; KEDIR et al., 2022).

A pectina tem sido usada encapsulando vérios farmacos sendo alianada no
tratamento de diversas doencas com atividade anticancer, antidiabetica,
antioxidante, anti-inflammatoria, antibacteriana, imunomodulatéria, na regulacéo
do colesterol (KEDIR et al., 2022).

4. Pseudomonas aeruginosa PAO1

A Pseudomonas aeruginosa (PA) é uma bactéria gram-negativa, oportunista

e notadamente identificada como um patégeno multirresistente a medicamentos



e com grande necessidade de desenvolvimento de novos métodos terapéuticos
para seu combate (WILSON & PANDEY, 2022).

Dentre as 5000 cepas de PA ja conhecidas a PAO1 tem sido uma das mais
utilizada como referéncia para experimentos laboratoriais por facilitar a
padronizacdo de novas drogas e testar novos protocolos terapéuticos, devido a
padronizacdo dos experimentos e conhecimento genémico em relacdo a cepa
(GRACE et al., 2022). Dentre as principais caracteristicas que justificam a
utilizacdo da PAO1 como cepa de pesquisa estédo a resisténcia a cloranfenicol,
a existéncia de um sequenciamento genético e identificacdo de seus genes
ativos, a eficacia na infeccéo de diferentes organismos experimentais e formacéo
de biofilme (RAJKUMARI et al., 2018).

A PA causa muitas infec¢cdes agudas e cronicas com taxas de morbidade e
mortalidade de até 40% no caso de humanos (ENGEL, 2003). PA deve sua
versatilidade patogénica a um grande arsenal de fatores de viruléncia que
permitem que esse patégeno colonize varios locais dentro dos hospedeiros e a
proteja das defesas imunes inatas do hospedeiro (MOHAMED et al., 2022). A
inducéo de citotoxicidade em células hospedeiras-alvo é uma principal estratégia
de viruléncia para PA durante o curso da infeccdo, manifestada por uma
infinidade de citotoxinas que podem induzir varias formas de morte celular em
células hospedeiras-alvo. Logo apés a infeccdo, onde o numero de bactérias €
menor, a PA é vulneravel, portanto, pode preferir implantar citotoxinas indutoras
de apoptose como forma de permanecer invisivel ao sistema imune, dada a
natureza anti-inflamatéria do apoptose (ROH & SOHN, 2018). No entanto, as
mortes celulares apoptoéticas geradas pela PA sdo mais comuns durante o inicio
da infeccéo, pois a medida que o nimero de bactérias aumenta, € inevitavel que
o hospedeiro reconheca e monte respostas imunes efetiva. Quando as
condi¢bes de infeccéo evoluem e o0 agente se estabelece no organismo, PA pode
preferir usar toxinas necréticas e formadoras de poros de acéo rapida, como
alternativa para eliminar a ameaca representada pelos leucdcitos fagociticos do
hospedeiro. Além disso, outros fatores quimicos e/ou fisicos (ambiente aerdbico
ou anaerobico, tecido ou sangue, presenca ou auséncia de cofatores, pH, etc.),
também podem influenciar a escolha das citotoxinas que serdo produzidas
durante a infecgéo por PA (WOQOD et al., 2023).



Em roedores os principais mecanismos patogénicos da PA PAO1 sédo a
capacidade de aderéncia nos tecidos, a producao de exotoxinas (principalmente
a exotoxina A ETA) e exoenzimas (exoenzima S, proteases e fosfolipase)
toxicas, producéo de sideroforos, caracteristicas que induzem o animal a uma
producgédo intensa de imunocomplexos, leséo celular no local de instalagéo da
bactéria e evolucdo para septicemia (HIRAKATA et al., 1993; DIAZ-PEREZ et
al., 2022).

Embora mutacdes genéticas e variacdes fenotipicas tenham aparecido
devido a inconsisténcias na manutencao das colonias de cepas padronizadas
em laboratério, existem métodos para reduzir a variabilidade genbmica e
fenotipica (CHANDLER et al., 2019). A utilizacdo de cepas padronizadas como
a PAO1 diminui o efeito do agente utilizado na qualidade dos resultados, pois a
utilizacdo de cepas nao padronizadas pode interferir nos resultados obtidos.
(FRIMMERSDOREF et al., 2010; POULSEN et al., 2019; MANZO et al., 2021).



CAPITULO 2

O artigo sera submetido a revista Pharmaceutics

Therapeutic evaluation of a hybrid nanocomposite
based on liposome and pectin for sustained release

of norfloxacin in infected mice (Mus musculus)

Schlemper, André Eduardo **; Ribeiro, Ligia Nunes de Moraes'’; Sommerfeld, Simone %;
Medeiros-Ronchi, Alessandra Aparecida’; Silva, Murilo Vieira; Fonseca, Belchiolina

Beatrizl;

1 UFU - Federal University of Uberlandia;
* Correspondence: aeschlemper@gmail.com; Tel: +55 49 999258124

# These authors contributed equally and thus, they share the first authorship

Abstract: This study evaluated the efficacy of a nanohybrid formulation of liposome, pectin and norfloxacin
(PEC@LUVNOR) in C57/6 mice experimentally infected with Pseudomonas aeruginosa PAO1 (PA PAO1).
After using dexamethasone, we infected 86 mice with PA PO1 and initiated the treatment 24 hours post-
infection (pi). We used different therapeutic and subtherapeutic doses (20 and 5mg/Kg) beside two dose
interval schedules (single dose — 24 hours pi and two doses — 24 and 72 hours pi) of PEC@LUV/NOR via
gavage. As positive control we treated the mice with commercial norfloaxacin. The results showed high
efficiency of the lower doses of the PEC@LUVNOR compared to commercial norfloxacin. Besides, the
treatment with PEC@LUVNOR resulted in ease of drug administration due to longer intervals between
doses. The PEC@LUVNOR is a potent formulation even in a low dose of norfloxacin. Our reults indicated
that the PEC@LUV/NOR nanohybrid formulation is an alternative with great potential for replacing

traditional formulations.
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1.Introduction

The use of antibiotics encapsulated in liposomal particles has a significant advantage in
protecting the drug against degradation, prolonging release and reducing the side effects
resulting from its metabolism (DRULIS-KAWA & DOROTKIEWICZ-JACH, 2009). In addition,
such system, presents the potential to optimize the therapeutic efficacy of the active molecule in
the organism (RIBEIRO et. al, 2020).

The use of formulations that enhance antibiotics are promising alternative to combat one of
the most significant biological dangers that have been exposed in our time, the increase in
antimicrobial resistance by parts of the bacteria and the generation of the so-called super bacteria
(ROCHA et. al, 2019). Drugs can also be associated with polymers to enhance their
physicochemical and pharmacological features, improving the specificity of their action in certain
situations (RIBEIRO et. al, 2020). Among the polymers used, pectin is a heteropolysaccharide
from terrestrial plants, which has been used as an excellent matrix for drug delivery (ROLIN &
DE VRIES, 1990; RIBERO et al., 2014). The mucoadhesive property combined with resistance to
the acid pH of the stomach, which increases the stability of drug bound, gives pectin the
advantage of improving drug delivery (SRIAMORNSAK, 2011).

The PEC@LUV/NOR formulation comprises a nanohybrid formulation of liposomal
norfloxacin and pectin. The minimum inhibitory concentration (MIC) decreased in different
species of bacteria treated with PEC@LUVNOR and there was an extension of the drug release
profile (RIBEIRO et. al, 2020). In addition, the toxicity analysis in the in vivo embryonic model,
showed the innocuousness of the developed nanoformulation. In the present manuscript, we
tested the formulation in C57/6 mice infected by Pseudomonas aeruginosa PAO 1 (PA PAO1) with

the aim of evaluating the efficiency of the PEC@LUVNOR and side effects in kidneys.

2. Material and Methods

This research was developed in the Infectious Diseases Laboratory (LADOC-UFU), Central
Bioterium of the Integrated Animal Facility Network (REBIR/UFU), Animal Pathology
Laboratory (PAVET-UFU) and Nanobiotechnology Laboratory Dr. Luiz Ricardo Goulart
(NANOS/ICTEB-UFU). The research was evaluated and approved by the Ethics and Research

with Animals Committee of the Federal University of Uberlandia under number 047/21.



2.1 PEC@LUV/NOR

We produced PEC@LUV/NOR 0.2% in Nanobiotechnology Laboratory (NANOS) as
standardized in Ribeiro et al. (2020). The components used were egg phosphatidylcholine (EPC),
cholesterol (Chol), a-tocopherol, apple pectin (PCT) and norfloxacin (Sigma-Aldrich,St Louis,
MO, USA) and deionized water (18 MQ) (Elga LabWater, High Wycombe, UK). All reagents were

analytical or pharmaceutical grade.

2.2 Comercial Norfloaxin
The commercial norfloxacin formulations were obtened (Exata Vet Farmacia de
Manipulagdo Veterinaria,Uberlandia/MG) at concentrations of 5mg/ml and 20mg/ml in oral

suspension presentation.

2.3 Infectious agent

We infected the mice with PA POL. It is a reference strain utilized in therapeutic research
(GRACE et. al, 2022). The inoculum was obtained from replication in agar MacConkey and serial
dilution at the Laboratory of Infectious Diseases (LADOC-UFU).

2.4 Experimental animals

A total of 86 male C57/6 mice, 4 to 5 weeks old, from the Central Bioterium of University of
Uberlandia (REBIR/UFU) were used. During the experiment, the animals were kept at the
REBIR/UFU under appropriate technical management conditions, with water and food ad libitum,
separated into uniform groups kept in boxes suitable for their maintenance in groups of 3 or 4
animals as recommended by the technical standards of REBIR/UFU. The animals were divided

in followed experimental groups:

GROUP 1 (G1) - 8 animals inoculated with distilled water and treated with placebo (water);
GROUP 2 (G2) - 8 animals inoculated with PA PAO 1 and treated with placebo (water);
GROUP 3 (G3) - 8 animals inoculated with PA PAO land treated with commercial norfloxacin
dose 20mg/kg once a day in a single day (single dose);

GROUP 4 (G4) -8 animals inoculated with PA PAO 1land treated with commercial norfloxacin
dose 20mg/kg in two days (24 and 72 hours after bacteria inoculation);

GROUP 5 (G5) -8 animals inoculated with PA PAO 1land treated with commercial norfloxacin

dose 5mg/kg once a day in a single day (single dose);



GROUP 6 (G6) -8 animals inoculated with PA PAO 1land treated with commercial norfloxacin
dose 5mg/kg in two days (24 and 72 hours after bacteria inoculation);
GROUP 7 (G7) -8 animals inoculated with PA PAO land treated with PEC@LUV/NOR at a dose
of 20mg/kg in a single day (single dose);
GROUP 8 (G8) -8 animals inoculated with PA PAO land treated with PEC@LUV/NOR at a dose
of 20mg/kg in two days (24 and 72 hours after bacteria inoculation);
GROUP 9 (G9) -8 animals inoculated with PA PAO land treated with PEC@LUV/NOR at a dose
of 5mg/kg in a single day (single dose);
GROUP 10 (G10) - 8 animals inoculated with PA PAO land treated with PEC@LUV/NOR at a
dose of 5mg/kg in two days (24 and 72 hours after bacteria inoculation);
GROUP 11 (G11) - 6 animals inoculated with PA PAO land treated with commercial norfloxacin
20mg/kg for 7 days;

The in vivo assays were carried out in the procedure room at REBIR/UFU by professionals

trained and capable of handling experimental animals.

2.5 Agent inoculation

The animals were received at about - 4 weeks old and kept for 14 days in acclimatization,
separated in the boxes of their respective groups. After 14 days, all animals were exposed to prior
immunosuppression using 50mg/kg of dexamethasone administered intramuscularly for 3 days.
Then, the animals in G1 were inoculated with 0.2ml of distilled water intraperitoneally using a
1ml syringe and a 26G disposable needle. The animals in groups 2-11 were infected with 0,2ml of
diluted solution of PA PAO 1 at 4.08 log CFU/animal intraperitoneally using a 1ml syringe and
26G disposable needle.

2.6 Treatments

The animals were treated orally according to the protocol for each group (24 and/or 72
hours post-infection (pi)) using a 1ml disposable syringe and a reusable metallic gavage probe.
From the infection of bacteria and during 7 days, we observed the animals' behavior and
mortality. After 7 days of treatment, all animals were euthanized with an overdose of isoflurane

in an anesthetic chamber.

2.7 Biological samples
After the euthanasia of the animals (7 days pi), we collected blood by retrobulbar puncture

with a non-heparinized capillary tube and stored in a sterile plastic microtube for further analysis.



Then, we performed the necropsy of the animals and collected the kidneys in 10% formaldehyde

for later histopathological examination.

2.8 Histopathological analysis

The kidneys were dehydrated in alcohol, cleared in xylene, included in paraffin, and
stained with Hematoxylin and Eosin. Two experienced pathologists analyzed all slides from
kidney samples without knowing the treatment group. Then, the lesions were identified and
scored for severity, and the slides for the control group were identified and re-evaluated for
normality. The negative control samples (G1) were used to guide the normal histological
appearance and the natural rate of lesion occurrence.

All slides were re-examined compared to the normal slide to ensure accurate recognition
and grading of lesions. All kidneys' slides were examined microscopically for histological
evidence of vacuolar-hydropic degeneration, necrosis and detachment of renal tubular epithelial
(RTE) cells from the basement membrane, inflammation and circulatory lesions. Severity scores
were based on a scale of 0 to 3, which corresponded to normal, mild, moderate, and severe,
respectively. Vacuolar-hydropic degeneration was scored as follows: 0= no detectable
cytoplasmic vacuolation; 1= scattered individual vacuoles or low numbers of vacuoles within the
cytoplasm of some tubular epithelial cells; 2= clusters of vacuoles within the cytoplasm of many
some tubular epithelial cells; 3= clearing of the cytoplasm because of advanced vacuolation in
nearly all some tubular epithelial cells. We didn’t perform histopathological analysis in G11

because the number of animals were lower.

2.9 Statistical analysis

We tested the histopathological changes (damage score) by ANOVA with the non-
parametric Kruskall-Wallis test. For the analysis of clinical signs, we used the chi-square test
followed by the difference between two proportions comparing each value with negative control.

We considered a statistical difference to a p-value < 5% using a GraphPad Prism 9.1 program.



3. Results

3.1 Behavior assessment

After treatment for immunosuppression, the animals were inoculated with PA PAO1 and
their behavior was evaluated to identify possible clinical signs (prostration, anorexia, apathy)
based on the assessment carried out by a trained professional and compatible with the onset of

bacterial infection (Table 1).

Table 1: Signs and mortality (%) of mice inoculated with Pseudomonas aeruginosa PAO 1 and

treated with PEC@LUV/NOR in different dosage schemes

Groups INFECTION DAY Day 1 pi Day 2 pi Day 3 pi Day 4 pi Day 5, 6, 7 pi
G1 S: 0% (0/8)a S: 0% (0/8)a S: 0% (0/8)  S: 0% (0/8)  S: 0% (0/8) S: 0% (0/8)a
a a
G2 S: 0% (0/8) a S: 0% (0/8)  S: 100% S: 75% S: 0% (0/8).  S: 0% (0/8) a
a (8/8)b (6/8) b M: 12.5%
(1/8)
G3 S: 0% (0/8) a S:0% (0/8)  S: 0% (0/8)  S: 0% (0/8) S: 0% (0/8) S: 0% (0/8) a
a a a
G4 S: 0% (0/8) a S:0% (0/8)  S:0% (0/8)  S: 0% (0/8)  S: 0% (0/8) S: 0% (0/8) a
a a a
G5 S: 0% (0/8) a S: 0% (0/8)  S: 100% S: 50% S: 0% (0/8) S: 0% (0/8) a
a (8/8) b (4/8) ab
G6 S: 0% (0/8) a S: 0% (0/8)  S:50% (4/8) S:50% S: 0% (0/8) S: 0% (0/8) a
a ab (4/8) ab M: 12.5%
(1/8)
G7 S: 0% (0/8) a S:0% (0/8)  S:0% (0/8)  S:0% (0/8) S: 0% (0/8) S: 0% (0/8) a
a a a
G8 S: 0% (0/8) a S:0% (0/8)  S: 0% (0/8)  S: 0% (0/8)  S: 0% (0/8) S: 0% (0/8) a
a a a
G9 S: 0% (0/8) a S:0% (0/8)  S:0% (0/8)  S:0% (0/8) S: 0% (0/8) S: 0% (0/8) a
a a a
G10 S: 0% (0/8) a S:0% (0/8)  S:0% (0/8)  S:0% (0/8)  S: 0% (0/8) S: 0% (0/8) a
a a a
G11 S: 0% (0/6) a S:0% (0/8)  S: 0% (0/8)  S: 0% (0/8)  S: 0% (0/8) S: 0% (0/8) a
a a a

Pi: post inoculation with Pseudomonas aeruginosa PAO 1 (PA PAO1) (first day of treatment). S: animals
with symptoms (apathetic, anorexia and prostrate animals). M: Mortality (%). Where the mortality was not
described it didn't occur. Different letters in the same column indicate a statistical difference between
negative control. We used the Chi-square test followed by the difference between two proportions
(comparing each result with negative control). For mortality, we just performed a descriptive analysis. G1:
Negative control - 8 animals inoculated with distilled water and treated with placebo; G2: Positive control - 8
animals infected with PA PAOland treated with placebo; G3 - 8 animals infected with PA PAOland treated
with norfloxacin dose 20mg/kg SID in a single day (single dose, one day pi of bacteria); G4 - 8 animals



inoculated with PA PAO1land treated with norfloxacin dose 20mg/kg in two days (24 and 72 hours after
bacteria inoculation); G5 - 8 animals infected with PA PAOland treated with commercial norfloxacin dose
5mg/kg SID in a single day (single dose); G6 - 8 animals infected with PA PAOland treated with commercial
norfloxacin dose 5mg/kg in two days (24 and 72 hours after bacteria inoculation); G7 -8 animals inoculated
with PA PAO1land treated with PEC@LUV/NOR at a dose of 20mg/kg in a single day (single dose); G8 - 8
animals inoculated with PA PAOL1 and treated with PEC@LUV/NOR at a dose of 20mg/kg in two days (24
and 72 hours after bacteria inoculation); G9 - 8 animals inoculated with PA PAOland treated with
PEC@LUV/NOR at a dose of 5mg/kg in a single day (single dose); G10 - 8 animals inoculated with PA
PAOL1 and treated with PEC@LUV/NOR at a dose of 5mg/kg in two days (24 and 72 hours after bacteria
inoculation); G11 — 6 animals inoculated with PA PAOland treated with commercial norfloxacin 20mg/kg for
7 days;

It was possible to assess that not all animals had a clinical manifestation of the bacterial
infection inoculated. However, positive control (G2) and groups treated with the commercial
formulation at a minimum dose (5mg/kg) with longer intervals than the usual dosage of the drug

(single dose and interval of 24-72h) showed alterations 2 and 3 days pi (table 1). In G2 and G6

there was one death 4th day pi.

3.2 Histopathological results

3.2.1 Circulatory changes

The results obtained after analyzing the histological slides of the mice kidneys showed a
statistical difference in the presence of circulatory lesions (Figure 1) in G4 (treated with
commercial Norfloxacin at a dose of 20mg/Kg in two days, 24 and 72 hours pi of the bacteria )
compared to groups G1, G2, and G10, and a statistical similarity in the ocorrence of these lesions

between groups G4- G9. The negative group (G1) was similar to G2, G3, G5-G10.
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Figure 1: Mean of the circulatory change score in kidney of mice infected by Pseudomonas aeruginosa PAO 1
(PA PAOL1) end treated with PEC@LUVNOR or commercial norfloxacin. PEC@LUVNOR: formulation of
liposomes, pectin and norfloxacin We used ANOVA by Kruskall Walis test (p<0.05). The asterisk indicates a
statistical diference. G1: Negative control - 8 animals inoculated with distilled water and treated with
placebo; G2: Positive control - 8 animals infected with PA PAOland treated with placebo; G3 - 8 animals
infected with PA PAOland treated with norfloxacin dose 20mg/kg SID in a single day (single dose, one day
pi of bacteria); G4 - 8 animals inoculated with PA PAOland treated with norfloxacin dose 20mg/kg in two
days (24 and 72 hours after bacteria inoculation); G5 - 8 animals infected with PA PAOland treated with
commercial norfloxacin dose 5mg/kg SID in a single day (single dose); G6 - 8 animals infected with PA
PAOland treated with commercial norfloxacin dose 5mg/kg in two days (24 and 72 hours after bacteria
inoculation); G7 -8 animals inoculated with PA PAO1land treated with PEC@LUV/NOR at a dose of 20mg/kg
in a single day (single dose); G8 - 8 animals inoculated with PA PAO1 and treated with PEC@LUV/NOR at
a dose of 20mg/kg in two days (24 and 72 hours after bacteria inoculation); G9 - 8 animals inoculated with
PA PAOland treated with PEC@LUV/NOR at a dose of 5mg/kg in a single day (single dose); G10 - 8 animals
inoculated with PA PAO1 and treated with PEC@LUV/NOR at a dose of 5mg/kg in two days (24 and 72

hours after bacteria inoculation).

3.2.2 Hydropic degeneration
The results obtained after analyzing the histological slides of the mouse kidneys showed no

statistical difference in the presence of hydropic degeneration lesions (Figure 2).
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Figure 2: Mean of the hydropic degeneration score in kidney of mice infected by Pseudomonas aeruginosa
PAO 1 (PA PAO1) end treated with PEC@LUVNOR or commercial norfloxacin. PEC@LUVNOR:
formulation of liposomes, pectin and norfloxacin We used Kruskall Walis test (p<0.05). The asterisk
indicates a statistical difference. G1: Negative control - 8 animals inoculated with distilled water and treated
with placebo; G2: Positive control - 8 animals infected with PA PAOland treated with placebo; G3 - 8
animals infected with PA PAOland treated with norfloxacin dose 20mg/kg SID in a single day (single dose,
one day pi of bacteria); G4 - 8 animals inoculated with PA PAO1land treated with norfloxacin dose 20mg/kg
in two days (24 and 72 hours after bacteria inoculation); G5 - 8 animals infected with PA PAO1land treated
with commercial norfloxacin dose 5mg/kg SID in a single day (single dose); G6 - 8 animals infected with PA
PAOland treated with commercial norfloxacin dose 5mg/kg in two days (24 and 72 hours after bacteria
inoculation); G7 -8 animals inoculated with PA PAOland treated with PEC@LUV/NOR at a dose of 20mg/kg
in a single day (single dose); G8 - 8 animals inoculated with PA PAO1 and treated with PEC@LUV/NOR at
a dose of 20mg/kg in two days (24 and 72 hours after bacteria inoculation); G9 - 8 animals inoculated with
PA PAOland treated with PEC@LUV/NOR at a dose of 5mg/kg in a single day (single dose); G10 - 8 animals
inoculated with PA PAO1 and treated with PEC@LUV/NOR at a dose of 5mg/kg in two days (24 and 72

hours after bacteria inoculation)

.2.3 Necrotic alterations

After analyzing the histological slides of the mouse kidneys, the results showed a statistical
difference in the presence of lesions compatible with tubular cell nephrosis (graph 3). The group
G1 (negative control) was similar to all groups except G4. The G4 was identical to all groups

except G1, G5 and G6.
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Figure 3: Mean of the necrose score in the kidney of mice infected by Pseudomonas aeruginosa PAO 1 (PA
PAO1) end treated with PEC@LUVNOR or commercial norfloxacin. PEC@LUVNOR: formulation of
liposomes, pectin and norfloxacin We used ANOVA by Kruskall Walis test (p<0.05). The asterisk indicates
a statistical difference. G1: Negative control - 8 animals inoculated with distilled water and treated with
placebo; G2: Positive control - 8 animals infected with PA PAOland treated with placebo; G3 - 8 animals
infected with PA PAOland treated with norfloxacin dose 20mg/kg SID in a single day (single dose, one day
pi of bacteria); G4 - 8 animals inoculated with PA PAOland treated with norfloxacin dose 20mg/kg in two
days (24 and 72 hours after bacteria inoculation); G5 - 8 animals infected with PA PAOland treated with
commercial norfloxacin dose 5mg/kg SID in a single day (single dose); G6 - 8 animals infected with PA
PAOland treated with commercial norfloxacin dose 5mg/kg in two days (24 and 72 hours after bacteria
inoculation); G7 -8 animals inoculated with PA PAO1land treated with PEC@LUV/NOR at a dose of 20mg/kg
in a single day (single dose); G8 - 8 animals inoculated with PA PAOL1 and treated with PEC@LUV/NOR at
a dose of 20mg/kg in two days (24 and 72 hours after bacteria inoculation); G9 - 8 animals inoculated with
PA PAO1land treated with PEC@LUV/NOR at a dose of 5mg/kg in a single day (single dose); G10 - 8 animals
inoculated with PA PAOL1 and treated with PEC@LUV/NOR at a dose of 5mg/kg in two days (24 and 72

hours after bacteria inoculation).



3.2.4 Inflammation alterations

None of the slides analyzed showed inflammatory lesions in the kidneys.

4.Discussion

PEC@LUVNOR was effective in combating bacterial infection by PI PAO1 even when used
in lower doses than usual. PI PAO1 infection resulted in moderated clinical signs such as
prostration, anorexia and apathy in 50-100% of the animals in G2 (positive control), G5 and G6
(treated with subtherapeutic dose of commercial norfloxacin) at 2 and 3 days pi (table 1). Besides,
one animal from G2 and one from G5 died 4 days pi (Table 1).

Extracellular bacteria can induce apoptosis, but PA can also cause cell necrosis (Hauser et al.
1999) and necropoptosis (WOOD et al. , 2023). The type of cell death may be important for the
immune response (WOOD et al., 2023) and the consequent presentation of clinical symptoms,
death, or recovery of the animal. Necrotic cells stimulate the innate immune system. Apoptotic
cells are only stimulatory in some situations and in others, apoptosis can evade the immune
response (KONO et al., 2009). In our study, the sick mice recovered spontaneously even when
untreated. This probably occurred due to the effective immune response of the C57/6 mouse
strain, used for research in the field of immunology (SONG & HWANG, 2017), in addition to the
concentration of bacteria used in the inoculum was not high enough to lead to the death of the
animals. PA has the characteristic of leading to rapid apoptosis of the cells at the site where it is
installed, which can facilitate the efficiency of the immune response of individuals before the
installation of a septicemic condition that would lead the animal to death (HOTCHKISS et. al,
2001). Such results demonstrated that PEC@LUV/NOR, even at lower dosages and longer
intervals, presented equal or better results than the commercial formulation, which characterizes
its potential as a more effective treatment alternative and easy to administer.

Even though the animals recovered spontaneously in our study, we could conclude that
LUV@PECNOR in lower doses (5mg/Kg single or two doses) was efficient in controlling the PA
PAOL1 since animals treated with commercial norfloxacin in the same dose got sick while the mice
treated with LUV@PECNOR was no clinical signs.

In the circulatory evaluation, G4 (exposed to the highest commercial therapeutic dosage
of norfloxacin, and the longer therapeutic interval) showed significant circulatory alterations
(Figure 1). This probably ocurred due to the nephrotoxic effects of the high dose of norfloxacin
resulting from the deposition and formation of immune complexes (NAUGHTON, 2008). Our
hypothesis is based on the fact that G1 (negative control) resulted in identical to G2 (positive

control). So, the circulatory effect in the kidney is probably a consequence of drugs, not bacterial



infection. Our results can indicate the high doses of norfloxacina (in G4) resulted in an increase
of circulatory damage in the kidney since we observed a clear statistical difference between
negative control (G1).

There was no statistical difference between the animals in the hydropic degenerative
evaluation (Figure 2). In some doses, norfloxacin can trigger hydropic degeneration of renal cells
groups (NAUGHTON, 2008), but we didn’t find this change. Although pathological effects
caused by PA infection in the kidneys can happen in tubular cells where apoptosis begins in the
case of renal cells with hydropic degeneration and vacuolation of the cell ( HOTCHKISS, 2001)
probably, in our study, the bacteria didn’t reach the kidney.

In the evaluation of necrotic lesions, G4's changes were clear. All groups were similar to
the negative control except G4. Besides, G4 was identical to all groups except G1, G5 and G6
(Figure 3).

The action of the norfloxacin in the kidney in our study is clear because the kidney necroses
are greater in G4 (animals treated with 20mg/Kg in two doses) compared to G1 (negative control)
or G5 and G6 (animals treated with 5mg/Kg of norfloxacin) (Figure 3). It is known that the effects
of antibiotic-induced nephrosis are usually manifested after chronic exposure to the agent or
overdose (HOITSMA et. al, 1991). In doses of 20mg/Kg of commercial norfloxacin resulted in
kidney necrosis. The greater occurrence of lesions in the groups treated with the PEC@LUV/NOR
formulation (G9 and G10 were different from G6 and similar to G4) (Figure 3) can be explained
by the molecule's ability to increase the agent's release time in the body, even at lower doses.

The evaluation of inflammatory lesions in the kidney blades was also carried out, but in none
of them was found any significant alteration. This must be related to the resolution of the bacterial
infection quickly, before the release of cytokines in the kidney, installation of a septic condition,
or exacerbated and chronic formation of immune compounds that could lead to renal
inflammation (HOTCHKISS, 2001). Kidney inflammation occurs when an injury affects the
tissues, triggering cell lysis, the release of inflammatory mediators and the consequent
aggregation of defense cells (ROVIN & PHAN, 1998).

Our results, as a whole, make clear the great potential of using PEC@LUVNOR for bacterial
treatment. However, the subtherapeutic dose used in this study (5mg/Kg) must still be high.
Liposome-enhanced drugs show better release and we increased the intestinal absorption of
norfloxacin using pectin in the PEC@LUVNOR formulation. The presence of animals without
signs treated with subtherapeutic doses of PEC@LUVNOR associated with the necrosis in kidney

compared to the group treated with the same dose of norfloxacin (G6), makes it clear that the



formulation met the proposed objectives (lower dosage, more significant action). However, we
have not yet been able to find the ideal dose.

The PEC@LUV/NOR formulation showed therapeutic efficacy even at a dose 4 times fewer
than commercial norfloxacin. However, other tests should be performed with lower doses than

those evaluated in this study. Thus, we can find an efficient and safe dosage of PEC@LUVNOR.
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