[~
1 [~
[ [~3

®!

VIRTUS IMPAVID
[ ]

UNIVERSIDADE FEDERAL DE PERNAMBUCO
CENTRO DE BIOCIENCIAS
PROGRAMA DE POS-GRADUACAO EM CIENCIAS BIOLOGICAS

GABRIEL BARROS RODRIGUES

DESENVOLVIMENTO E AVALIACAO DE SISTEMAS DE LIBERACAO
CONTROLADA DE DIETILCARBAMAZINA NANOENCAPSULADA EM
DIFERENTES FASES DE INFLAMACAO HEPATICA EXPERIMENTAL

Recife
2018



GABRIEL BARROS RODRIGUES

DESENVOLVIMENTO E AVALIACAO DE SISTEMAS DE LIBERACAO
CONTROLADA DE DIETILCARBAMAZINA NANOENCAPSULADA EM
DIFERENTES FASES DE INFLAMACAO HEPATICA EXPERIMENTAL

Tese de doutorado apresentada ao Programa de
Pbés-Graduacdo em Ciéncias Biologicas da
Universidade Federal de Pernambuco, como
parte dos requisitos para obtencdo do titulo de
Doutor em Ciéncias Bioldgicas.

Orientadora: Prof?. Dra. Christina Alves Peixoto

Recife
2018



Dados Internacionais de Catalogacgéo na Publicacéo (CIP) de acordo com ISBD

Rodrigues, Gabriel Barros

Desenvolvimento e avaliacdo de sistemas de liberacdo controlada
de dietilcarbamazina nanoencapsulada em diferentes fases de
inflamacao hepatica experimental / Gabriel Barros Rodrigues - 2018.

56 folhas: il., fig.

Orientadora: Christina Alves Peixoto

Tese (doutorado) — Universidade Federal de Pernambuco. Centro
de Biociéncias. Programa de Pés-Graduacao em Ciéncias Bioldgicas.
Recife, 2018.

Inclui referéncias e anexos

1. Dietilcarbamazina 2. Figado - doencas 3. Nanobiotecnologia I.
Peixoto, Christina Alves Il. Titulo

616.362 CDD (22.ed.) UFPE/CB-2018-391

Elaborado por Claudina Karla Queiroz Ribeiro CRB4/1752



GABRIEL BARROS RODRIGUES

DESENVOLVIMENTO E AVALIACAO DE SISTEMAS DE LIBERACAO
CONTROLADA DE DIETILCARBAMAZINA NANOENCAPSULADA EM
DIFERENTES FASES DE INFLAMACAO HEPATICA EXPERIMENTAL

Tese de doutorado apresentada ao Programa de
Pbés-Graduacdo em Ciéncias Biologicas da
Universidade Federal de Pernambuco, como
parte dos requisitos para obtencdo do titulo de
Doutor em Ciéncias Bioldgicas.

Aprovada em: 07/08/2018.

BANCA EXAMINADORA:

Dra. Christina Alves Peixoto (Orientadora) - IAM/FIOCRUZ

Dra. Ana Célia Oliveira dos Santos — UPE

Dra. Sheilla Andrade de Oliveira - IAM/FIOCRUZ

Dra. Marcia VVanusa da Silva - UFPE

Dra. Marcia Regina Piuvezam — UFPB



Dedico este trabalho a Deus que esta presente em todos os momentos da minha vida,
realizando tudo da melhor maneira possivel. Aos meus pais Antonio e Anete, por sempre
confiarem em mim, nunca duvidarem da minha capacidade e ndo medirem esforcos pelo meu
sucesso. A minha irmd Germana, por sua paciéncia e eterna palavra de incentivo e carinho em
todas as horas. A Ingrid, por se tornar o amor da minha vida, sendo a companhia de todas as

horas e ter papel fundamental na conclusao deste trabalho.



AGRADECIMENTO

Agradeco primeiramente a DEUS, que tornou todo este esfor¢o possivel e direcionou

todas as coisas da maneira mais perfeita possivel, que so Ele sabe fazer.

Agradeco a minha familia por todo amor e carinho a mim concedidos, pois s6 Vocés
sabem o quanto foram importantes para mim em todos 0s momentos da minha vida e em

especial nestes ltimos meses.

Agradeco a minha namorada Ingrid pela sua compreensao e inestimavel apoio, ndo so
durante este trabalho, como também pelas diversas coisas pelas quais passamos. Sem vocé,

nada disso teria sido possivel.

Agradeco a minha orientadora Christina ndo apenas pelo inestimavel apoio intelectual

e material, mas sobre tudo por sua amizade.

Agradeco as minhas colegas de trabalho pelas risadas, experiéncias compartilhadas,

paciéncia e todos 0s bons momentos dessa caminhada.

Por fim, agradeco aos meus amigos, por entenderam e perdoarem minha auséncia, pelo

incentivo e companhia que sempre me foram gratos.



“Se eu vi mais longe (...) e se cheguei até aqui,

foi porque me apoiei no ombro de gigantes.’

(Isaac Newton)



RESUMO

Apesar do avango econdmico e sanitario, pouco progresso tem sido alcangado no tratamento de
pacientes em estagios avancados de doencas hepéticas, sendo muitas vezes o transplante
hepatico a Unica alternativa. A dietilcarbamazina (DEC) é um medicamento amplamente
utilizado na terapéutica da filariose e apresenta excelente tolerabilidade e poucos efeitos
colaterais. Além disso, sua eficaz agdo anti-inflamatoria tem sido bastante explorada em nosso
laboratdrio, especialmente no figado. O uso de nanoestruturas como carreadores de farmacos,
tais como nanocapsulas, que criam sistemas de liberacdo controlada, ja estdo na clinica ou em
estudos pré-clinicos, de forma a melhorar significativamente a eficacia de muitos protocolos
terapéuticos e diagnobsticos. O objetivo do trabalho foi desenvolver e caracterizar o
nanoencapsulamento da DEC (NANO-DEC) nas doses de 5 e 12.5 mg/kg e avaliar pela
primeira vez sua acdo em diferentes fases da inflamacdo hepatica em murinos induzida por
tetracloreto de carbono (CCls). Foram avaliados trés fases de inflamagdo hepética: 1 -
inflamag&o aguda, com tratamento prévio com a NANO-DEC por 6 dias e ao final, uma Unica
injecdo de CCls, 2 - inflamacéo cronica e 3 — fibrose, que consistiram em duas injecdes semanais
de CCl4 por 6 e 8 semanas respectivamente, e nos 6 ultimos dias de cada modelo foi realizado
o tratamento com a NANO-DEC. Os resultados demonstraram a NANO-DEC 12.5 mg/kg
apresentou acdo anti-inflamatoria e anti-fibrotica superior que sua formulagéo tradicional em
todos os modelos avaliados, restaurando a funcdo hepatica e diminuindo a expressao de
marcadores inflamatorios (IL-1B, TNF-a, COX-2, INOS e NO) e fibréticos (TGF-$, TIMP-1 e
MMP-2), com metade do regime de tratamento e apenas um quarto da dose da formulagéo
tradicional. Estes resultados abrem novas possibilidades de investigacdo para o tratamento de

doencas hepaticas cronicas.

Palavras-chave: Dietilcarbamazina. Nanoparticulas. Inflamagdo. Figado. Terapias. Via

intraperitoneal.



ABSTRACT

Despite the economic and health advances, little progress has been achieved in the treatment of
patients in advanced stages of liver disease, and liver transplantation is often the only
alternative. Diethylcarbamazine (DEC) is a drug widely used in the treatment of filariasis and
has excellent tolerability and few side effects. In addition, its effective anti-inflammatory action
has been extensively explored in our laboratory, especially in the liver. The use of
nanostructures as drug carriers, such as nanocapsules, which create controlled release systems,
are already in clinical or preclinical studies, in order to significantly improve the efficacy of
many therapeutic and diagnostic protocols. The aim of this study was to develop and
characterize the nanoencapsulation of DEC (NANO-DEC) at doses of 5 and 12.5 mg/kg and to
assess for the first time its action in different stages of the hepatic inflammation in murines
induced by carbon tetrachloride (CCls). Three stages of hepatic inflammation were evaluated:
1 - acute inflammation, with a prior treatment with NANO-DEC for 6 days and at the end, a
single injection of CCl4, 2 - chronic inflammation and 3 - fibrosis, which consisted of two
weekly injections of CCls for 6 and 8 weeks respectively, and in the last 6 days of each model,
the treatment with NANO-DEC was performed. The results demonstrated that NANO-DEC
12.5 mg/kg presented superior anti-inflammatory and anti-fibrotic action than its traditional
formulation in all models, restoring hepatic function and decreasing the expression of
inflammatory (IL-1p, TNF-a, COX-2, iINOS and NO) and fibrotic markers (TGF-B, TIMP-1
and MMP-2), with half the treatment regimen and only a quarter of the traditional formulation
dose. These results open new possibilities of investigation for the treatment of chronic hepatic

diseases.

Keywords:  Diethylcarbamazine.  Nanoparticles.  Inflammation.  Liver.  Therapies.

Intraperitoneal route.
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1 INTRODUCAO

O figado é o principal 6rgao responsavel pelo metabolismo de drogas e outros
metabdlitos, consequentemente, é o principal 6rgdo alvo para grande parte dos produtos
quimicos toxicos. As doencas hepéticas representam um grave problema de satde publica
com alta morbidade e mortalidade. Por sua vez, a inflamacéo cronica do figado é uma
doenca progressiva e lenta, causando disfuncdo do figado e formacdo de fibrose
(ROBINSON; HARMON; O "FARRELLY, 2016).

Os tratamentos existentes para as hepatopatias séo limitados e diferenciados, a
depender da etiologia e/ ou persisténcia do estimulo. Quando as medidas terapéuticas nao
sdo eficientes, os pacientes podem evoluir para a cirrose (GE; RUNYON, 2016). O
transplante de figado passa, entdo, a ser o Unico tratamento disponivel para os estes
pacientes (MANNS, 2013).

O tetracloreto de carbono (CCls) € uma hepatotoxina bem conhecida que é
amplamente utilizada para induzir lesdes hepéticas toxicas em animais experimentais. O
desenvolvimento e estabilizacdo da fibrose em modelo murino ocorre com a
administracdo do CCls durante 6 a 8 semanas (YANGUAS et al., 2016).

Dietilcarbamazina (DEC) é um derivado da piperazina (BUXTON;
ROBERTSON; MARTIN, 2014). Devido a sua acdo microfilaricida, a DEC tem sido
utilizada no tratamento e controle da filariose desde 1947 (FISCHER et al., 2017;
LANHAM; MWANRI, 2013). Apesar de mais de 70 anos de uso, 0 seu mecanismo de
acdo exato ainda ndo estd claro (MCGARRY; PLANT; TAYLOR, 2005). No entanto,
sabe-se que ela interfere na via de sinalizagdo da ciclooxigenase (COX) e lipoxigenase
(LOX) (PEIXOTO; SILVA, 2014).

Além disso, ao longo dos ultimos 8 anos, nosso laboratério tem explorado a
atividade anti-inflamatoria de formualagdes tradicionais de DEC em modelos de
eosinofilia pulmonar (QUETO et al., 2010), inflamagdo pulmonar aguda induzida por
carragenina (RIBEIRO et al., 2014; SANTOS et al., 2014) e lipopolisacarideo
(FRAGOSO et al., 2017), inflamacao hepatica cronica induzida por &lcool (DA SILVA
et al., 2014; ROCHA, Sura Wanessa Santos; SILVA; et al., 2012; RODRIGUES et al.,
2015), tetracloreto de carbono e desnutri¢do proteica (ROCHA, Sura Wanessa Santos;
SANTOS; et al., 2012).
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Nanoestruturas terapéuticas (carreadores) procuram direcionar farmacos ao sitio
de acdo desejado, podendo liberé-lo de forma controlada, mudando sua distribuicéo, para
que se alcance maior eficécia terapéutica, com doses menores, e baixa toxicidade. Assim,
tais sistemas de liberacdo controlada de farmacos, tém como objetivo tornar o composto
ativo capaz de se acumular no 6rgdo ou tecido-alvo de forma seletiva e quantitativa,
independentemente do local e os métodos de sua administracdo. Estes sistemas podem
retardar a liberagdo do principio ativo, sustentar a sua liberacéo e/ou direciona-lo a sitios
especificos de acdo (células, orgdos, micro- organismos) (KUMARI et al., 2014;
MUDSHINGE et al., 2011).
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1.1 OBJETIVOS
1.1.1 Objetivo Geral

Analisar a acdo de nanoparticulas contendo dietilcarbarmazina (NANO-DEC) em

diferentes fases do processo inflamatorio hepatico em camundongos C57BL/6.
1.1.2 Objetivos Especificos

1 — Desenvolver e caracterizar o efeito do nanoencapsulamento da DEC (12.5mg/kg e 5
mg/kg) na inflamac&o hepatica aguda e cronica induzida por tetracloreto de carbono
(CCls) em camundongos C57BL/6;

2 - Analisar o efeito do tratamento in vivo da DEC sobre a inflamacéo hepatica induzida
por CCl, através da microscopia optica (histopatologia), bem como avaliar o contetdo de

colageno;

3 - Examinar por meio de provas bioguimicas o funcionamento hepatico (AST, ALT e

ALP) e o perfil lipidico (colesterol, triglicerideos e HDL);

4 - Analisar o efeito da NANO-DEC sobre o estresse oxidativo através das dosagns de

Oxido nitrico (NO) e glutationa redutase hepaticos.

4 - Caracterizar acdo da NANO-DEC sobre a expressdo dos marcadores inflamatérios e
fibréticos: TNF-a, IL-1p, COX-2, iINOS, TGF-f; TIMP-1 e MMP-2.
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2 REVISAO DA LITERATURA
2.1 Funcéo e Estrutura Hepatica

O figado, pesando cerca de 1,5 kg, é o segundo maior 6rgao do corpo (o maior é
a pele). Situado no quadrante superior direito da cavidade abdominal, logo abaixo do
diafragma, esta subdividido em quatro lobos - direito, esquerdo, quadrado e caudado -
dos quais os dois primeiros constituem a quase totalidade (Figura 1A). E um 6rgéo
multifuncional e dentre suas principais funcdes destacam-se a sintese, secrecdo e
metabolismo proteico e lipidico, a secrecdo biliar, a regulacdo dos niveis glicémicos e a
metabolizacdo de drogas e carboidratos (GARTNER; HIATT, 2007).

A célula hepética (hepatdcito) € o componente estrutural basico do figado,
correspondendo a 80% da populacgdo celular. Estas células epiteliais estdo agrupadas em
placas interconectadas, os I6bulos hepaticos (Figura 1B,C e 2). Em certos animais (p. ex.,
porcos), os lébulos sdo separados entre si por uma camada de tecido conjuntivo, o que
ndo ocorre em humanos, nos quais os I6bulos estdo em contato ao longo de grande parte
de seu comprimento, tornando dificil o estabelecimento de limites exatos entre l16bulos
diferentes. Em algumas regides da periferia dos I6bulos existe tecido conjuntivo contendo
ductos biliares, pequenos ramos da artéria hepatica e ramos da veia porta (formando a
triade portal) (Figura 1C e 2), além de nervos e vasos linfaticos. Estas regides, 0s espagos
porta, estdo presentes nos vértices dos I6bulos (JUNQUEIRA; CARNEIRO, 2013).

Os hepatdcitos estdo radialmente dispostos no l6bulo hepéatico formando fileiras,
chamadas de corddes hepaticos, arranjados da periferia do I6bulo para o seu centro em
torno de uma veia central, a veia centro-lobular (ou sublobular), anastomosando-se
livremente. Entre os cordBes de hepatocitos encontram-se capilares, os sinusoides
hepaticos (Figura 1C). Capilares sinusoides sdo vasos irregularmente dilatados compostos
por uma camada descontinua de células endoteliais fenestradas (JUNQUEIRA;
CARNEIRO, 2013).

O figado é envolvido pelo peritonio, que forma um epitélio pavimentoso simples
cobrindo a céapsula de tecido conjuntivo denso ndo modelado (capsula de Glisson) do
orgdo. A capsula de Glisson se torna mais espessa no hilo, por onde a veia porta e a artéria
hepatica penetram no figado e por onde saem os ductos hepaticos direito e esquerdo e 0s
vasos linfaticos (GARTNER; HIATT, 2007).
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O suprimento de sangue para o figado deriva de duas fontes: da veia porta e da
artéria hepética; a primeira fornece aproximadamente 75% do fluxo total de 1.500
mL/min, sangue pouco oxigenado e rico em nutrientes provenientes das visceras
abdominais. O restante, deriva da artéria hepatica, que fornece sangue rico em oxigénio.
Os pequenos ramos da vénula portal terminal e da arteriola hepatica terminal, entram nos
acinos da triade portal e entdo fluem através dos sinusdides entre placas de hepatécitos
(BEERS; BERKOW, 2001).

Figura 1 - Desenho esquematico do figado. A — anatomia macroscopica do figado. B — I6bulos hepaticos.
C — I6bulo hepatico em maior aumento.
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Fonte: GARTNER; HIATT, 2007.

A troca de nutrientes ocorre através dos espacos de Disse, que separam 0S
hepatdcitos do revestimento sinusoidal poroso. O fluxo sinusoidal se mistura nas vénulas

hepéticas terminais que coalescem e finalmente formam a veia hepatica, responsavel pelo
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transporte de todo o sangue eferente para a veia cava inferior. O figado também € drenado
por um suprimento rico de vasos linfaticos. E comum ocorrer interferéncia no suprimento
sanguineo hepatico na cirrose e em outras doencas cronicas que se manifestam geralmente
por hipertensdo portal (BEERS & BERKOW, 2001).

Figura 2 - Fotomicrografia do figado, evidenciando a estrutura do l6bulo hepatico e a triade portal.

Ramos da veia porta

Fonte: KIERSZENBAUM; TRES, 2012.
2.2 Inflamag&o Hepética

A inflamagdo hepética € um processo complexo que se origina em resposta a uma
variedade de estimulos e acompanha a maioria dos distirbios hepéaticos agudos e
cronicos. Trata-se, portanto, de um mecanismo para proteger 0s hepatdcitos de lesdes,
favorecer o reparo do dano tecidual e promover o restabelecimento da homeostase,
exercendo efeitos hepatoprotetores consistentes (Figura 3). No entanto, as respostas
inflamatorias que sdo muito intensas ou mantém-se por longos periodos (inflamacdo
cronica) tornam-se prejudiciais, podendo exacerbar a condi¢do hepatica e levar uma perda
elevada de hepatdcitos e causar um dano irreversivel ao parénquima hepético (CZAJA,
2014; ROBINSON; HARMON; O "FARRELLY, 2016).
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Figura 3 — Papel do processo inflamatério na homeostase e na patologia do figado.
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Fonte: ROBINSON; HARMON; O "FARRELLY, 2016.

Dentre os principais estimulos que promovem respostas inflamatdrias hepaticas
desreguladas, encontra-se 0 consumo excessivo de &lcool (OSNA et al., 2017),
intoxicagOes por drogas (CHEN et al., 2015) ou metais pesados (tais como o cobre e o
mercario) (JAISHANKAR et al, 2014), infeccbes virais (CHRISTENSON;
MANALOOR, 2016) e condi¢gdes metabdlicas sistémicas, como a doenga hepatica
gordurosa ndo alcodlica (BENEDICT; ZHANG, 2017), obesidade (PARK et al., 2010) e
diabetes (MOHAMED et al., 2016).

Mais de 90% dos pacientes que desenvolvem um episédio agudo de hepatite
recuperam-se espontaneamente (SALIBA; SAMUEL, 2013). No entanto, a fibrose
hepética € o resultado patologico de doengas inflamatorias cronicas persistentes, podendo
levar ao desenvolvimento da cirrose e em ultimo estagio, evoluir para o carcinoma
hepatocelular (HCC). Este processo fibrético, é caracterizado pela proliferacdo e
diferenciacdo de células estreladas hepéticas (HSCs) em um fenotipo semelhante a

miofibroblastos que depositam matriz extracelular (ECM) e colageno (YIN et al., 2013).

A ativacdo das HSCs é mediada por espécies reativas de oxigénio e citocinas,
como o fator de transformacéo do crescimento beta (TGF-p), o fator de necrose tumoral

alpha (TNF-a) o fator de crescimento derivado de plaquetas (PDGF), bem como outros
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fatores que sdo liberados pelos hepatdcitos danificados e células de Kupffer ativadas
(JIANG; TOROK, 2013).

Figura 4 - Ativacéo das células estreladas e seus processos bioldgicos.
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Quando ativadas, as HSCs apresentam maior capacidade de proliferacdo e
motilidade, passando a produzir grandes quantidades de componentes da ECM, como
também de expressar marcadores fibroticos como a alpha actina do musculo liso, TGF-B,
fator de crescimento derivado de plaquetas (PDGF) e outras citocinas, além de contribuir
para angiogénese e a regulacdo do estresse oxidativo. Dependendo do tipo e duragéo do
estimulo, tem-se um processo de feedback positivo, onde a liberacdo de tais fatores
estimula que a propria célula continue a produzi-los, contribuindo para perpetuacao do
processo (TRAUTWEIN et al., 2015; WELLS; SCHWABE, 2015).

Além das células estreladas, os macrofagos hepaticos conhecidos como células de
Kupffer, desempenham papel crucial na patogénese da lesdo hepatica mediada por
substancias quimicas, toxinas e agentes farmacoldgicos, como o tetracloreto de carbono

(CCly), lipopolissacarideo (LPS), galactosamina e acetaminofeno. Durante 0 processo
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inflamatdrio, as células de Kupffer ativadas sdo uma importante fonte de mediadores
inflamatorios, incluindo citocinas (IL-1p e TNF-a), superdxido, 6xido nitrico,
eicosanoides, quimiocinas (CCL1 e CCL2), enzimas (COX-2 e iNOS) e demonstram
aumento da citotoxicidade e quimiotaxia (DIXON et al., 2013; TACKE, 2017).

Figura 5 - Papel das células de Kupffer no processo inflamatério.
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Fonte: adaptado de KRENKEL; TACKE, 2017.

As células de Kupffer também contribuem para ativacdo das HSCs através da
producdo de TGF-p e de PDGF como também regulam a producdo de metaloproteinases
(MMPs) e seus inibidores (TIMPS), responsaveis pela regulacdo da matriz extracelular

(JU; TACKE, 2016).

2.3 Tetracloreto de Carbono
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O tetracloreto de carbono (CCls) também conhecido como perclorometano ou
tetraclorometano, é um liquido claro de odor doce que evapora muito facilmente. Nao
inflamével e imiscivel com agua, o CCls ndo ocorre naturalmente no ambiente sendo

formado pela cloracéo de metano, etano, propano ou propeno (BASU, 2003).

O CCl4 é amplamente utilizado em modelos agudos e crénicos de injuria hepatica,
desempenhando papel preponderante na elucidacdo de mecanismos hepatotdxicos, como

a esteatose, fibrose, morte de hepatocitos e carcinogénese (YANGUAS et al., 2016).

Apds a absorcdo, o tetracloreto de carbono é rapidamente metabolizado pela
citocromo P-450 (CYP2E1 em seres humanos), e em menor extensdo por outras CYPs
(CYP2B e CYP3A) com a produgdo do radical triclorometil (CCls*). O figado é o alvo
mais sensivel e o érgdo principal do metabolismo do CCls, independente da via de
administracdo, devido a abundancia de CYP2EL e outros citocromos (WEBER; BOLL;
STAMPFL, 2003).

O radical triclorometil é capaz de ligar-se a moléculas celulares (&cidos nucleicos,
proteinas e lipidios), interferindo em processos celulares cruciais, como o metabolismo
lipidico, levando ao acimulo de gordura (esteatose). Estudos sugerem que a ligacao
irreversivel entre o CCI3* e 0 DNA (formacéo de adutos) seria uma das vias que levam a
formagéo do carcinoma hepatocelular (WEBER; BOLL; STAMPFL, 2003). O CCls*
também pode reagir com oxigénio (O2) para formar o radical triclorometil perdxido
(CCI300%*), altamente reativo. O CCIsOO* é capaz de promover peroxidacao lipidica,
que ataca e destréi os acidos graxos poli-insaturados, afetando a permeabilidade das

membranas plasmaticas com consequente dano tecidual (BASU, 2003).

Além do estresse oxidativo, dentro da célula o CCl, estimula a expressdo de TNF-
a, 0xido nitrico (NO) e TGF-B, processos que levam a apoptose das células, inflamagéo

e promocao da fibrose.
2.4 Dietilcarbamazina

A dietilcarbamazina (DEC) é um derivado da piperazina sintetizada como 1-
dietilcarbamil-4-metilpiperazina e preparada na forma de cloridrato, citrato (Figura 6) ou
fosfato. A partir de 1950, foi distribuida como sal citratado por inimeras companhias
farmacéuticas sob diferentes nomes, como Hetrazan, Banocide, Caricide, Carbilazine,

entre outros. E um po6 branco, muito soltvel em agua, estavel, mesmo em condicdes de
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umidade e temperatura muito elevadas, e resiste, inclusive, a autoclavagem. A
denominacdo dietilcarbamazina genericamente se refere a sua forma citratada, uma vez
que é mais comumente utilizada (DREYER; NOROES, 1997).

Figura 6. Citrato de dietilcarbamazina.

Fonte: adaptado de QARAH; K; ABDULRAHMAN, 2017.

A DEC é rapidamente absorvida pelo trato gastrointestinal e atinge o pico da sua
concentracdo plasmatica entre uma e trés horas apds a ingestao e esta quase ausente na
urina, plasma e saliva de humanos ap6s 24h da ingestdo (ILONDU et al., 2000). Horii e
Aoki (1997) descreveram o nivel plasmatico de DEC em ratos apds a administracdo de
200 mg/kg, registrando valores de 30 pg/ml apds 30-60 min da injecdo, decrescendo

rapidamente para 1,5 pug/ml ap6s 4h e atingindo 0,1 pg/ml apés 8h do tratamento.

Devido a sua acdo micro e macrofilaricida (PEIXOTO; SILVA, 2014), a DEC é
utilizada como tratamento padrao para filariose linfatica desde meados de 1940. Sendo o
regime de tratamento recomendado consistindo de um curso de 12 dias de tratamento com
DEC (BRASIL, 2009; LANHAM; MWANRI, 2013).

Apesar de mais de 70 anos do seu uso, 0 seu mecanismo de ac¢éo exato ainda néo
esta claro (MCGARRY; PLANT; TAYLOR, 2005).

Ciclooxigenases sdo enzimas envolvidas na conversdo do acido araquidénico em
prostaglandina H2, precursora de varios compostos que sdo importantes mediadores
inflamatérios (RICCIOTTI; FITZGERALD, 2011). Estudos prévios do nosso laboratério
demonstraram a efetiva inibigdo da COX-2 pela DEC (ROCHA, S.W.S. et al., 2014;
RODRIGUES et al., 2015).

Além disso, estudos do nosso laboratorio apontam para uma possivel inibicdo da

via de sinalizacdo do fator nuclear kappa beta (NF-kB), um importante fator de
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transcricdo de agentes pro-inflamatérios, pela DEC. Em um modelo de inflamacéo
pulmonar aguda induzida por carragenina, o tratamento com DEC reduziu a fosforilagao
do NF-kB (SANTOS et al., 2014). Em um estudo de inflamac&o hepética crénica induzida
por alcool, a reducdo expressdo do NF-kB fosforilado pela DEC foi similar a produzida
pela pirrolidina ditiocarbamato (RODRIGUES et al., 2015), um inibidor especifico do
NF-xB, sugerindo uma acdo especifica e possivel mecanismo de acdo da DEC sobre este
fator de transcricdo.

2.5 Nanoparticulas

O adequado fornecimento dos compostos terapéuticos ao local alvo é um grande
problema no tratamento de muitas doencgas. As formulagdes convencionais de drogas em
geral apresentam eficacia limitada, baixa biodistribuicdo e falta de seletividade. Nos
sistemas de liberacao controlada de farmacos, a droga é transportada para o local de acao,
e portanto, sua influéncia em tecidos vitais e efeitos colaterais indesejaveis podem ser
minimizados (ALVAREZ-LORENZO; CONCHEIRO, 2014).

Além disso, tais sistemas de entrega e liberacdo de drogas, protegem o farmaco
de uma degradacdo ou depuracdo rapida e aumentam sua a concentracao nos tecidos alvo,
sendo dessa forma utilizadas doses mais baixas. Esta moderna forma de terapia é
especialmente importante em tratamentos de longo prazo, ou quando h& uma discrepancia
entre uma dose ou concentracdo de um medicamento e seus resultados terapéuticos ou
efeitos toxicos (KUMARI et al., 2014; MUDSHINGE et al., 2011).

As nanoparticulas sdo dispersdes particuladas ou particulas s6lidas com uma faixa
de tamanho que varia entre 10 e 1000 nm. O farmaco ou principio ativo € dissolvido,
aprisionado, encapsulado ou ligado a uma matriz de nanoparticulas (NIKAM;
RATNAPARKHIAND; CHAUDHARI, 2014).

As nanoparticulas poliméricas (PNPs) quando aplicadas como sistemas de
liberacdo controlada de farmacos, a depender do método de preparacdo, pode-se obter
dois tipos de estruturas diferentes: as nanoesferas e as nanocapsulas. Nanoesferas sdo
sistemas em que o farmaco se encontra disperso de forma homogénea no interior de uma
matriz polimérica, criando-se um sistema monolitico, onde nédo € possivel identificar um

nucleo diferenciado. Nanocapsulas, sdo sistemas em que a droga € confinada em uma
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cavidade cercada por uma membrana polimérica, sendo possivel identificar um nucleo
(CRUCHO; BARROS, 2017; MOHANRAJ; CHEN, 2006).

Figura 7 - Diferencas estruturais entre as nanoparticulas poliméricas.
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Fonte: CRUCHO; BARROQOS, 2017.

As PNPs podem ser obtidas a partir de uma variedade de polimeros. Os néo-
biodegradaveis, como a poliacrilamida, poliestireno e o polimetil-metacrilato, foram os
primeiros a serem utilizados como carreadores. Toxicidade crbnica e reacdes
inflamatorias eram observadas com frequéncia, devido a estes materiais apresentarem
baixo clearence no organismo, além de problemas na distribui¢do e acumulag¢do em niveis
toxicos nos tecidos (BANIK; FATTAHI; BROWN, 2016; MAITZ, 2015).

Dentre os principais polimeros biodegradaveis existe o poliacido lactico (PLA), o
poli(&cido latico-co-4cido glicolico) (PLGA) e o poli(e-caprolactona) (PCL), além dos
polimeros naturais como a quitosana, alginato, gelatina e albumina. Estes polimeros
apresentam toxicidade reduzida, melhor compatibilidade e capacidade de influenciar o
padréo cinetico de liberagdo (BANIK; FATTAHI; BROWN, 2016; MAITZ, 2015).

Espera-se, portanto, que tais preparacdes permitam a modificacdo dos parametros
farmacocinéticos da DEC, tais como o tempo de meia-vida, volume de distribuicéo
aparente e o clearence, permitindo doses menores e toxicidade reduzida.



Resultados




31

ARTIGO I - Characterization and evaluation of nanoencapsulated

diethylcarbamazine in model of acute hepatic inflammation

International Immunopharmacology 50 (2017) 330-337

Contents lists available at ScienceDirect

International Immunopharmacology

ELSEVIER

journal homepage: www.elsevier.com/locate/intimp

Characterization and evaluation of nanoencapsulated diethylcarbamazine in
model of acute hepatic inflammation

@ CrossMark

Gabriel Barros Rodrigues™”, Elquio Eleamen Oliveira®,

Francisco Jaime Bezerra Mendonga Junior®, Laise Aline Martins dos Santos”,

Wilma Helena de Oliveira™”, Maria Eduarda Rocha de Franca™”, Deniele Bezerra Lés™,
Brennda Martins Gabinio®, Fibia Cristiane Melo Leite de Lira®, Christina Alves Peixoto™*

@ Laboratério de Ultraestrutura, Instituto Aggeu Magalhdes — FIOCRUZ, Recife, Brazil

® Programa de Pés-graduagdo em Ciéncias Bioldgi Centro de Biociéncias, Universidade Federal de Pernambuco - UFPE, Recife, Brazil
© Laboratério de Sintese e Vetorizagdo de Moléculas (LSVM), Universidade Estadual da Paraiba, Jodo Pessoa, Brazil

9 Programa de Pés-graduagdo em Biotecnologia/RENORBIO, Universidade Federal de Pernambuco - UFPE, Recife, Brazil

€ Laboratério de Biologia Celular e Ultraestrutura, Centro de Tecnologias Estratégicas do Nordeste — CETENE, Recife, Brazil

ARTICLE INFO ABSTRACT

Keywords: Previous studies from our laboratory have demonstrated that Diethylcarbamazine (DEC) is a potent anti-in-
Diethylcarbamazine flammatory drug. The aim of the present study was to characterize the nanoencapsulation of DEC and to evaluate
Nanoencapsulation its effectiveness in a model of inflammation for the first time. C57BL/6 mice were divided into six groups: 1)

Liver . Control; 2) Carbon tetrachloride (CCl4); 3) DEC 25 mg/kg + CCl4; 4) DEC 50 mg/kg + CCl4; 5) DEC-NANO

g:?ﬁz‘:g;ﬂori e 05 mg/kg + CCl4 and 6) DEC-NANO 12.5 mg/kg + CCl4. Liver fragments were stained with hematoxylin-eosin,
and processed for Western blot, ELISA and immunohistochemistry. Serum was also collected for biochemical
measurements. Carbon tetrachloride induced hepatic injury, observed through increased inflammatory markers
(TNF-a, IL-1B, PGE2, COX-2 and iNOS), changes in liver morphology, and increased serum levels of total
cholesterol, triglycerides, TGO and TGP, LDL, as well as reduced HDL levels. Nanoparticles containing DEC were
characterized by diameter, polydispersity index and zeta potential. Treatment with 12.5 nanoencapsulated DEC
exhibited a superior anti-inflammatory action to the DEC traditional dose (50 mg/kg) used in murine assays,
restoring liver morphology, improving serological parameters and reducing the expression of inflammatory
markers. The present formulation of nanoencapsulated DEC is therefore a potential therapeutic tool for the
treatment of inflammatory hepatic disorders, permitting the use of smaller doses and reducing treatment time,
while maintaining high efficacy.

1. Introduction oxidative stress. Studies have demonstrated that single doses of CCl,

cause areas of necrosis and the generation of reactive radicals in 2h

Acute hepatitis can occur without symptoms and may lead to high
blood bilirubin levels (jaundice), a decreased sensation of appetite, and
fatigue. About 90% of patients with acute hepatitis recover sponta-
neously. However, depending on the type and duration of the stimulus,
the disease may progress to a serious condition, such as acute liver
failure (ALF). ALF is characterized by acute inflammation with severe
liver cell injury, where a previously normal liver fails within days or
weeks. With a high mortality rate (40-50%), drug-induced injury is
responsible for half the cases of ALF [1,2].

The hepatotoxin carbon tetrachloride (CCl;) is widely used in
models of liver inflammation. CCl, causes fatty liver, acute necrosis and

following administration [3,4].

Diethylcarbamazine (DEC) is a piperazine derivative which, as a
result of its microfilaricide action, has been used in the treatment and
control of lymphatic filariasis since 1947. DEC also has anti-in-
flammatory properties due to its interference with arachidonic acid
metabolism. Studies demonstrate the inhibition of enzymes of the 5-
lipoxygenase pathway and cyclooxygenase, resulting in a reduction in
prostaglandin E2 (PGE5) production [5].

In a previous study, we characterized the anti-inflammatory action
of DEC in a liver model of chronic inflammation induced by alcohol.
The results demonstrated that treatment with 50 mg/kg of DEC for
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12 days inhibited the transcription factor kappa B (NF-xB) reducing the
inflammatory cytokines and the production of hepatic collagen [6].

Nanoparticles can be defined as particulate dispersions or solid
particles with a size ranging from 10 to 1000 nm. With the advance-
ment of nanotechnology in the field of health, nanomedicine offers
many potential benefits for medical applications, including micro-
fluidics, drug delivery systems, biosensors, microarrays and tissue
micro-engineering [7,8].

Conventional pharmacological preparations have limitations such
as limited biodistribution, the lack of a sustained effect and the absence
of selectivity. Drug delivery systems (DDS) have been proposed as a
solution to overcome such problems. These nano-carrier based systems
transport the drug to its specific site of action, protecting it from rapid
degradation or clearance. Lower doses are therefore required [9].

The objective of the present study was therefore to characterize DEC
nanoencapsulation and evaluate for the first time its efficacy as an anti-
inflammatory drug utilizing a quarter (12.5mg/kg) and one tenth
(5 mg/kg) of the usual dose for mice hepatic inflammation models and
only half the treatment time (6 days).

2. Materials and methods
2.1. Animals

Forty-two male C57BL/6 mice (age: 5 weeks; weight: 15-17 g) were
obtained from the Aggeu Magalhdes Research Center-FIOCRUZ
(Pernambuco, Brazil). The health status of the mice was examined and
they were acclimated to a laboratory environment of 23 °C and a 12-h
light and 12-h dark photoperiod. The animals were housed in metal
cages and fed with a standard diet and water ad libitum. The Animal
Studies Ethics Committee of the Oswaldo Cruz Institute approved all the
experiments reported (n° 72/2014).

2.2. Diethylcarbamazine solutions

The solutions were composed of distilled water and DEC
(Farmanguinhos, FIOCRUZ, Brazil) and were adjusted in accordance
with the body weight of each animal. They were administered through
intraperitoneal injection (100 uL/day). The control group (Cont) re-
ceived only distilled water via the same administration route.

2.3. Preparation of DEC-loaded nanoparticles

The nanoparticles were prepared by the double emulsion method.
One milliliter of an aqueous solution containing 5 or 12.5 mg/mL of
DEC was emulsified in 10 mL of dichloromethane containing 50 pg of
poly(e-caprolactone) (PCL) (Mw = 14,000 g/mol) and 30pg of
Pluronic F68. The first emulsion (W1/0) was obtained using the Ultra-
Turrax (Ultra-Turrax T18 basic, IKA) homogenizer at 25,000 rotations
per minute (rpm) for 10 min. The first emulsion was then added to
40 mL of a poly(vinyl alcohol) (PVA) aqueous solution (5 mg/mL) and
dispersed by using Ultra-Turrax (Ultra-Turrax T18 basic, IKA) at 25,000
rotations per minute (rpm) for 10 min until the formation of a double
emulsion (W1/0/W2). Finally, solvent evaporation was carried out
under reduced pressure using a rotary evaporator (RV 10 D, IKA).
NANO-DEC formulation is under patent submission (BR 10 2017
002700 7).

2.4. Experimental groups

Acute inflammation was induced by intraperitoneal administration
of CCl,4 0.1 uL/g of body weight (Sigma-Aldrich, St. Louis, MO, USA)
dissolved in olive oil (final volume, 100 uL per mouse) [10]. A single
injection was given on the last (sixth) day of treatment with DEC and
DEC-NANO. DEC (25 mg/kg and 50 mg/kg) and DEC-NANO (12.5 mg/
kg and 5 mg/kg) were administered through intraperitoneal injection
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for 6 days (1 injection/day) before CCl, administration. The control
groups received distilled water via the same route. The C57BL/6 mice
were separated into six groups (n = 7/group): (1) the control group
(Cont), which received just distilled water; (2) the CCl, group (CCl,);
(3) the DEC 25 mg/kg plus CCl,; group (CCl; + DEC 25); (4) the DEC
50 mg/kg plus CCl, group (CCl4 + DEC 50); (5) the DEC-NANO 05 mg/
kg plus CCl; group (CCl; + DEC-NANO 05) and (6) the DEC-NANO
12.5 mg/kg plus CCl, group (CCl, + DEC-NANO 12.5). 24 h after in-
traperitoneal administration of CCls, the animals were anesthetized
(xylazine 10 mg/kg and ketamine 100 mg/kg) and sacrificed by cer-
vical dislocation.

2.5. Characterization of the prepared nanoparticles

2.5.1. Particle size, size distribution and zeta potential

The mean hydrodynamic diameter, polydispersity index (PDI) and
zeta potential of the prepared nanoparticles were determined using the
Malvern particle size analyzer (Nano ZS, Malvern).

2.5.2. Morphology and surface characteristics

Nanoparticle morphology was examined with transmission electron
microscopy (TEM) equipment. A drop of the nanoparticle suspension
was withdrawn with a micropipette then placed on a carbon—coated
copper grid and negatively stained with 2% phosphotungstic acid. The
grid was dried at room temperature and observed by TEM (Tecnai G20,
FEI).

2.6. Biochemical determinations

The lipid profile of the serum was assessed (total cholesterol, high-
density lipoprotein-HDL, low-density lipoprotein-LDL and triglycer-
ides), and hepatic damage was evaluated based on aspartate amino-
transferase (AST) and alanine transaminase (ALT). Serum concentra-
tions were measured by the spectrophotometric method with an Integra
400 (Roche, Basel, Switzerland). Data were compared by one-way
ANOVA and Dunnett's or Tukey's tests, with GraphPad Prism version
6.01 (GraphPad Software, San Diego, CA, USA).

2.7. Histopathology

2.7.1. Hematoxylin—eosin staining

Liver fragments were fixed in 10% formalin for 24 h, processed, and
embedded in paraffin. Sections of 4-5um were cut and mounted on
glass slides. Slices were stained with hematoxylin—eosin and assessed by
inverted microscopy (Observer Z1; Zeiss Microlmaging, Jena,
Germany), a camera, and 4.7.4 image analysis software (AxionCam
MRm; Zeiss, Jena, Germany) at a magnification of x 400.

2.7.2. Immunohistochemical assays

Five sections (5 pum thickness) from each group were cut and ad-
hered to slides treated with 3-amino-propyl-triethoxy-silane (Sigma-
Aldrich, St. Louis, MO, USA). The sections were deparaffinized with
xylene and rehydrated in graded ethanol (100 to 70%). The sections
were then heated for 30 min in a sodium citrate buffer (0.01 M, pH 6.0)
and treated with 0.3% (v/v) Hz0, in water for 5 min. The sections were
washed with 0.01 M PBS (pH 7.2) and then blocked with 1% BSA and
0.2% Tween 20 in PBS for 1 h at room temperature. The sections were
incubated for 12h at 4°C with the following antibodies: anti-PGE;
antibody (1:100 dilution; ab2318; Abcam, Cambridge, UK), anti-TNF-a
(1:100 dilution; 500-P64; PrepoTech, London, UK), anti-iNOS (1:250
dilution; ab3523; Abcam) and anti-COX-2 (1:400 dilution; ab15191;
Abcam). The antigen-antibody reaction was visualized with avidin-
biotin peroxidase (DakoUniversal LSAB + Kit, Peroxidase), using 3.3-
diaminobenzidine as the chromogen. The slides were counterstained in
hematoxylin. Positive staining resulted in a brown reaction product.
Negative controls were treated as above, with the exception of the first
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antibody, which was omitted. Five images at the same magnification
were quantitatively analyzed using GIMP 2.6 software (GNU Image
Manipulation Program, UNIX platforms).

2.8. Measurement of nitric oxide

The Griess colorimetric reaction was used for the measurement of
nitric oxide (NO), which involved the detection of nitrite (NO,~) and
the oxidation of NO in the liver. In duplicate, 50 uL liver homogenate
was added to a 96-well ELISA plate, followed by the same volume of
Griess reagent, composed of 1% sulfanilamide diluted in 2.5% H3PO,
(solution A) and N-1-naphtyl-ethylenediamine, also diluted in 2.5%
H5PO; (solution B). To prepare the standard curve, a solution of sodium
nitrite in an initial concentration of 100 uM was serially diluted in PBS.
After incubation for 10 min in the dark, a reading was performed in the
spectrophotometer at 490 nm. The absorbance of different samples was
compared with the standard curve and the results were expressed as
mean * standard error of the duplicate, using the GraphPad Prism
program (v. 6.01).

2.9. Hepatic glutathione reductase activity

Liver tissues were obtained and weighed. Each piece was homo-
genized using the manufacturer's buffer (Abnova Corporation, Taipei,
Taiwan, catalog number: KA0881) and centrifuged at 10,000 rpm for
15 min at 4 °C. The supernatant was used to estimate the activity of
hepatic glutathione reductase using the Assay Kit, following the man-
ufacturer’s instructions.

2.10. Western blot

Livers were quickly dissected and then homogenized in a Wheaton
Overhead Stirrer (model 903475; Wheaton Science Products, Millville,
NJ, USA) using an extraction cocktail of 10-mmol/L ethylenediamine
tetraacetic acid, 2-mmol/L phenylmethylsulfonyl fluoride, 100-mmol/L
sodium fluoride, 10-mmol/L sodium pyrophosphate, 10-mmol/L so-
dium orthovanadate, 10-mg aprotinin, and 100-mmol/L Tris(thydro-
xymethyl) aminomethane (pH 7.4). Western blot assays were then
performed according to the previously described methodology [6]. The
antibodies used were anti-IL-1f antibody (1:1000 dilution; ab9722;
Abcam, Cambridge, UK), TNF-a (1:1000 dilution; 500-P64; PrepoTech,
London, UK), anti-iNOS (1:1000 dilution; ab3523; Abcam) and anti-
COX-2 (1:1000 dilution; ab15191; Abcam).

2.11. Statistical analysis

GraphPad Prism version 6.01 was used for statistical analysis. Data
were expressed as mean * SD. Differences between the control and
treated groups were analyzed by ANOVA and either Dunnett's test,
Tukey's test, or the t-test as a post hoc test. Probability values lower
than 0.05 were considered significant.

3. Results
3.1. Characterization of nanoparticles containing diethylcarbamazine

Three formulations were prepared in this study: drug free nano-
particles (DRUG-FREE-NPs), nanoparticles with an initial addition of
5 mg of DEC (DEC-NANO 05), and nanoparticles with an initial addition
of 12.5 mg of DEC (DEC-NANO 12.5). The particle sizes, polydispersity
index (PDI) and zeta potential of the nanoparticles were measured
(Table 1). The mean particle size for the DRUG-FREE-NPs was around
283 nm, with a slight increase in the mean diameter size for the DEC-
NANO 05 nanoparticles and a more prominent increase in the mean
diameter size for the DEC-NANO 12.5 nanoparticles. The polydispersity
indexes followed the same tendency as the mean hydrodynamic
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Table 1
Characterization of the nanoencapsulated DEC. Data were presented as mean =+
standard deviation (n = 3). PDI, polydispersity index.

Sample Diameter (nm) PDI Zeta potential (mV)
DRUG-FREE-NPs 283.6 = 1.68 0.138 = 0.4 —3.24 = 039
DEC-NANO 05 208.7 + 3.86 0.168 = 0.2 =240 = 0.21
DEC-NANO 12.5 329.8 = 1.08 0.260 = 0.1 —5.39 = 0.81

diameter, with a low value for DRUG-FREE-NPs and an increase in the
PDI according to the amount of the drug used. Nevertheless, all samples
exhibited a PDI below 0.3, indicating narrow size distribution [11]. The
zeta potential for the samples varied from approximately —3 to
—5mV. The negative values could be attributed to the polymer PCL
[12]. These low zeta potential values may suggest a propensity to form
aggregate if the nanoparticles are stored in an aqueous suspension. The
addition of DEC did not induce any drastic modification in the size and
zeta potential of the nanoparticles.

The morphological characteristics of the nanoparticles were ob-
served by TEM and are shown in Fig. 1. The DRUG-FREE-NPs and DEC-
NANO 05 nanoparticles presented solid and consistent spherical shapes,
while the DEC-NANO 12.5 nanoparticles exhibited a denser central
structure, probably due to the excess of DEC. It was noted that the
nanoparticles of both concentrations of DEC were successfully prepared
in terms of morphology.

3.2. DEC-NANO improves lipid profile and reduces transaminase levels

In biochemical analysis of the lipid profile, the CCl, group exhibited
a significant increase in total cholesterol (Fig. 2A) and triglyceride
(Fig. 2D) content compared to the control group. CCl; + DEC 25 and
CCl; + DEC-NANO 05 groups did not significantly reduce these lipid
markers. However, CCl, + DEC 50 and CCl, + DEC-NANO 12.5 groups
reduced the circulating lipid content when compared to the CCl, group.

HDL cholesterol was significantly reduced in all the groups in
comparison with the control (Fig. 2B). However, the CCl4 + DEC-
NANO 12.5 group significantly increased the HDL cholesterol content
compared with the CCl, group. LDL provided opposite results (Fig. 2C),
with all groups exhibiting a significant increase compared to the control
group and only the CCl; + DEC-NANO 12.5 group showing a sig-
nificant reduction in comparison with the CCl, group.

In the assessment of liver damage markers (Fig. 2E and F), AST and
ALT transaminases exhibited a significant increase in the CCl; group in
comparison with the control group. The CCl; + DEC 25 and C-
Cl, + DEC-NANO 05 groups also presented a significant increase in
both enzymes. The CCl, + DEC 50 and CCl; + DEC-NANO 12.5
groups, however, exhibited a reduction in liver damage markers in
comparison with the inflamed group.

3.3. DEC-NANQO preserves liver histology

Histological analysis of the liver identified standard morphology in
the control group (Fig. 3A), with well-preserved hepatocytes. Several
areas of perilobular necrosis of the hepatocytes were observed in the
CCl, group (Fig. 3B), along with steatosis and inflammatory cells. The
CCl; + DEC 25 group presented the same inflammatory characteristics
as the CCl, group (Fig. 3C), with several areas of damaged hepatocytes.

The CCl, + DEC 50 and CCl, + DEC-NANO 05 groups exhibited a
small reduction hepatocyte death, including in necrotic regions, but
inflammatory alterations were still present (Fig. 3D and E). The group
treated with DEC-NANO 12.5 mg/kg exhibited lower inflammatory
disorders, with greater preservation of the hepatic stroma and the re-
duction of steatosis with fewer necrotic areas (Fig. 3F).
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3.4. DEC-NANO reduces nitric oxide levels

In the hepatic evaluation of NO, ™~ levels (Fig. 4), all groups showed
a significant increase in concentration in comparison with the control
group. However, only the CCl; + DEC-NANO 12.5 group was able to
significantly reduce the concentration of NO, ™~ in relation to the CCl,

group.

3.5. DEC and DEC-NANO increase the activity of glutathione reductase in
the liver

In the evaluation of hepatic glutathione reductase activity (Fig. 5),
the inflamed group (CCl;) presented a significant reduction in the
production of the enzyme substrate in comparison with the control
group. All the groups treated with DEC exhibited an increase in glu-
tathione reductase activity in comparison with the CCl; group. The
results suggest dose-dependent activity, where the groups treated with
nanoencapsulated DEC exhibited greater enzyme activity in the liver.

3.6. DEC-NANO reduces the expression of inflammatory markers
To assess the hepatotoxic effects of CCl,, immunohistochemistry for
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Fig. 1. Images of the nanoencapsulated DEC by transmis-
sion electron microscopy. (A) DEC-NANO 05. (B) DEC-
NANO 12.5. Bar = 100 nm.

TNF-a was performed (Fig. 6 — TNF-a). The inflammatory group de-
monstrated elevated TNF-alpha positivity, as did the CCl; + DEC 25,
+ CCl, + DEC 50 and CCl, + DEC-NANO 05 groups. The CCl, + DEC-
NANO 12.5 group exhibited significantly reduced TNF-a positivity in
comparison with the inflammatory group.

DEC is a known inhibitor of the COX-2 enzyme. The expression of
PGE,, a product of cyclooxygenase 2, was evaluated (Fig. 6 — PGE3).
The CCl, group exhibited high PGE; expression, as did the CCl; + DEC
25 and CCl; + DEC-NANO 05 groups. The groups treated with DEC
50 mg/kg and DEC-NANO 12.5 mg/kg significantly reduced PGE, ex-
pression.

All groups exhibited elevated labelling of the inflammatory enzyme
iNOS in comparison with the control group (Fig. 6 — iNOS). Only the
CCl, + DEC-NANO 12.5 group reduced iNOS labelling when compared
to the CCl, group.

In keeping with the PGE; results, the CCly, CCl; + DEC 25 and
CCl; + DEC-NANO 05 groups exhibited high expression of the in-
flammatory enzyme COX-2 (Fig. 6 — COX-2). The CCl, + DEC 50 and
CCl; + DEC-NANO 12.5 groups significantly reduced the expression of
cyclooxygenase-2 when compared with the inflammatory group.

In Western blot analysis (Fig. 7), the inflammatory group exhibited
high IL-1B cytokine expression, as did the CCl, + DEC 25 and

Fig. 2. Biochemical parameters. (A) Total cho-
lesterol. (B) HDL cholesterol (HDL) cholesterol.
(C) LDL cholesterol. (D) Triglycerides. (E)
Aspartate aminotransferase (AST). (F) Alanine
aminotransferase. The results are expressed as
mean * SD of three mice per group. *p < 0.05
vs CCly; #p < 0.05 vs control. CCl4, carbon tet-
rachloride; Cont, control; DEC, diethylcarbama-
zine.

LDL cholesterol
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CCl; + DEC-NANO 05 groups. Only the CCl; + DEC-NANO 12.5 group
significantly reduced the expression of IL-1p in comparison with the
CCl, group.

In TNF-a expression evaluation, the CCl;, CCl, + DEC 25 and
CCl; + DEC 50 groups exhibited an increase in cytokine expression
when compared to the control group. However, the groups treated with
nanoencapsulated DEC 05 mg/kg and 12.5 mg/kg reduced TNF-a ex-
pression in comparison with the inflammatory group.

Similar to the results found in immunohistochemistry, all the groups
inhibited high iNOS expression in comparison with the control group.
Only the CCl; + DEC-NANO 12.5 group significantly reduced the ex-
pression of the enzyme when compared to the CCl4 group.

Confirming the results obtained in immunohistochemistry, the CCls,
CCls + DEC 25 and CCls + DEC-NANO 05 groups exhibited an ele-
vated expression of COX-2. However, the CCl; + DEC 50 and
CCl; + DEC-NANO 12.5 groups efficiently reduced cyclooxygenase
expression in comparison with the CCl4 group.

4. Discussion

Acute hepatitis is an inflammatory condition of the liver. The viral
infection is the most common type of hepatitis worldwide.
Nevertheless, other forms include autoimmune hepatitis, alcoholic liver
disease and other less common types of hepatitis, which occur as a
secondary result of toxins, medications and drugs [13-17].

The aim of the present study was to define DEC nanoencapsulation
parameters and evaluate the efficacy of this drug with half the
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Fig. 3. Histological analysis of liver frag in h
toxylin-eosin staining. (A) Control group. (B) CCl; group.
(C) CCls + DEC 25 mg/kg group. (D) CCly + DEC 50 mg/
kg group. (E) CCly + DEC-NANO 5mg/kg group. (F)
CCly + DEC-NANO 12.5mg/kg group. Bar = 50 pym.
Magnification: 400 x. Liver thin section = 4-5pm. C,
centrilobular vein; CCly, carbon tetrachloride; Cont, con-
trol; DEC, diethylcarbamazine; NC, necrosis areas.

treatment time and a quarter and one tenth of the dose utilized in
previous studies.

Diethylcarbamazine-PCL nanoparticles were prepared by the double
emulsion method. This approach is indicated for the incorporation of
hydrophilic drugs due to the formation of an aqueous inner core that
can improve the encapsulation of drugs such as DEC [18]. First-gen-
eration polymeric nanoparticles were employed in this study to induce
a passive accumulation in the liver. This means that no hydrophilic
corona was formed, as PEGylated surface. It is well known that the liver
acts as a biological filtration system that sequesters 30-99% of ad-
ministered nanoparticles of first-generation from the bloodstream [19].
Another parameter used to improve the liver accumulation of the na-
noparticles was the particle size. The literature data supports that na-
noparticles with larger diameter tend to accumulate in RES (Re-
ticuloendothelial System) organs, including the liver [20-22].

Hepatic steatosis involves the accumulation of fat in the liver and is
a common and highly prevalent condition. Despite this, it can evolve to
steatohepatitis and fibrosis in inflammation processes [23]. The first
parameter evaluated was therefore the biochemical measurements.
Nanoencapsulated DEC at a concentration of 12.5 mg/kg improved the
lipid profile by reducing the total cholesterol and triglyceride content
and increasing the HDL and lower LDL cholesterol levels. Concentra-
tions of 12.5 mg/kg of DEC and DEC-NANO 05 mg/kg did not effec-
tively improve the lipid parameters while DEC 50 mg/kg only reduced
the content of triglycerides. DEC 50 mg/kg and DEC-NANO 25 mg/kg
were effective at reducing the serum transaminases ALT and AST,
markers of liver damage, in comparison with the CCl, group.
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Fig. 4. Assessment of hepatic NO concentration through the measure of total nitrite
metabolites. The results are expressed as mean * SD of three mice per group. *p < 0.05
vs CCl4; *p < 0.05 vs control. CCl4, carbon tetrachloride; Cont, control; DEC, diethyl-
carbamazine.
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Fig. 5. Assessment of hepatic glutathione activity. Unit definition (U): one unit is defined
as the amount of enzymes that generates 1.0 pmol of 5-thionitrobenzoic acid (TNB) per
minute at 25 °C. The results are expressed as mean *= SD of three mice per group.
*p < 0.05 vs CCl4; *p < 0.05 vs control. CCl4, carbon tetrachloride; Cont, control;
DEC, diethylcarbamazine.

Liver inflammation is usually associated with hepatocyte necrosis
and apoptosis [24]. This hepatocyte death is the main driver of chronic
liver inflammation and fibrosis [25]. Additionally, apoptotic bodies
activate quiescent hepatic stellate cells and Kupffer cells, promoting
inflammatory and fibrogenic responses [26]. In the histological analysis
of the CCl,; group, the high death of hepatocytes was observed, with
remarkable perilobular necrosis. The CCl, + DEC 50 and CCl, + DEC-
NANO 05 groups exhibited a minor reduction in cell death. However,
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the CCl; + DEC-NANO 12.5 group effectively reduced hepatocyte
death and areas of necrosis, suggesting a hepatoprotective effect.

The interaction of nitric oxide and oxygen results in the generation
of reactive nitrogen species (RNS). Together, RNS and reactive oxygen
species (ROS), participate in redox balance, essential for liver home-
ostasis. When this balance is disrupted, oxidative stress results in cell
damage with subsequent inflammation [27]. In the results of the pre-
sent study, carbon tetrachloride induced an increase in hepatic NO in
all the treated groups. Only the CCl; + DEC-NANO 12.5 group reduced
nitric oxide concentration.

Glutathione, which is present in the liver, is a major antioxidant that
protects cells against exogenous and endogenous toxins, including ROS
and RNS [28]. Reduced (GSH) and oxidized (GSSG) glutathione forms
operate in concert with one another, with GSSG produced from the
consumption of GSH restored by the action of glutathione reductase
[29]. Thus, hepatic glutathione reductase was used as a parameter for
the antioxidant activity of glutathione. In the groups treated with DEC,
the results suggested dose-dependent glutathione activity. The DEC
encapsulated groups exhibited greater enzyme activity, probably due to
the greater retention time of the drug in the liver. These findings, to-
gether with the NO results, indicate the antioxidant action of DEC-
NANO in the liver, most probably due to the stimulation of glutathione
activity.

Carbon tetrachloride induces the production of trichloromethyl ra-
dicals in hepatocytes due to the action of the cytochrome p450 2E1
enzyme (CYP2E1). These radicals lead to lipid peroxidation, with the
production of free radicals, thus activating the Kupffer cells, which
produce pro inflammatory cytokines such as TNF-a and IL-1p [30].
Immunohistochemical and Western blot analysis identified elevated
levels of TNF-a and IL-1f in animals that received CCl,. Treatment with
DEC-NANO 12.5 mg/kg was able to prevent the increase of these in-
flammatory markers.

Expressed in all liver cells (hepatocytes, Kupffer cells, vascular en-
dothelial cells, and stellate cells), iNOS is associated with the devel-
opment and propagation of inflammation [31,32]. CCl, treated groups
demonstrated elevated levels of iNOS in both Western blot and im-
munohistochemical analysis. Only the CCl; + DEC-NANO 12.5 group
significantly reduced the concentration of iNOS in comparison with the
CCl, group.

Cyclooxygenase-2 is up-regulated by growth factors and different
cytokines such as IL-13, TNF-a or IL-6, and is among the most im-
portant proinflammatory mediators. COX-2 can induce the nuclear
factor kappa B (NF-xB), a transcription factor responsible for the tran-
scription of inflammatory cytokines, with the subsequent recruitment of
macrophages. Moreover, PGE, the product of arachidonic acid con-
version, also has an inflammatory effect, regulating cytokine produc-
tion in leukocytes [33,34].

Diethylcarbamazine is a known inhibitor of COX-2. The present
study evaluated the expression of PGE; in the liver. The DEC 50 mg/kg
and DEC-NANO 12.5 mg/kg groups reduced the labelling of the liver
sections in comparison with the inflammatory group. We previously
reported the inhibition of COX-2 by DEC at a concentration of 50 mg/kg
for 12 days [6]. In the present study, the same concentration of DEC
with only 6 days of treatment was able to reduce the expression of COX-
2 in comparison with the CCl; group. Strikingly, DEC-NANO 12.5 mg/
kg exhibited greater inhibition of the enzyme than its non-encapsulated
form.

The present study reports for the first time the use of a na-
noencapsulated formulation of diethylcarbamazine in an inflammation
model. The findings demonstrate the efficacy of nanoencapsulation,
with a significant reduction in the dose and treatment time widely used
in literature. The DEC-NANO 12.5 presented the best results between
the two nanoformulations evaluated. These results could be explained
by the dose administered, but also could be influenced by the difference
in the size of the two nanoparticles formulations evaluated in this study.
The DEC-NANO 12.5 presented the larger nanoparticles (see Table 1)
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Fig. 6. Immunohistochemistry for TNF-a, PGE,, iNOS and COX-2 in the liver. Quantification (seven areas arbitrarily selected per animal) was performed using GIMP 2.8 image analysis
software (n = 3 animals per group). The results are expressed as mean *+ SD of three mice per group. *p < 0.05 vs CCl4; *p < 0.05 vs control. Bar = 50 pm. Magnification: 400 x .
Liver thin section = 4-5 ym. CCl4, carbon tetrachloride; Cont, control; COX-2, cyclooxygenases-2; DEC, diethylcarbamazine; iNOS, inducible nitric oxide synthase; PGE,, prostaglandin

E2; TNF-a, tumor necrosis factor alpha.

and this may display increased avidity due to their greater individual
surface area of nanoparticle for interaction with the cell membrane and

adjacent receptors [19].

The results indicate the remarkable anti-inflammatory effect of
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DEC-NANO through the reduction of cytokines and inflammatory en-
zymes, as well as increased glutathione activity.

In conclusion, the nanoencapsulation of DEC exhibited a greater
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Fig. 7. Immunoblot for IL-1B, TNF-a, iNOS and COX-2. The densitometric analysis was performed with IMAGEJ 1.38 software. The results are expressed as mean + SD of five mice per
group. *p < 0.05 vs CCl4; "p < 0.05 vs control. CCl4, carbon tetrachloride; Cont, control; COX-2, cyclooxygenases-2; DEC, diethylcarbamazine; IL-1p, interleukin 1 beta; iNOS,
inducible nitric oxide synthase; TNF-a, tumor necrosis factor alpha.
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dose, possibly resulting in reduced side effects and a longer action time,
and representing a promising formulation in the treatment of in-
flammatory disorders.
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ARTICLE INFO ABSTRACT

The aim of the present study was to assess if the uninterrupted and prolonged administration of nanoparticles
containing diethylcarbamazine (NANO-DEC) would cause liver, kidney and heart toxicity and then analyze for
the first time its action in model of liver fibrosis. Thus, NANO-DEC was administered in C57BL/6 mice daily for
48 days, and at the end the blood was collected for biochemical analyzes. In the long-term administration assay,
the evaluation of serological parameters (CK-MB, creatinine, ALT, AST and urea) allowed the conclusion that
NANO-DEC prolonged administration did not cause hepatic, renal and cardiac damage. For fibrosis assays,
C57BL/6 mice were divided into six groups: 1) control (Cont); 2) carbon tetrachloride (CCl,); 3) CCl, + DEC
25mg/kg; 4) CCl, + DEC 50mg/kg; 5) CCly + NANO-DEC 5mg/kg and 6) CCly + NANO-DEC 12.5mg/kg.
Carbon tetrachloride induced hepatic fibrosis observed through increased inflammatory (TNF-a, 1L-1B, COX-2,
NO and iNOS) and fibrotic markers (TGF-$ and TIMP-1), changes in the hepatic morphology, high presence of
collagen fibers and elevated serum levels of AST, ALT and ALP. Treatment with NANO-DEC exhibited a superior
anti-inflammatory and anti-fibrotic effects compared to the DEC traditional formulation, restoring liver mor-
phology, reducing the content of collagen fibers and serological parameters, besides decreasing the expression of
inflammatory and fibrotic markers. The present formulation of nanoencapsulated DEC is a well tolerated anti-
inflammatory and anti-fibrotic drug and therefore could be a potential therapeutic tool for the treatment of
chronic liver disorders.

Keywords:
Nanoencapsulation
Diethylcarbamazine
Inflammation
Fibrosis

1. Introduction

Chronic liver inflammation has been associated with progressive
hepatic fibrosis which can lead to the development of cirrhosis, a global
health problem accounting for 1 million deaths each year worldwide
[1]. Cirrhosis is also associated with an increased risk of hepatocellular
carcinoma, liver failure and portal hypertension, remaining as major
causes of morbidity and mortality worldwide associated with increasing
economic and social impact [2].

The hepatotoxin carbon tetrachloride (CCly) is the most widely used
hepatotoxin in the study of liver fibrosis and cirrhosis in mice. In many
aspects, it mimics human chronic disease associated with toxic damage.
The observed necrosis of hepatocytes in the periphery of the central
vein is due to CCl, capacity to cause oxidative stress, fatty liver and
lipid peroxidation [3,4].

Diethylcarbamazine (DEC), a piperazine derivative [5], that has
been used as an antifilarial drug in the treatment and control of lym-
phatic filariasis since 1947. Despite the effective microfilaricidal action,

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; ALP, alkaline phosphatase; CCly, carbon tetrachloride; CK-MB, creatine kinase-MB; COX-2,
cyclooxygenase 2; DEC, diethylcarbamazine; EMC, extracellular matrix; HSC, hepatic stellate cell; IL-1f, interleukin 1 beta; iNOS, inducible nitric oxide synthase;
MMP-2, metalloproteinase 2; NANO-DEC, diethylcarbamazine nanoencapsulated; NF-xB, nuclear factor kappa-B; NO, nitric oxide; TGF-f3, transforming growth factor
beta; TIMP-1, tissue inhibitor of metalloproteinase 1; TNF-a, tumor necrosis factor alpha
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its mechanism of action is not clear. However, DEC has anti-in-
flammatory properties result of the inhibition of cyclooxygenase and
nuclear factor kappa-B (NF-kB) signaling pathways [6], which regulates
a large array of inflammatory genes, such as COX-2, iNOS, TNF-a, IL-1p
and IL-6 [7,8]. In a recent study from our laboratory, we observed that
during the inflammatory process, diethylcarbamazine was able to in-
hibit the phosphorylation of NF-kB similarly to pyrrolidine dithio-
carbamate (PDTC), a specific inhibitor of NF-xB [9].

Nanoparticles are defined as particulate dispersions or solid parti-
cles ranging in size from 10 to 1000 nm [10]. Nanomedicine has rapidly
advanced in recent years with several applications such as drug delivery
systems, vaccine development, contrast agents for anatomical and
functional imaging, implants production etc. [11]. Nanoencapsulation
of therapeutic agents allows changes in their pharmacokinetic proper-
ties, protecting the drug from its premature degradation in the biolo-
gical environment, enhance bioavailability and the concentration in the
target tissue. Such drug delivery systems transport the drug to its spe-
cific site of action, presenting higher efficacy and specificity over the
traditional formulations, with lower systemic toxicity and doses
[12,13].

Over the last 8 years, our laboratory has extensively explored the
anti-inflammatory properties of DEC. We evaluated the anti-in-
flammatory action of DEC in models of pulmonary and bone marrow
eosinophilia [14], acute pulmonary inflammation induced by carra-
geenan [15,16] and lipopolysaccharide [17], pulmonary hypertension
[18], chronic hepatic inflammation induced by alcohol [9,19,20]
carbon tetrachloride [21,22] and liver injury induced by protein mal-
nutrition [23].

All the articles cited were performed with the traditional DEC for-
mulation, and the best results obtained with the dose of 50 mg/kg. In a
recent study of our laboratory, we characterized the nanoencapsulation
of DEC (NANOQO-DEC) and its use for the first time in an acute model of
inflammation, reducing the standard treatment regimen by half (from
12 to 6days) with only a quarter (12.5 mg/kg) of the standard dose
[24]. This NANO-DEC formulation is under patent submission (BR 10
2017 002700-7 and PCT/BR2018/050027). In face the excellent results
obtained in the treatment of acute hepatic inflammation, the present
study was realized to evaluate whether prolonged use of this new for-
mulation could cause renal, cardiovascular and hepatic toxicity, and
then analyze for the first time its action in model of liver fibrosis, with
only a quarter (12.5mg/kg) and a tenth (5mg/kg) of the dose of its
traditional formulation.

2. Materials and methods
2.1. Animals

The Animal Studies Ethics Committee of the Oswaldo Cruz Institute
approved all the experiments reported (no. 72/2014). Eighty-seven
male C57BL/6 mice (age: 5 weeks; weight: 15-17 g) were obtained from
the Aggeu Magalhaes Institute-FIOCRUZ (Pernambuco, Brazil). The
health status of the mice was examined and they were acclimated to a
laboratory environment of 23 °C and a 12-h light and 12-h dark pho-
toperiod. The animals were housed in metal cages and fed with a
standard diet and water ad libitum.

2.2. Diethylcarbamazine solutions

The solutions were composed of distilled water and DEC
(Farmanguinhos, FIOCRUZ, Brazil) and were adjusted in accordance
with the body weight of each animal. They were administered through
intraperitoneal injection (100 pL/day). The control group (Cont) re-
ceived only distilled water via the same administration route.
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2.3. Preparation of DEC-loaded nanoparticles

The nanoparticles were prepared by the double emulsion method.
One milliliter of an aqueous solution containing 5 or 12.5 mg/mL of
DEC was emulsified in 10 mL of dichloromethane containing 50 pug of
poly(e-caprolactone) (PCL) (Mw = 14,000 g/mol) and 30 ug of Pluronic
F68. The first emulsion (W1/0) was obtained using the UltraTurrax
(Ultra-Turrax T18 basic, IKA) homogenizer at 25,000 rotations per
minute (rpm) for 10 min. The first emulsion was then added to 40 mL of
a poly(vinyl alcohol) (PVA) aqueous solution (5 mg/mL) and dispersed
by using Ultra-Turrax (Ultra-Turrax T18 basic, IKA) at 25,000 rotations
per minute (rpm) for 10 min until the formation of a double emulsion
(W1/0/W2). Finally, solvent evaporation was carried out under re-
duced pressure using a rotary evaporator (RV 10 D, IKA).

2.4. Experimental design

2.4.1. Long-term administration model

NANO-DEC (12.5 mg/kg) was administered through intraperitoneal
injection (1 injection/day) for 48 days. The animals were anesthetized
(xylazine 10 mg/kg and ketamine 100 mg/kg) and sacrificed by cervical
dislocation in the days: 0, 6, 12, 24 and 48 (three animals each day).
Blood was collected by cardiac puncture and the samples were cen-
trifuged at 1500 rpm for 10 min to obtain the serum. Biochemical de-
terminations were performed as described in item 2.6.

2.4.2. Fibrosis model

Fibrosis was induced by intraperitoneal administration (2 injec-
tions/week) of CCl, 0.5 pL/g of body weight (Sigma-Aldrich, St. Louis,
MO, USA) dissolved in olive oil (final volume, 100 pL per mouse) for
8weeks [3,22]. DEC (25mg/kg and 50mg/kg) and DEC-NANO
(12.5 mg/kg and 5mg/kg) were administered through intraperitoneal
injection (1 injection/day) for 6 days (last six days of CCl, administra-
tion). The control groups received distilled water via the same route.
The C57BL/6 mice were separated into six groups (n = 6/group): (1)
the control group (Cont), which received just distilled water; (2) the
CCl, group (CCl,); (3) the CCl, plus DEC 25 mg/kg group (CCl, + DEC
25); (4) the CCl, plus DEC 50 mg/kg group (CCl, + DEC 50); (5) the
CCl, plus DEC-NANO 5 mg/kg group (CCl; + DEC-NANO 5) and (6) the
CCl, plus DEC-NANO 12.5 mg/kg group (CCl4 + DEC-NANO 12.5). At
the end of the experiment the animals were anesthetized (xylazine
10mg/kg and ketamine 100 mg/kg) and euthanized by cervical dis-
location.

For a better comprehension of the experimental procedures, a
schematic design was included (Fig. 1).

2.5. Biochemical determinations

Serum was assessed and the following determinations were per-
formed: aspartate transaminase (AST), alanine transaminase (ALT),
alkaline phosphatase (ALP), creatine kinase-MB (CK-MB), creatinine
and urea. Serum concentrations were measured by the spectro-
photometric method with an Integra 400 (Roche, Basel, Switzerland).
Data were compared by one-way ANOVA and Dunnett's or Tukey's tests,
with GraphPad Prism version 6.01 (GraphPad Software, San Diego, CA,
USA).

2.6. Histopathology

2.6.1. Hematoxylin—eosin staining

Liver fragments were fixed in 10% formalin for 24 h, processed, and
embedded in paraffin. Sections of 4-5pum were cut and mounted on
glass slides. Slices were stained with hematoxylin—eosin and assessed by
inverted microscopy (Observer Z1; Zeiss Microlmaging, Jena,
Germany), a camera, and 4.7.4 image analysis software (AxionCam
MRm; Zeiss, Jena, Germany) at a magnification of x400.
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Fig. 1. Schematic drawing of the experimental models.

2.6.2. Immunohistochemical assays

Five sections (5pm thickness) from each group were cut and ad-
hered to slides treated with 3-amino-propyl-triethoxy-silane (Sigma-
Aldrich, St. Louis, MO, USA). The sections were deparaffinized with
xylene and rehydrated in graded ethanol (100 to 70%). The sections
were then heated for 30 min in a sodium citrate buffer (0.01 M, pH 6.0)
and treated with 0.3% (v/v) H,0, in water for 5 min. The sections were
washed with 0.01 M PBS (pH 7.2) and then blocked with 1% BSA and
0.2% Tween 20 in PBS for 1 h at room temperature. The sections were
incubated for 12h at 4°C with the following antibodies: anti-IL-1[3
antibody (1:100 dilution; ab9722; Abcam, Cambridge, UK), anti-TNF-a
(1:100 dilution; 500-P64; PrepoTech, London, UK), anti-iNOS (1:250
dilution; ab3523; Abcam) and anti-COX-2 (1:400 dilution; ab15191;
Abcam). The antigen-antibody reaction was visualized with avidin-
biotin peroxidase (DakoUniversal LSAB + Kit, Peroxidase), using
3.3-diaminobenzidine as the chromogen. The slides were counter-
stained in hematoxylin. Positive staining resulted in a brown reaction
product. Negative controls were treated as above, with the exception of
the first antibody, which was omitted. Five images at the same mag-
nification were quantitatively analyzed using GIMP 2.6 software (GNU
Image Manipulation Program, UNIX platforms).

2.6.3. Sirius red/fast green staining

Liver fragments were fixed in 10% formalin for 24 h, processed, and
embedded in paraffin. Sections of 2.5 Im were cut and mounted on glass
slides. Slices were stained with picrosirius red solution of 1%, rehy-
drated in water, and stained with Fast Green 0.1% solution in ethanol.
They were then assessed by inverted microscopy (Observer Z1; Zeiss
Microlmaging), a camera and 4.7.4 image analysis software (AxionCam
MRm; Zeiss) at a magnification of x 400.

2.7. Measurement of nitric oxide

The Griess colorimetric reaction was used for the measurement of
nitric oxide (NO), which involved the detection of nitrite (NO, ™) and
the oxidation of NO in the liver as previously described [24].

2.8. Western blot

Livers were quickly dissected and then homogenized in a Wheaton
Overhead Stirrer (model 903,475; Wheaton Science Products, Millville,
NJ, USA) using an extraction cocktail of 10-mmol/L ethylenediamine
tetraacetic acid, 2-mmol/L phenylmethylsulfonyl fluoride, 100-mmol/L
sodium fluoride, 10-mmol/L sodium pyrophosphate, 10-mmol/L so-
dium orthovanadate, 10-mg aprotinin, and 100-mmol/L Tris(thydro-
xymethyl) aminomethane (pH7.4). Western blot assays were then
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performed according to the previously described methodology [9]. The
antibodies used were anti-COX-2 (1:1000 dilution; ab15191; Abcam),
anti-iNOS (1:1000 dilution; ab3523; Abcam), anti-IL-1B antibody
(1:1000 dilution; ab9722; Abcam), TNF-a (1:1000 dilution; 500-P64;
PrepoTech), anti-TGF-f3 (1:1000 dilution; ab66043; Abcam), anti-TIMP-
1 (1:1000 dilution.; ab86482; Abcam), anti-MMP-2 (1:1000 dilution;
ab110186; Abcam) and anti-p-actin (1:1000 dilution; ab8227; Abcam).

2.9. Statistical analysis

GraphPad Prism version 6.01 was used for statistical analysis. Data
were expressed as mean * SD. Differences between the control and
treated groups were analyzed by ANOVA and either Dunnett's test,
Tukey's test, or the t-test as a post hoc test. Probability values lower
than 0.05 were considered significant.

3. Results
3.1. Serological biochemical analyzes in long-term administration model

In order to evaluate if the long-term administration of the nano-
particles containing DEC could cause toxicity, the formulation at the
concentration of 12.5 mg/kg (NANO-DEC 12.5) was administered for
48 consecutive days. Biochemical analyzes were performed on days 0,
6, 12, 24 and 48 to evaluate cardiac (CK-MB), hepatic (AST and ALT)
and renal function (creatinine and urea). In all parameters evaluated,
no significant differences were observed between groups and when
compared to day zero (no treatment) (Fig. 2).

3.2. Serological biochemical analyzes

In biochemical analysis of liver damage markers, the CCl; group
exhibited a significant increase in AST (Fig. 3A) and ALT (Fig. 3B) when
compared to the control group. CCl; + DEC 25 and CCl,; + DEC-NANO
5 groups did not significantly reduce these markers. However,
CCl; + DEC 50 was able to reduce ALT significantly, and only
CCl; + DEC-NANO 12.5 reduced both transaminases.

In the evaluation of ALP (Fig. 3C), the inflammatory group (CCl,)
presented a high value in relation to the control group, however, all
groups treated with DEC formulations, significantly reduced the do-
sages of ALP when compared to the CCl; group, suggesting a strong
effect of the DEC on the enzyme activity.

3.3. Determination of hepatic nitric oxide

In the evaluation of hepatic NO,~ levels (Fig. 4), similar to the
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CK-MB

Creatinine

results obtained in the biochemical dosage of the ALP, the CCl; group
showed a significant increase in the NO,~ levels, but all the groups
treated with DEC and NANO-DEC, were able to significantly reduce
hepatic oxide nitric content.

3.4. Histopathological analysis of the hepatic tissue

Histological analysis of control group confirmed standard hepatic
morphology, with well-preserved hepatocytes (Fig. SA). In the group of
animals exposed to CCls, various histopathological characteristics of
persistent inflammation were identified such as scattered lobular in-
flammation, macrovesicular steatosis, hepatocellular ballooning, in-
flammatory infiltrates and several areas of necrosis (Fig. 5B, C and D).

The CCl; + DEC 25, CCl; + DEC 50 and CCl4 + DEC-NANO 5
groups exhibited the same histological alterations found in in-
flammatory group (CCl,) (Fig. 6A, B and C). However, the group
CCl, + DEC-NANO 12.5 presented a reduction in all of the histological
alterations. There was a noticeable decrease in inflammatory infiltrate,
macrovesicular steatosis and necrosis areas, furthermore the hepato-
cytes returned to the cord morphology (Fig. 6D).

3.5. Evaluation of collagen fibers content

Tissue collagen accumulation represents an important marker of the
liver fibrosis. In order to evaluate the collagen content, we performed
the Sirius Red/Fast Green that is a histochemical staining for quantifi-
cation type I and III collagens [25]. The control group exhibited little
staining of collagen fibers (red coloring), which was restricted to the
periphery of the central veins, in addition to presenting a greenish
background (fast green dye) characteristic of low or absent presence of
collagen (Fig. 7A). The CCl;, CCl; + DEC 25, CCl; + DEC 50 and
CCl4 + DEC-NANO 5 groups presented very intense labelling for col-
lagen fibers, dispersed throughout all hepatic stroma, confirming the
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ALT Fig. 2. Serum biochemical parameters (CK-MB, creati-
nine, AST, ALT and Urea) of the long-term administration
model. Day 0 represents the group of animals that did not
receive treatment. Days 6, 12, 24 and 48 represent groups
of dosing intervals over the 48-day daily administration of
NANO-DEC 12.5mg/kg. The results are expressed as
mean *+ SD of three mice per group. No statistical dif-
ferences were observed between groups (p > 0.05).
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Fig. 4. Assessment of hepatic NO concentration through the measure of total
nitrite metabolites (NO, ™). The results are expressed as mean *= SD of three
mice per group. *p < 0.05 vs CCl4; *p < 0.05 vs control.
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Fig. 3. Biochemical parameters of the fibrosis model. (A) Aspartate aminotransferase (AST). (B) Alanine aminotransferase (ALT). (C) Alkaline phosphatase (ALP). The
results are expressed as mean + SD of three mice per group. *p < 0.05 vs CCly; *p < 0.05 vs control.
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fibrous feature of the model (Fig. 7B-E). Only the CCl; + DEC-NANO
12.5 group exhibited a noticed reduction of collagen fibers labelling,
presenting a light greenish background tone (Fig. 7F).

3.6. Immunohistochemistry analysis

Liver tissue sections from mice in the CCl; group demonstrated
elevated staining in the periphery of the central veins for the in-
flammatory cytokines IL-13 and TNF-a, and for the inflammatory
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Fig. 5. Histopathological analysis of the
hepatic tissue after CCl4 administration. (A)
Control group, (B, C and D) CCl; group.
Bar = 200 pm (B), Bar = 50 um (A, C and D)
showing several histological changes char-
acteristic of a persistent inflammatory pro-
cess. (C) Central vein; (asterisk) in-
flammatory infiltrate; (N) necrosis areas;
(arrowheads) lipid macrovesicle; (arrows)
hepatocellular ballooning.

enzymes COX-2 and iNOS when compared with the control group
(Fig. 8). CCl; + DEC 25 and CCl, + DEC-NANO 5 also presented ele-
vated specific immunolabelling for those markers.

The CCl4 + DEC 50 group was only able to reduce the TNF-a and
COX-2 labelling. However, the CCl; + DEC-NANO 12.5 group sig-
nificantly reduced the labelling of IL-1f, TNF-a, COX-2 and iNOS when
compared to the inflammatory group (CCly).

Fig. 6. Histopathological analysis of hepatic
tissue after DEC and NANO-DEC treatments.
Observe that only CCl; + NANO-DEC 12.5
treatment decreased inflammatory infiltrate,
macrovesicular steatosis and necrosis areas.
Bar = 50 um. (C) central vein; (asterisk) in-
flammatory infiltrate; (N) necrosis areas;
(arrowheads) lipid macrovesicle; (arrows)
hepatocellular ballooning.
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Sirius red

G

Fig. 7. Assessment of the content of collagen fibers by Sirius red/fast green staining. Quantification (five arbitrarily selected areas per animal) was performed using
GIMP 2 image analysis software (n = 3 animals per group). The results are expressed as mean + SEM of four mice per group. Bar = 50 pum. Magnification: 400 X .

*p < 0.05 vs CCly; “p < 0.05 vs control.

3.7. Western blot analysis

The western blot analysis of the livers fragments revealed a sig-
nificant high expression of all inflammatory and fibrotic markers (COX-
2, iNOS, IL-1B, TNF-a, TGF-B and TIMP-1) in the CCl4, CCl4; + DEC 25,
CCl4 + DEC 50 and CCl4 + DEC-NANO 5 groups relative to the control
group, with the exception of the CCl, + DEC 50 group that reduced the
expression of COX-2 (Fig. 9A-F). In addition, all groups mentioned also
exhibited a reduction in the expression of the matrix metalloproteinase-
2 (MMP-2) (Fig. 9G).

Interestingly, the group that had DEC nanoencapsulated at the
concentration of 12.5mg/kg was able to significantly reduce the ex-
pression of all markers, and it was the only group capable of increasing
the expression of the metalloproteinase-2, in accordance to the results
obtained in the analysis of immunohistochemistry and collagen fibers
content.

4. Discussion

Current medical management for chronic liver disease, a term
comprising several persistent pathological conditions of the liver, are
limited and differentiated, depending on the etiology and/or persis-
tence of the stimulus. When therapeutic measures are ineffective,

CCla CCla + DEC 25

Cont

iNOS TNF-a 1B

COX-2

patients may progress to cirrhosis. Liver transplantation remains the
only treatment for end-stage cirrhosis, being responsible for than 60%
of all liver transplantations [26-28].

Due to the recent results obtained with the administration of NANO-
DEC for the first time in a model of acute inflammation, the aim of this
study was to evaluate whether the continued use of this formulation
could be toxic and would be effective in a model of severe hepatic in-
jury. Therefore, NANO-DEC was daily administered (at the concentra-
tion of 12.5 mg/kg) for 48 days and then two NANO-formulations with
a quarter (12.5mg/kg) and a tenth (5 mg/kg) of the usual doses were
evaluated and compared with the traditional formulations at doses of
50 and 25 m/kg in a model of hepatic fibrosis.

Transaminases are enzymes found in high concentrations in the
liver and also present in the kidney, heart and muscle. Any type of liver
cell injury can cause the increase of ALT levels, and greatly elevated
ALT levels are specific to hepatocellular diseases. Besides, ALT and AST
are elevated in chronic liver diseases like liver tissue degeneration and
necrosis [29]. Elevated levels of alkaline phosphatase are observed in
cirrhosis, hepatitis and congestive cardiac failure, besides indicating
higher risk of cardiovascular diseases [29,30]. Creatine kinase-MB (CK-
MB) is a specific myocardial necrosis marker [31] and elevated serum
CK-MB values represent it leakage from damaged membranes of car-
diomyocites into circulation and is an indicator of cardiotoxicity [32].

Fig. 8. Immunohistochemistry for IL-1p, TNF-a, iNOS and COX-2 in the liver. Quantification (seven areas arbitrarily selected per animal) was performed using GIMP

2.8 image analysis software (n = 3 animals per group). The results are expressed as mean

Bar = 50 pm. Magnification: 400 X .

285

+

SD of three mice per group. *p < 0.05 vs CClg; “p < 0.05 vs control.
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Fig. 9. Immunoblot for COX-2, iNOS, IL-1f, TNF-a, TGF-f, TIMP-1 and MMP-2 with the liver homogenate. The densitometric analysis was performed with IMAGEJ
1.38 software. The results are expressed as mean + SD of five mice per group. *p < 0.05 vs CCly; *p < 0.05 vs control.

The continued use of NANO-DEC 12.5 did not promote increase of the
CK-MB, AST and ALT dosages. These data suggest that prolonged
NANO-DEC administration does not cause damage to the liver and
heart.

The administration of CCl; promoted elevated serological values of
ALT, AST and ALP, confirming the potent hepatotoxic action of this
toxin. Although DEC in its original formulation of 50 mg/kg reduced
the dosage of ALT, only DEC-NANO 12.5 was able to lower the values of
both transaminases. In addition, DEC seems to have a strong inhibitory
effect on ALP, reducing the expression of the enzyme in all formulations
and dosages containing DEC.

Serum creatinine allows establish empiric dosing for medication of
potentially toxic drugs whose elimination is dependent on renal func-
tion [33], and elevated serum creatinine often results in reduction of
drug dose and may lead to discontinuation of the use of the medication
[34]. Urea is an indicator of renal function where a decrease glomerular
filtration rate results in rise of plasma concentrations of serum creati-
nine and urea [35]. Besides, high levels of serum urea are associated
with kidney disease or failure and blockage of the urinary tract by a
kidney stone [36]. In the present study, the use of NANO-DEC for
48 days did not increase the serum creatinine. In addition, none of the
days analyzed showed significant variation in serum urea values when
compared to day zero. These data suggest that the long-term use of the
NANO-DEC formulation does not interfere with function nor cause
renal damage.

In the liver, small amounts of NO generated by endothelial NO
synthase (eNOS) maintains liver homeostasis and protect against pa-
thological conditions. The inducible NO synthase (iNOS) expression is
absent in resting cells, but profibrotic stimuli such as TNF-c and IL-1
cytokines activate Kupffer cells to produce large amounts of NO, which
is a major source of reactive nitrogen species (RNS) and peroxynitrite
(ONOO-), through an induction of iNOS. These radicals (RNS and
ONOO-) can oxidize DNA bases, tyrosine residues of proteins and
glutathione, causing hepatocyte death besides activate hepatic stellate
cells (HSCs), promoting liver fibrosis [37,38]. All formulations con-
taining DEC reduced hepatic NO levels. However, only the na-
noencapsulated DEC at 12.5 mg/kg concentration was efficient in re-
duce the iNOS expression in immunohistochemistry and western blot
assays.

The extracellular matrix (ECM), formed by a complex network of
proteins and proteoglycans, is present in all tissues providing a physical
scaffold and structural support for cells. ECM also plays an important
role in maintaining homeostasis by regulating important cellular
functions such as differentiation, migration, adhesion and proliferation
[39]. In healthy liver the integrity of the EMC is maintained by a per-
manent balance between the secretion of metalloproteinases (MMPs), a
family of endopeptidases capable of degrading virtually any component
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of the ECM, and their specific inhibitors, the tissue inhibitors of me-
talloproteinases (TIMPs), a family of proteins capable of inhibit acti-
vated MMPs as well as the conversion of pro-MMPs to activated MMPs
[40].

In chronic inflammation, the liver express high levels of TIMP-1
leading to the inhibition of MMPs activity and subsequent accumulation
of matrix proteins, in particular the types I, IIl and IV of collagens.
Hepatic fibrosis is characterized by the excessive deposition ECM pro-
teins [41,42]. Furthermore, in patients with hepatitis C, TIMP-1 con-
centrations were used as non-invasive parameters of liver fibrosis [43].
MMP-2, also known as gelatinase A, MMP-2 (gelatinase A) can cleave
collagen type I [44] and IV [45]. Radbill et al., 2011 [46] have de-
monstrated that MMP-2 —/— mice developed increased liver fibrosis
compared with MMP-2+ /+ mice after chronic exposure to CCl4 and
that exogenous MMP-2 suppresses collagen expression in culture of
HSC-like cells.

TGF-B is considered a master regulator of fibrotic pathologies. TGF-
B promotes the differentiation of quiescent fibroblasts into extracellular
matrix secreting myofibroblasts. Furthermore, TGF-B regulates the ex-
pression of several profibrotic genes, including fibronectin, collagens
(COL1A1, COL3A1, COL5A2, COL6A1, COL6A3, COL7A1) and protease
inhibitors such as plasminogen activator inhibitor 1 (PAI-1) and tissue
inhibitor of metalloproteinase 3 (TIMP-3), key components in the de-
velopment of liver fibrosis [47,48].

In the Sirius red staining (specific for collagens type I and III) the
groups that received carbon tetrachloride exhibited high labelling
presented intense positive staining throughout all the hepatic stroma.
These results were confirmed by the elevated expression of TGF-§ and
TIMP-1 and the reduction of MMP-2, observed in the western blot
assay, which are factors directly related to the fibrotic process.
Nevertheless, confirming the effective anti-fibrotic action of NANO-DEC
12.5, its administration was capable to decrease collagen production, as
also decrease the expression of the fibrotic factors TGF-p and TIMP-1,
and increase the MMP-2 levels.

Tumor necrosis factor alpha (TNF-a) is a major pro-inflammatory
cytokine involved in the development of many chronic inflammatory
diseases. Primarily produced by monocytes and Kupffer cells, increased
TNF-a production is one of the earliest responses of the liver to injury,
and during the chronic liver injury, the hepatocyte damage leads to
recruitment of Kupffer cells and neutrophils to produce TNF-at and IL-
1P that mediate the inflammatory response and lead to the deposition
of extracellular matrix by activation of HSCs [49,50]. The NANO-DEC
12.5 formulation reduced the expression of both cytokines (TNF-a and
IL-1B) in all analyzes.

Cyclooxygenase-2 (COX-2), the inducible COX isoform is expressed
upon response to cell stressors, such as pro-inflammatory cytokines,
growth factors and hormones, represents a major target in the
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treatment of inflammatory disorders [51]. COX-2 is involved in the high
synthesis of prostaglandins (PGs) under pathological conditions. These
PGs, especially the prostaglandin E2 (PGE,), can elicits a wide range of
biological effects associated with inflammation and cancer. Further-
more, PGE; produced by COX-2 act as vasodilator to facilitate the tissue
influx of neutrophils and macrophages from the bloodstream leading to
swelling and edema and promoting the progression of inflammation
[52,53].

Diethylcarbamazine is a cyclooxygenase-2 pathway inhibitor [6].
Previous studies from our laboratory have demonstrated the effective
inhibition of COX-2 (as well as the reduction of PGE, expression) by
DEC in its traditional formulation of 50 mg/kg [9,21]. In the present
study, this result was confirmed. However, NANO-DEC 12.5 containing
only a quarter of the traditional formulation, demonstrated potent in-
hibition of COX-2 expression similar to that observed in DEC 50
(Fig. 10).

5. Conclusion

The present results demonstrated that the new nanoencapsulated
formulation of DEC allowed reduction of the dose and the time of
treatment of hepatic fibrosis when compared to the DEC traditional
dosage, besides being more efficient to reduce inflammatory markers.
Surprisingly, in only 6 days, the NANO-DEC treatment was able to re-
verse the fibrotic process induced by CCl,. In addition, this new DEC
formulation showed to be safe even in long-term treatments. Therefore,
NANO-DEC is a potent and well-tolerated drug for treatment of chronic
liver disorders.
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Fig. 10. Schematic diagram showing the possible
mechanisms involved in the anti-inflammatory and
anti-fibrotic NANO-DEC action. NANO-DEC can di-
rect inhibit COX-2 and the NF«B pathway, and
thereby inhibit the production of inflammatory
markers. In addition, NANO-DEC decreases the ex-
pression of TGF-f, impairing the activation of stellate
cells capable of promote fibrosis through deposition
of extracellular matrix.
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4 CONCLUSAO

Nosso laboratorio caracterizou com sucesso a acdo anti-inflamatoria da
formulacéo tradicional da dietilcarbamazina (DEC) na concentragdo de 50 mg/kg em
diversos modelos de inflamag&o, em tratamentos de 12 dias. A partir de tais resultados, o
objetivo do presente estudo foi melhorar a eficacia e a poténcia do farmaco como também
otimizar seu esquema de tratamento. Dessa forma, foi realizado o nanoencapsulamento
da DEC (NANO-DEC), gerando novas formula¢des de com um quarto (12,5 mg/kg) e
um décimo (5 mg/kg) da dosagem usual e avaliado pela primeira vez sua eficcia anti-
inflamatdria em diversas fases da inflamacao hepética (inflamacao aguda e fibrose) em
camundongos com apenas metade do tempo de tratamento (6 dias). Tais formulacéo estdo
sob submiss&o de patente: BR 10 2017 002700-7 e PCT / BR2018 / 050027 (Anexo B).

Foi possivel concluir que a nova formulacgéo na dose de 12,5 mg/kg (NANO-DEC
12.5) permitiu reducdo da dose (melhora da poténcia) e do tempo de tratamento quando
comparada a dose tradicional de DEC em todas as fases avaliadas. Além disso, a NANO-
DEC 12.5 mostrou-se mais eficaz na sua atividade anti-inflamatéria e anti-fibrética.
Também foi possivel concluir que uso prolongado desta nova formulacéo (48 dias) ndo

se mostrou toxico em testes realizados no figado, pulméo, coracdo e rins.

Dessa forma, o presente trabalho demonstrou que a NANO-DEC é um
medicamento mais potente e eficaz que sua formulacao tradicional, sendo bem tolerado

para o tratamento de desordens agudas e cronicas do figado.
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ANEXO A - Parecer da comissdo de ética no uso de animais.
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, COMISSAO DE ETICA NO USO DE ANIMAIS

Certificado de Aprovacao

Certificamos que o projeto intitulado: Avaliagdo de sistemas de liberacao
controlada inteligente a partir de hidrogéis termo-responsivos contendo
dietilcarbamazina x:encapsulada em nanoparticulas biodegradaveis em
modelos de infla nacdo hepatica, protocolado sob n°® 72/2014 pelo (a)
pesquisador (a)},gmhnstma Alves Peixoto. Estd de acordo com a Lei
11.794/2008 e foi aprovado pela COMISSAO DE ETICA NO USO DE
ANIMAIS do Ce de Pesquisas Aggeu Magalhdes/Fundagéo Oswaldo Cruz
(CEUA/CPqAM) 25/05/2015. Este projeto esta aprovado e tera licenga
emitida apds regularizacdo desta CEUA junto ao CONCEA.
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