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Resumo

RAMOS, Priscila Treptow. Avaliacdo da atividade anti-inflamatdria de nanocapsulas
de cetoprofeno em um modelo de edema de orelha, 2017. Dissertagdo (Mestrado) —
Programa de Pos-Graduagédo em Bioquimica e Bioprospeccgao. Universidade Federal

de Pelotas, Pelotas.

As nanoparticulas poliméricas estao relacionadas principalmente por suas
propriedades de controle da liberacdo e transporte de farmacos para sitios
especificos, aumentando a eficacia terapéutica e reduzindo os efeitos adversos. O
cetoprofeno € um anti-inflamatoério ndo esteroidal (AINE) que inibe a atividade das
enzimas ciclo-oxigenase e lipoxigenase. No entanto, a utilizacdo deste farmaco pode
resultar em efeitos adversos importantes. Assim, o objetivo deste estudo foi avaliar
sistemas de base nanotecnoldgica preparados a partir do cetoprofeno em um
modelo experimental de inflamacgao aguda e cronica. Foram utilizados camundongos
machos C57/BL-6 que foram divididos em seis grupos: |- acetona, II- 6leo de créton
(0,1 mg/uL), lll- 6leo de canola, IV- nanocapsula branca, V- cetoprofeno livre (10
mg/kg) e VI cetoprofeno em nanocapsulas (10 mg/kg). O processo inflamatério
agudo foi realizado a partir da aplicagédo unica de 6leo de créton na face interna das
orelhas dos camundongos. ApoOs trés horas desta aplicagdo, os animais foram
tratados com cetoprofeno livre ou nanoencapsulado (10 mg/kg). Apos seis horas da
‘inducdo do edema os animais foram eutanasiados. O processo inflamatério crénico
foi induzido pela aplicacao do 6leo de créton nas orelhas de camundongos em dias
alternados, a partir do 12 ao 92 dia de tratamento terapéutico e do 42 ao 112 dia para
um tratamento profilatico. Os animais foram tratados por via oral com cetoprofeno
livre ou nanoencapsulado durante cinco dias no protocolo terapéutico e 11 dias no
protocolo profilatico. No protocolo crénico terapéutico foram analisados parametros
histolégicos (edema, hiperplasia da epiderme e infiltrado inflamatério) e de estresse
oxidativo (espécies reativas de oxigénio (ROS) e enzimas antioxidantes (SOD, CAT,
GPX e GR) e conteudo tidlico total (SH). Para realizacdo da curva de dose resposta,
foi realizado o mesmo protocolo cronico terapéutico, aos quais foram testadas
diferentes doses de cetoprofeno em nanocapsulas (2,5; 5 e 10 mg/kg). O 6leo de

croton induziu edema nas orelhas dos animais em todos os protocolos, no entanto



apés o tratamento com o anti-inflamatério cetoprofeno na forma livre e
nanoencapsulado no tratamento agudo verificou-se que ambos foram capazes de
reduzir o edema de orelha demonstrado pela reducao de aproximadamente 24% do
peso das orelhas. Além disso, no protocolo terapéutico o cetoprofeno
nanoencapsulado apresentou uma resposta mais efetiva quando comparado ao
farmaco na forma livre, reduzindo em 60%, 65% e 71% a espessura das orelhas nos
dias 7, 8 e 9 respectivamente, quando comparado ao grupo o6leo de créton. Este
resultado foi confirmado na analise histolégica, onde pode-se observar uma reducgéo
da epiderme, edema e infiltrado inflamatério. O 6leo de créton alterou os parametros
de estresse oxidativo no plasma e eritrocitos de camundongos. Entretanto, os
tratamentos ndo causaram mudangas na producdo de ROS e no indice total do
sulfidrilas, mas aumentaram os parametros enzimaticos (SOD, CAT e GPx). Pode-se
observar ainda uma melhor dose resposta na concentragdo de 5 mg/kg do
cetoprofeno nanoencapsulado, reduzindo o edema em uma dose 50% inferior a
considerada terapéutica para camundongos, o que comprova o seu efeito. Os
resultados mostraram que o cetoprofeno nanoencapsulado foi mais eficiente do que
na forma livre em reduzir as alteragées induzidas por um modelo de inflamacgao.
Estes dados podem ser importantes na busca de medicamentos com menores

efeitos adversos para pacientes com doencgas inflamatorias crénicas.

Palavras-chave: edema; 6leo de créton; nanocapsulas; cetoprofeno.



Abstract

RAMOS, PriscilaTreptow. Evaluation of anti-inflammatory activity of ketoprofen
nanocapsules in a model of ear edema, 2017. Dissertation (MSc.) - Programa de
Pd6s-Graduacao em Bioquimica e Bioprospecgao. Universidade Federal de Pelotas,

Pelotas.

Polymeric nanoparticles are mainly related to their properties of controlling the
release and transport of drugs to specific sites, increasing therapeutic efficacy and
reducing adverse effects. Ketoprofen is a non-steroidal anti-inflammatory drug
(NSAID) that inhibits the activity of cyclooxygenase and lipoxygenase enzymes.
However, the use of this drug may result in significant adverse effects. Thus, the
objective of this study was to evaluate nanotechnological based systems prepared
from ketoprofen in an experimental model of acute and chronic inflammation. Male
C57/BL-6 mice were divided into six groups: |-acetone, Il-chroton oil (0.1 mg/uL), -
canola oil, IV-white nanocapsule, free V-ketoprofen 10 mg/kg) and VI ketoprofen in
nanocapsules (10 mg/kg). The acute inflammatory process was performed from the
single application of chroton oil on the inside of the ears of the mice. After three
hours of this application, the animals were treated with either free or
nanoencapsulated ketoprofen (10 mg/kg). After six hours of edema induction the
animals were euthanized. The chronic inflammatory process was induced by the
application of chroton oil to the ears of mice on alternate days, from the 1st to the 9th
day of therapeutic treatment and from the 4" to the 11" day for a prophylactic
treatment. After six hours of edema induction the animals were euthanized. The
chronic inflammatory process was induced by the application of chroton oil to the
ears of mice on alternate days, from the 15t to the 9" day of therapeutic treatment
and from the 4™ to the 11" day for a prophylactic treatment. The animals were orally
treated with either ketoprofen free or nanoencapsulated for five days in the
therapeutic protocol and 11 days in the prophylactic protocol. In the chronic
therapeutic protocol, histological parameters (edema, epidermal hyperplasia and
inflammatory infiltrate) and oxidative stress (reactive oxygen species (ROS) and
antioxidant enzymes (SOD, CAT, GPX and GR) and total thiol content (SH) were
analyzed. To perform the dose response curve, the same chronic therapeutic
protocol was performed, with different doses of ketoprofen being tested in
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nanocapsules (2.5, 5 and 10 mg / kg). Chroton oil induced edema in the ears of
animals in all protocols, however, after treatment with free and nanoencapsulated
anti-inflammatory ketoprofen in the acute treatment, it was found that both were able
to reduce the ear edema demonstrated by the reduction of about 24% of the weight
of the ears. Furthermore, in the therapeutic protocol, the nanoencapsulated
ketoprofen had a more effective response when compared to the drug in the free
form, reducing the thickness of the ears on days 7, 8 and 9 by 60%, and 71%,
respectively, when compared to the oil group of croton. This result was confirmed in
the histological analysis, where a reduction of the epidermis, edema and
inflammatory infiltrate can be observed. Chroton oil altered the parameters of
oxidative stress in the plasma and erythrocytes of mice. However, the treatments did
not cause changes in ROS production and total sulfhydryl content, but increased the
enzymatic parameters (SOD, CAT and GPx). A better dose response at the 5 mg / kg
concentration of nanoencapsulated ketoprofen can be observed, reducing edema at
a dose 50% lower than that considered for mice, which proves its effect. The results
showed that the nanoencapsulated ketoprofen was more efficient than in the free
form in reducing the changes induced by a model of inflammation. These data may
be important in the search for drugs with lower adverse effects for patients with

chronic inflammatory diseases.

Keywords: edema; chroton oil; nanocapsules; ketoprofen.
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1. Introducéo

O processo inflamatério € um mecanismo de defesa do organismo que ocorre
em resposta a uma lesao tecidual, cujo principal objetivo € eliminar o estimulo nocivo
e promover a regeneracao dos tecidos (KUMAR, COLLINS, 2000; KUMMER, 2002).
No entanto, se esse processo persistir, podem ocorrer danos celulares e teciduais e
desencadear doencas crOnicas graves, como doengas neurodegenerativas,
enfisema, doencgas cardiovasculares, doengas inflamatérias e cancer (PISOSCHI e
POP, 2015).

Além disso, dados da literatura tem relatado a associagdo do processo
inflamatoério com a formacao de espécies reativas (ERs) tais como radical superoxido
- 02 « 7, acido hipocloroso - HCIO, peroxido de hidrogénio (H202), dentre outros, as
quais podem ser produzidas por células inflamatdrias, principalmente neutréfilos,
monacitos e linfécitos como mecanismo de defesa contra agentes agressivos. No
entanto, quando existe uma producao exacerbada destas ERs, estas podem causar
danos aos tecidos e estresse oxidativo (BISWAS, 2016). Para controlar estes danos
e a formacao de ERs, o organismo possui um sistema de defesa antioxidante que
proporciona maior prote¢cao contra o estresse oxidativo e neutraliza essas ERs. Este
sistema inclui enzimas antioxidantes como superoxido dismutase (SOD), catalase
(CAT) e glutationa peroxidase (GPx) e antioxidantes ndo enzimaticos como as
vitaminas C e E, glutationa (forma reduzida, GSH) e beta caroteno (PISOSCHI e
POP, 2015).

Dessa forma, o uso de substdncias quimicas para atenuar processos
inflamatoérios e relacionados a dor € uma das necessidades mais antigas da
humanidade. Diversas doencas inflamatérias requerem o uso de uma série de
farmacos, tais como os glicocorticoides e os anti-inflamatérios nao esteroidais,
sendo este ultimo um dos mais utilizados para controlar a dor e a inflamacao
(BATLOUNI, 2010; COSTA; BECK, 2011; LAEV; SALAKHUTDINOQV, 2015). Os anti-
inflamatoérios nao esteroidais constituem um grupo heterogéneo de moléculas com
propriedades anti-inflamatorias, analgésicas e antipiréticas Agem por meio da
inibicdo das enzimas ciclo-oxigenases (COX-1 e COX-2). Dentre os representantes
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desta classe encontra-se o cetoprofeno, um farmaco capaz de inibira COX1e2ea
lipoxigenase (KHAYRULLINA et al., 2014). Apesar da eficacia, o cetoprofeno
apresenta algumas limitacdes como meia-vida plasmatica curta, exigindo varias
administracoes diarias e dosagem alta para alcangar uma eficacia terapéutica. Além
disso, o uso prolongado desse farmaco geralmente esta associado a sérios efeitos
adversos, como ulceragdo gastroduodenal, hemorragia digestiva e perfuracao
intestinal (FIORUCCI; ANTONELLI; MORELLI, 2001; MEEK et al., 2010; AL-SAEED,
2011; PHAM, 2011; LAEV; SALAKHUTDINOQV, 2015, SMOLEN; ALETAHA, 2015).

A fim de minimizar os efeitos adversos e melhorar a eficiéncia terapéutica,
estudos de novas estratégias com potencial eficacia e seguranga foram e continuam
sendo bastante realizados. Dentre essas possiveis estratégias destacam-se o
desenvolvimento da nanotecnologia com sistemas de liberagdo de farmacos,
especialmente as nanoparticulas poliméricas (BERNARDI et al.,, 2009; MORA-
HUERTAS; FESSI; ELAISSARI, 2010; FRODER et al., 2016; GENARI et al., 2016;
ZHANG et al., 2016). As nanoparticulas compreendem as nanocapsulas e as
nanoesferas, esses sistemas apresentam dimensdes situadas entre 100-500 nm e
diferem entre si de acordo com a composicao e estrutura (MORA-HUERTAS; FESSI;
ELAISSARI, 2010; FRIEDRICH et al.,, 2016). As nanocapsulas constituem uma
alternativa terapéutica interessante em relacdo as nanoesferas, pois além de
proteger e aumentar a estabilidade dos farmacos possuem propriedades de
liberacao prolongada (SOPPIMATH et al., 2001; ENSIGN; CONE; HANES, 2012).

O interesse nas nanocapsulas esta relacionado principalmente com as suas
propriedades de controle na liberacdo e no transporte de farmacos para sitios de
acao especificos, ou seja, permite a entrega de agentes terapéuticos,
especificamente no sitio ativo da inflamagdo, aumentando desta forma a eficacia
terapéutica, além de reduzir os efeitos adversos, bem como a dose administrada
(PHAM, 2011). Dessa forma, o cetoprofeno torna-se um candidato promissor para a
formulacao de formas farmacéuticas de liberagcao controlada como as nanocapsulas,
uma vez que existem poucos relatos na literatura sobre a associacao do cetoprofeno
a sistemas nanoencapsulados. Diante disso, o presente trabalho buscou avaliar a
atividade anti-inflamatodria e caracterizar nanocapsulas de cetoprofeno através de um
modelo de inflamagdo aguda e cronica utilizando modelo de edema de orelha em
camundongos, buscando novas tecnologias em formulagcées farmacéuticas com o

intuito de minimizar o curto tempo de meia-vida, a necessidade de varias
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administracoes diarias por via oral e a ocorréncia de efeitos adversos
gastrointestinais deste anti-inflamatério (KHERADMANDNIA; VASHEGHANI-
FARAHANI; ATYABI, 2010).
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2. Objetivos
2.1 Objetivo geral

Avaliar sistemas nanoencapsulados preparados a partir do cetoprofeno em

um modelo experimental de inflamagao aguda e crénica em camundongos.
2.2 Objetivos especificos
- Preparar e caracterizar nanocapsulas de cetoprofeno;

- Avaliar a citotoxidade das nanocapsulas de cetoprofeno através de ensaio in

vitro em linhagem de queratinécitos humano (HACAT);

- Analisar o potencial anti-inflamatorio através de pesagem das orelhas de
camundongos tratados com cetoprofeno nanoencapsulado comparando com o

mesmo farmaco na forma livre, em modelo experimental de inflamagao aguda;

- Avaliar o potencial anti-inflamatorio através de medicdo das orelhas de
camundongos tratados com cetoprofeno nanoencapsulado comparando com o
mesmo farmaco na forma livre em modelo experimental de inflamagao cronica,

utilizando um esquema de tratamento terapéutico;

- Analisar a ocorréncia de danos gastrointestinais em diferentes locais do
intestino (duodeno, jejuno e ileo) de camundongos expostos ao tratamento

terapéutico crénico com cetoprofeno e cetoprofeno nanoencapsulado;

- Avaliar por analise histolégica parametros inflamatérios (edema, hiperplasia
da epiderme e infiltrado inflamatério) em orelhas de camundongos expostos ao

tratamento terapéutico crénico com cetoprofeno e cetoprofeno nanoencapsulado;

- Avaliar a toxicidade das nanocapsulas de cetoprofeno através de analise
histolégica de figado e rim de camundongos expostos ao tratamento terapéutico

cronico com cetoprofeno e cetoprofeno nanoencapsulado;
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- Analisar as espécies reativas de oxigénio (ROS) em eritrocitos de
camundongos exposto ao tratamento terapéutico crénico com cetoprofeno e

cetoprofeno nanoencapsulado;

- Analisar o conteudo tidlico total (SH) em plasma de camundongos expostos

ao tratamento terapéutico crénico com cetoprofeno e cetoprofeno nhanoencapsulado;

- Analisar a atividade das enzimas antioxidantes (superoxido dismutase,
catalase, glutationa peroxidase e glutationa redutase) em eritrocitos de
camundongos expostos ao tratamento terapéutico crénico com cetoprofeno e

cetoprofeno nanoencapsulado;

- Avaliar o potencial anti-inflamatorio através de medicdo das orelhas de
camundongos tratados com cetoprofeno nanoencapsulado comparando com o
mesmo farmaco na forma livre em modelo experimental de inflamagao cronica,

utilizando um esquema de tratamento profilatico;

- Realizar uma curva de dose-resposta com o cetoprofeno nanoencapsulado
em modelo experimental de inflamacéo cronica utilizando o esquema de tratamento

terapéutico através de medicao das orelhas de camundongos.
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3. Revisao de Literatura

3.1 Processo inflamatoério

O processo inflamatorio € um mecanismo de defesa do organismo diante de
uma infeccdo ou de uma injuria tecidual, cujo principal objetivo € eliminar a lesédo
celular causada por patégenos ou por agentes fisicos (COTRAN; KUMAR;
COLLINS, 2000; KUMMER, 2002). De acordo com o tempo de duragdo, a
inflamacgéo pode ser aguda ou cronica (COUTINHO; MUZITANO; COSTA, 2009). A
inflamacdo aguda € essencial para proteger o organismo de patdogenos invasores,
caracteriza-se por curta duracdo, responsavel por fazer reparagao tecidual. No
entanto, se o processo inflamatério persistir pode evoluir para inflamagao cronica,
com duragdo de semanas ou meses e resulta em danos nos tecidos e dor (MULEY;
KRUSTEV; MCDOUGALL, 2016).

A reacao inflamatoria consiste basicamente de dois mecanismos de defesa:
uma resposta inata e uma resposta imune especifica. Independente do tipo de
agressao, a resposta inflamatoria inicial consiste na resposta inata (inespecifica),
gue diante de uma lesao causa alteragcdes no calibre vascular, com um aumento no
fluxo sanguineo (calor) e alteragcdes na permeabilidade vascular, conduzindo ao
extravasamento de liquidos organicos para o intersticio, causando edema
(COTRAN; KUMAR; COLLINS, 2000). A vasodilatacgo e o aumento da
permeabilidade vascular sdo provocados por mediadores como citocinas e
leucotrienos. Os leucocitos circulantes, sob sinalizacdo desses mediadores, migram
para o local da lesdo e fagocitam o agente agressor e degradam o tecido necroético
(MURPHY; TRAVERS; WALPORT, 2010).

A resposta imune especifica auxilia a resposta inata, no qual ocorre a
producao de anticorpos especificos contra um determinado patégeno. Os anticorpos
sao produzidos pelos linfocitos B e estes migram para a area inflamada através de
uma interacdo com as moléculas de adesao e das células endoteliais (COTRAN;
KUMAR; COLLINS, 2000). A exposicao das células aos patdogenos e a leséo
tecidual, resultam na producado e na liberacdo de diversos mediadores quimicos,
responsaveis pelas caracteristicas da area inflamada. Dentre os mediadores da
inflamacao estdo os metabdlitos do acido araquidénico como prostaglandinas,
tromboxanos e leucotrienos (RANG et al., 2007).
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Através de estimulos mecanicos, quimicos, fisicos ou através de outros
mediadores, ocorre ativacdo dos fosfolipideos das membranas celulares pela
enzima fosfolipase A2, pelo qual libera o acido araquiddnico. Este acido pode ser
metabolizado por duas classes principais de enzimas: ciclo-oxigenase (COX) e
lipoxigenase (KUMMER; COELHO, 2002; MIZUSHIMA, 2010).

A COX é uma enzima responsavel pela sintese de prostaglandinas e pode
existir em duas isoformas, COX-1 e COX-2. A COX-1 é constitutiva e esta presente
em quase todos os tipos de células, com excec¢ao das hemacias, € responsavel pela
formacao de prostaglandinas, com diversas acgoes fisioldgicas: constituicdo do trato
gastrointestinal com producdo de muco protetor com inibicdo da secregdo acida
gastrica; agregacao plaquetaria, pois nas plaquetas, a COX-1 estd associada com a
sintese de tromboxano A2, um mediador que favorece a agregacdo e a adeséao
destas células (PIRES, 2009; MIZUSHIMA, 2010).

A COX-2 é indutiva, responsavel pela formacao de prostaglandinas durante o
processo inflamatorio. Esta enzima € expressa apds estimulos inflamatorios
mediados por citocinas, fatores de crescimento e estimulantes tumorais. As
prostaglandinas PGE2, PGD2 e PGF2a também sao vasodilatadoras, além de
exacerbarem o edema. Além disso, as prostaglandinas também estao envolvidas na
patogenia da dor e da febre durante a inflamacdo (SUBBARAMAIAH;
DANNENBERG, 2003).

As lipoxigenases estdo presentes no citosol, sdo enzimas encontradas nos
pulmdes, plaquetas, mastécitos e leucécitos. Atuam sobre o acido araquidénico,
produzindo o acido 5-hidroperoxieicosatetraendico (5-HPETE), que € convertido em
leucotrieno A4. Este pode ser convertido em leucotrieno B4, produzido
principalmente por neutrofilos e macréfagos, um importante agente responsavel pelo
aumento da permeabilidade vascular e que causa aderéncia, quimiotaxia e ativagao
de polimorfonucleares e mondcitos, além de estimular a proliferacdo de macréfagos,
linfocitos e a producédo de citocinas por essas células (GILMAN et al., 2006). Dessa
forma, os metabdlitos derivados do acido araquiddénico, representam componentes

importantes da resposta imune inflamatoria.
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3.2 Processo inflamatdrio e estresse oxidativo

Durante o processo inflamatoério, ocorre uma intensa infiltragcdo de células
inflamatorias, principalmente neutréfilos, mondcitos e linfécitos no local da lesao
(BISWAS, 2016). Como mecanismo de defesa contra agentes agressores, estas
células produzem uma grande quantidade de espécies reativas (ERs) e outros
mediadores no local da inflamacdo (BARREIROS; DAVID e DAVID, 2006). Essas
ERs em baixas quantidades participam de varias fungoes fisioldgicas importantes no
organismo como resposta celular a agentes infecciosos, sinalizagdo celular, indugao
da resposta mitogénica, neurotransmissdo, regulacdo da pressdo sanguinea,
relaxamento do musculo liso e regulam o sistema imune (GUERRERO e ACOSTA,
2016). No entanto, quando ocorre uma producdo exacerbada das ERs, estas
acabam induzindo ao estresse oxidativo e sérios danos aos tecidos como
peroxidacao dos lipidios de membrana, danos a proteinas, a enzimas, carboidratos e
ao acido desoxirribonucleico (DNA) (BISWAS, 2016).

O estresse oxidativo pode ser definido como um desequilibrio entre a
producado de ERs e das defesas antioxidantes resultando no aumento exacerbado
de ERs e diminuicdo das enzimas antioxidantes (POLJSAK; SUPUT; MILISAV,
2013). As principais ERs estao divididas em espécies reativas de oxigénio (EROs) e
espécies reativas de nitrogénio (ERNs). Dentre as principais EROs estdo os
radicais: hidroxila (HO¢), superoxido (O2+-), peroxila (ROO¢) e alcoxila (RO°); e os
ndo radicais: oxigénio, peroxido de hidrogénio (H202) e acido hipocloroso (HCIO). Ja
as ERNs incluem o 6xido nitrico (NO+¢), 6xido nitroso (N203), acido nitroso (HNO2),
nitritos (NO2-), nitratos (NOs—) e peroxinitritos (ONOO-) (BARREIROS; DAVID;
DAVID, 2006). O estresse oxidativo tem sido relacionado com diversas patologias
inflamatérias como  doencas  neurodegenerativas, enfisema, doencas
cardiovasculares, inflamatérias e cancer (PISOSCHI e POP, 2015).

Para controlar os danos causados pelo excesso de ERs, o organismo precisa
de um sistema de defesa antioxidante que consiste num conjunto de mecanismos
enzimaticos e ndao enzimaticos que protegem as células contra os efeitos danosos
das ERs (GODIG et al.,, 2014). Essa defesa antioxidante pode ser produzida pelo
organismo ou absorvida da dieta. As defesas antioxidantes produzidos pelo
organismo inclui enzimas antioxidantes como superoxido dismutase (SOD), catalase

(CAT) e glutationa peroxidase (GPx) e antioxidantes ndo enzimaticos tais como



23

glutationa (forma reduzida, GSH), peptideos de histidina, proteinas ligadas ao ferro
(transferrina e ferritina) e o acido diidrolipoico (BARREIROS; DAVID; DAVID, 2006).
Além disso, o organismo também utiliza a defesa antioxidante proveniente da
alimentacao que inclui o a-tocoferol (vitamina-E), B-caroteno (pro-vitamina-A), acido
ascorbico (vitamina C) e compostos fendlicos que proporcionam protegao contra o
estresse oxidativo e neutralizam os ERs formadas pelo metabolismo celular ou por
alguma disfuncgéo patologica, como a inflamacao (PISOSCHI e POP, 2015).

Dessa forma o uso de substancias quimicas para atenuar 0 processo
doloroso e inflamatério com acgédo antioxidante para evitar danos as estruturas
celulares através das ERs é uma das necessidades mais antigas da humanidade.
Com isso torna-se interessante analisar a acao do cetoprofeno em nanocapsulas

sobre parametros de estresse oxidativo em modelos experimentais de inflamacao.

3.3 Anti-inflamatorios nao esteroidais

Os anti-inflamatorios nao esteroidais constituem uma classe de farmacos que
atuam inibindo a COX e as lipoxigenases, impedindo a formacao de mediadores do
processo inflamatério, como prostaglandinas, tromboxanos e leucotrienos,
combatendo assim a inflamacéao, dor e a febre (RANG, 2007). Os farmacos dessa
classe que se destacam sao: acido acetilsalicilico, ibuprofeno, cetoprofeno,
diclofenaco e o piroxicam, todos inibidores nao seletivos da COX (COUTINHO;
MUZITANO; COSTA, 2009).

Em geral, esses farmacos inibem de forma variavel as isoformas COX-1 e
COX-2. No entanto, os que inibem a COX-1 apresentam muitos efeitos adversos
principalmente no trato gastrointestinal, podendo produzir ulceracdes gastricas e
duodenais, na funcado renal e na agregacao plaquetaria, tornando limitante o uso
desses farmacos (AL-SAEED, 2011). Esses efeitos adversos se devem ao fato da
COX-1 bloquear a biossintese de prostaglandinas, principalmente PGE2 que tem um
forte efeito na citoprotecao gastrica (MIZUSHIMA, 2010).

A maioria desses farmacos néo inibe a atividade das lipoxigenases podendo
resultar na formacdo de leucotrienos B4 na mucosa gastrica, ocasionando
guimiotaxia e adesao de leucocitos ao endotélio vascular (GILMAN et al., 2006) e
também resultam na formacdo de leucotriecnos C4 e D4 que atuam como

vasoconstritores, aumentando o dano gastrico causado pelos anti-inflamatorios nao
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esteroidais e levando a continuidade do processo inflamatorio por outros
mecanismos (PIRES, 2009). Para evitar esses efeitos adversos gastrointestinais
causados pelos inibidores da COX-1, foram desenvolvidos os inibidores seletivos
para COX-2 (por exemplo, celecoxibe) (COUTINHO; MUZITANO; COSTA, 2009). No
entanto, também tem sido relatado que estes causam sérios efeitos adversos, dentre
0s mais comuns sdo danos hepaticos, infecgdes e riscos cardiovasculares (MEEK et
al., 2010; PHAM, 2011; PELLIGAND et al., 2014; LAEV E SALAKHUTDINOV, 2015,
SMOLEN E ALETAHA, 2015). A fim de minimizar esses efeitos adversos, novas
estratégias terapéuticas com maior eficacia e seguranga foram e continuam bastante
estudados envolvendo o desenvolvimento da nanotecnologia com sistemas de
liberagcao de farmacos, especialmente as nanoparticulas poliméricas (BERNARDI et
al., 2009; MORA-HUERTAS; FESSI; ELAISSARI, 2010; FRODER et al., 2016).

3.4 Nanoparticulas poliméricas

Com o objetivo de melhorar o resultado da terapia farmacologica, varios
pesquisadores tém buscado novos sistemas para o controle da liberagdo de
substancias em sitios de acao especificos (CORADINI et al., 2015; FRIEDRICH et
al., 2016; FRODER et al., 2016). Nesse contexto, as nanoparticulas poliméricas,
como as nanocapsulas, apresentam esta caracteristica com potenciais aplica¢des
para a administracdo de moléculas terapéuticas (SOPPIMATH, 2001;
SCHAFFAZICK, 2003).

As nanoparticulas poliméricas sao sistemas carreadores de farmacos
constituidos por polimeros biodegradaveis, que apresentam tamanho entre 100-500
nm (FRIEDRICH et al., 2016). As nanoparticulas compreendem as nanocapsulas e
as nanoesferas, as quais diferem entre si de acordo com a composicao e estrutura
(MORA-HUERTAS; FESSI; ELAISSARI, 2010). Conforme ilustrado na figura 1, as
nanocapsulas sao sistemas que incorporam substancias ativas, constituidas por
uma parede polimérica disposta ao redor de um nucleo oleoso, podendo o farmaco
estar dissolvido neste nucleo e/ou adsorvido na parede polimérica. Por outro lado, as
nanoesferas, nao apresentam 6leo em sua composi¢cao, sdao formadas por uma
matriz polimérica onde o farmaco pode ficar retido ou adsorvido (SCHAFFAZICK et
al., 2003; SHMALTZ; SANTOS; GUTERRES, 2005; MORA-HUERTAS; FESSI;
ELAISSARI, 2010).
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Figura 1. Representacdo esquematica das nanoparticulas poliméricas: nanocapsulas e
nanoesferas. A) Farmaco adsorvido na parede polimérica das nanocapsulas. B) Farmaco
internalizado no nucleo oleoso das nanocapsulas. C) Farmaco retido na matriz polimérica das
nanoesferas. D) Farmaco adsorvido na matriz polimérica das nanoesferas (Adaptado de
SCHAFFAZICK et al., 2003, com modificacoes).

No entanto, as nanocapsulas constituem uma alternativa terapéutica muito
interessante, pois protegem os farmacos ajudando a aumentar a estabilidade destes
e possuem propriedades de liberacdo prolongada (SOPPIMATH et al.,, 2001;
ENSIGN; CONE; HANES, 2012). As nanocapsulas sao formadas por polimeros
biodegradaveis e biocompativeis, geralmente naturais ou sintéticos (FARAJI; WIPF,
2009). A composicado do polimero deve ser biocompativel com o farmaco e com a
barreira da membrana da célula alvo, permitindo o aumento da solubilidade e
capacidade de proteger as moléculas biologicamente ativas da degradagao em meio
fisioloégico (GOLVEIA et al., 2015).

Além disso, as nanocapsulas despertaram um grande interesse, por
apresentarem tamanho nanométrico, podem acumular-se seletivamente na regiao
inflamada devido a maior permeabilidade microvascular nos locais inflamados
(ULBRICH; LAMPRECHT, 2010; GOLVEIA et al., 2015). A principal vantagem das
nanocapsulas em relacao aos farmacos convencionais é a possibilidade de melhorar
a liberagao seletiva de medicamentos para o local de acao, independentemente da
via de administracdo (GOLVEIA et al., 2015). A seletividade destas nanocapsulas no
local da lesdo pode ser alcancada através da modificacdo de superficie das
nanoparticulas com ligantes especificos, os quais se ligam em receptores expressos
nas células-alvo, fazendo com que as nanocapsulas sejam internalizadas no espaco
intracelular (FARAJI; WIPF, 2009). Dessa forma, possibilita diminuicdo da dose
necessaria, aumento da biodisponibilidade do farmaco no tecido inflamado e da
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eficacia terapéutica evitando os graves efeitos adversos causados pelas medicagbes
convencionais (GOLVEIA et al., 2015).

Sao sistemas que facilitam a passagem de farmacos pelas barreiras
celulares, atuando como um depdsito de farmaco dentro da célula, aumentando
assim a liberacdo no sitio da lesdo com consequente diminuicdo dos efeitos
adversos, principalmente relacionados a uma menor lesdo gastrointestinal
(BERNARDI et al., 2009; ENSIGN; CONE; HANES, 2012, FRODER et al., 2016). As
nanocapsulas também apresentam uma série de vantagens em relagdo as
nanoesferas, tais como elevada eficiéncia de encapsulagdo do farmaco, devido a
alta solubilidade do farmaco no nucleo, baixo conteudo polimérico pelo qual protege
os farmacos contra fatores de degradacdo, como pH, luz e reduz a irritagcdo no
tecido (MORA-HUERTAS; FESSI; ELAISSARI, 2010). Como o farmaco esta retido
no nucleo das nanocapsulas, a liberagdo das substancias ativas ocorre
gradualmente, mantendo-se constante no organismo. Por essa razdo, com 0 uso
das nanocdpsulas sdo evitadas possiveis irritagcbes as quais ocorreriam se o
farmaco estivesse livre para agir de uma unica vez e com isso possibilita-se a
administracdo de menores doses diarias (SHMALTZ; SANTOS; GUTERRES, 2005;
FRANK et al., 2015).

Sendo assim, estudos de moléculas nanoencapsuladas com grande potencial
terapéutico para o tratamento de doencas inflamatérias tém sido avaliados em
modelos animais de inflamacdo. Bernardi e colaboradores (2009) avaliaram os
efeitos de nanocapsulas com indometacina em modelos experimentais de
inflamacdo em ratos, incluindo modelo de artrite, que consiste na injecao de
adjuvante completo de Freund (CFA) na pata de ratos. Este agente é capaz de
provocar um edema local relacionado com o tempo. Neste estudo foi possivel
observar que o tratamento com indometacina na forma livre e na forma
nanoencapsulada foram capazes de diminuir esse edema, no entanto a forma
nanoencapsulada da indometacina apresentou maior eficacia anti-inflamatoria.
Também foi realizada avaliagcdo de lesdo gastrointestinal, que se mostrou reduzida
no grupo que recebeu tratamento com indometacina nanoencapsulada em
comparagao com o grupo que recebeu a indometacina livre. Este efeito protetor foi
também atribuido pela reducao dos niveis de TNFa e IL-6 (interleucina-6) e aumento

de IL-10 (interleucina-10), mostrando assim que as nanocapsulas constituem uma
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alternativa terapéutica segura para o tratamento de doencas inflamatérias crénicas
(BERNARDI et al., 2009).

Além disso, Coradini e colaboradores (2015) investigaram o potencial de
resveratrol e da curcumina na forma nanoencapsulada no tratamento da artrite
induzida por CFA em ratos. Um amplo espectro de atividades biolégicas tem sido
atribuido a essas duas moléculas devido a suas propriedades antioxidantes, anti-
inflamatorias e quimioterapéuticas, mas ambas possuem algumas restricbes, as
mais comuns sdo baixa biodisponibilidade, instabilidade fotoquimica, eliminagéo
sistémica rapida, absorcdo tecidual inadequada e além dessas a curcumina
apresenta degradacdo em pH fisiologico (BISHT et al., 2010). Neste sentido, os
autores realizaram a associagado de resveratrol e curcumina quer na sua forma livre
e hanoencapsulados como uma estratégia para melhorar a eficacia destas
moléculas contra a artrite reumatoide. Os autores demonstraram uma diminuigcao
significativa do edema da pata depois do tratamento com resveratrol e curcumina na
forma nanoencapsulada comparado a forma livre, mas o tratamento da associagao
de ambos nanoencapsulados apresentou efeitos mais pronunciados, com acentuada
reducdo do edema da pata. Além disso, os pesquisadores avaliaram niveis séricos
de enzimas hepaticas para verificar possiveis efeitos colaterais do tratamento com
esses polifendis associados nanoencapsulados e observaram que nenhum
tratamento alterou os niveis dessas enzimas quando comparado com O grupo
controle (animais que nao receberam CFA), sugerindo o potencial de seguranca da
presente formulacdo (CORADINI et al., 2015).

Ainda, Friedrich e colaboradores (2016) avaliaram o efeito de tacrolimus
(TAC) na forma nanoencapsulada, um imunossupressor que tem sido relatado ter
maior eficacia em modelo de artrite induzida por CFA em ratos. Apesar de
apresentar eficacia terapéutica no tratamento da AR, diversos efeitos secundarios,
tais como nefropatia, hipertensdo, desordens gastrointestinais e hiperglicemia estao
fortemente associados com a utilizacdo deste farmaco (TAYLOR; WATSON;
BRADLEY, 2005). Neste estudo, os autores injetaram CFA na pata de ratos e
trataram esses animais com TAC na forma livre (ndo encapsulada) e na forma
nanoencapsulada. Os animais tratados com TAC-nanoencapsulado apresentaram
maior inibicdo do edema da pata quando comparado com o farmaco livre. Os
autores associaram este resultado ao aumento da disponibilidade do farmaco e
liberacdo sustentada no local inflamado, o qual foi permitido pelas nanocapsulas.
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Também foram avaliadas concentragcbes séricas dos niveis de creatinina e glicose
no soro desses animais. Como resultado, nenhum grupo apresentou alteragoes
significativas nos niveis de creatinina, indicando seguranca renal dos tratamentos.
Em relagdo aos niveis séricos de glicose, foi observado um aumento significativo no
grupo tratado com TAC na forma livre em comparagdo com TAC nanoencapsulado,
isso ocorreu porque um dos efeitos colaterais a administragdo do TAC ¢é
hiperglicemia e nanoencapsulagdo do TAC impediu essa ocorréncia. Assim,
baseado em varias evidéncias experimentais pode-se perceber que o
desenvolvimento de farmacos nanoencapsulados com menor ou nenhum efeito
adverso e ainda com capacidade de diminuir a inflamagédo, pode ser muito

importante para a terapia de diversas doencgas inflamatorias.
3.5 Cetoprofeno

O cetoprofeno (acido 3-benzoil-a-metilbenzenoacético, Fig.2) € um farmaco
anti-inflamatoério ndo esteroidal derivado do acido propidnico, utilizado para o
tratamento em longo prazo da artrite reumatoide e osteoartrite (HOAI et al., 2012).
Também possui indicagcdo no tratamento de dores musculares, tendinites,
dismenorreia, entre outros processos inflamatérios. Este anti-inflamatério inibe a
atividade da COX levando a uma diminuicdo da sintese de precursores das
prostaglandinas e dos tromboxanos a partir do acido araquidénico (COSTA et al.,
2006). Além disso, inibe as lipoxigenases diminuindo assim, a sintese de
leucotrienos impedindo a liberagcdo de leucocitos na area inflamada resultando em
uma menor destruicao tecidual (KHAYRULLINA et al., 2014).

0 H,

COOH

Figura 2. Estrutura do Cetoprofeno (Adaptado da Farmacopeia Brasileira, v. 2, 2010).
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Segundo a Farmacopeia Brasileira (2010), apresenta-se como um poé
cristalino, branco ou quase branco, praticamente insoluvel em agua e soluvel em
solventes organicos como acetona e etanol e possui pKa de 4,76. Ainda é
rapidamente absorvido por via oral, com pico plasmatico entre 0,5-2 horas.
Apresenta alta ligagdo a proteinas plasmaticas (99%) e é metabolizado em sua
menor parte por hidroxilagdo e a maior parte pela conjugacdo com o acido
glicurénico. A dose comumente empregada por via oral situa-se entre 50 e 300 mg
(dose maxima diaria) (TARTAU, CAZACU, MELNIG, 2012).

Apesar da sua eficacia no tratamento da dor aguda e crdnica, apresenta
varias desvantagens, tais como meia vida plasmatica curta, baixa biodisponibilidade,
0 que requer uso de doses significativamente mais elevadas ou varias
administragoes diarias, desencadeando sérios efeitos colaterais (HOAI et al., 2012).
Um desses estd relacionado aos efeitos lesivos que causam no trato gastrointestinal,
que pode ser atribuido ao contato direto do farmaco com a mucosa gastrica apos
absorcao, causando uma irritagdo no local, o que torna seu uso terapéutico limitado
(FIORUCCI; ANTONELLI; MORELLI, 2001; MEEK et al., 2010; AL-SAEED, 2011).
Esse contato direto com a mucosa esta relacionado com a ionizagao do farmaco.

Por serem acidos organicos fracos, em pH baixo, tornam-se moléculas nao-
ionizadas com caracteristicas apolares, o que lhes permite atravessar a membrana
mucosa. Ocorre uma mudanga de pH acido para neutro no interior da mucosa,
fazendo com que o farmaco torna-se ionizado acumulando-se no interior das células
epiteliais e causando danos as mesmas (FIORUCCI; ANTONELLI; MORELLI, 2001).

Além disso, apresenta atividade sistémica, inibindo a COX-1 e COX-2,
responsaveis pela producdo de prostaglandinas. As prostaglandinas por sua vez
agem inibindo secrec¢ao acida do estbmago, aumentando o fluxo sanguineo na

mucosa gastrica e promovendo a secre¢ao de muco citoprotetor. Com isso, o
cetoprofeno ao inibir sintese de prostaglandinas acarreta ao estémago uma maior
suscetibilidade as lesées (FIORUCCI; ANTONELLI; MORELLI, 2001; MIZUSHIMA,
2010).

Pires e colaboradores analisaram o potencial analgésico, anti-edematogénico
e antipirético do cetoprofeno na forma convencional em modelo de edema de orelha,
bem como a atividade ulcerogénica sobre a mucosa gastrica. Constatou-se que este
foi capaz de reduzir o edema, contudo demonstrou atividade ulcerogénica (PIRES,
2009). Nesse contexto, a utilizagcao do cetoprofeno através de moléculas
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nanoencapsuladas representa uma ferramenta promissora para a aplicagédo sitio
direcionada de farmacos, constituindo uma estratégia terapéutica interessante para
o tratamento de doengas inflamatorias (ULBRICH; LAMPRECHT, 2010).

Além disso, este farmaco tem sido incorporado a nanoparticulas lipidicas
soélidas preparadas a partir de uma mistura de cera de abelha e cera de carnauba o
gque demonstrou uma eficiéncia de encapsulamento de 97% para o cetoprofeno,
indicando uma boa compatibilidade deste com o nucleo lipidico das nanoparticulas.
De acordo com este estudo, o curto tempo de meia-vida, a baixa solubilidade em
agua, baixa biodisponibilidade e os efeitos adversos no trato gastrointestinal, tornam
o cetoprofeno um bom candidato para a formulacdo de formas farmacéuticas de
liberagcdo controlada (KHERADMANDNIA; VASHEGHANI-FARAHANI; ATYABI,
2010). Também foi realizado em nosso grupo de pesquisa um estudo das
nanocapsulas de cetoprofeno com objetivo de inibir seletivamente o crescimento de
células tumorais in vitro. Os resultados obtidos demonstraram que o cetoprofeno
nanoencapsulado foi eficiente em diminuir o crescimento do tumor em um modelo
pré-clinico de gliomas, tanto in testes in vitro quanto in vivo (SILVEIRA et al., 2013).
Diante disso, a fim de minimizar os problemas do cetoprofeno na forma
convencional, torna-se interessante nanoencapsular e analisar o potencial anti-
inflamatorio deste farmaco através de um protocolo de inflamac¢ao aguda e crénica

utilizando modelo de edema de orelha em camundongos.

3.6 Modelo experimental de inflamacdo: edema de orelha em

camundongos induzido por 6leo de créton

Diversos modelos animais de inflamacéao sao utilizados para avaliar a eficacia
de novos farmacos para o tratamento de diversas doencas inflamatorias ou mesmo
analisar farmacos que ja estdo no mercado como alternativa para melhorar a sua
eficacia e biodisponibilidade (BERNARDI et al., 2009). Para isto é preciso modelos
especificos que reproduzam as caracteristicas basicas da maioria das reacdes
inflamatorias, pois a etiologia e as manifestacdes clinicas diferem significativamente
de uma doenca para outra. Dentre os modelos de inflamacao existentes encontra-se
0 edema de pata induzido pela carragenina, edema de pata induzido pelo adjuvante
completo de Freund (CFA) muito utilizado para triagem de compostos para tratar a
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artrite reumatoide, bem como o modelo de edema de orelha induzido pelo 6leo de
croton (BERNARDI et al., 2009; PIRES, 2009).

O modelo de edema de orelha € um modelo de inflamagcdo cutédnea que
permite identificar inibidores da biossintese das prostaglandinas e leucotrienos,
sendo amplamente utilizado na triagem de compostos que pertencem a classe dos
inibidores da COX e/ou lipoxigenases, como o cetoprofeno (GABOR, 2008). Para
induzir o edema na orelha de camundongos, estudos geralmente utilizam o 6leo de
croton (VAN, 1974; GABOR, 2008; PIRES, 2009), obtido da planta Croton triglium L.
e seu principal principio ativo € o TPA (acetato de tetradecanoilforbol), um éster de
forbol, potente agente flogistico e promotor tumoral, capaz de promover uma
resposta inflamatéria e hiperproliferativa bastante intensa, assemelhando-se com
algumas doencas cutédneas (GABOR, 2008).

A aplicagédo topica deste Oleo produz uma resposta inflamatéria cutanea
caracterizada por vasodilatacdo e formacao de eritema ainda nas primeiras duas
horas, com posterior extravasamento celular que resulta em aumento da espessura
da orelha. Ainda é capaz de estimular a liberacdo de varios mediadores da
inflamagdo, como aminas vasoativas (histamina e serotonina) e derivados do acido
araquidénico (PIRES, 2009). Esta resposta inflamatéria € normalmente quantificada
pelo aumento no tamanho da orelha caracterizado pelo intenso edema sendo
modulada por inibidores da cascata inflamatéria, como os anti-inflamatérios nao-
esteroidais (GABOR, 2008).

No entanto, o modelo de edema de orelha induzido pelo 6leo de croton
consiste em um modelo rapido e simples, que requer pequenas quantidades de
substancias, fornece resultados reprodutiveis e rapidos. Dessa forma, ¢é
considerado um bom modelo para avaliar efeitos anti-inflamatérios de diferentes
agentes terapéuticos (GABOR, 2008). No presente trabalho utilizou-se esse modelo
para avaliar a eficacia anti-inflamatéria do cetoprofeno nanoencapsulado com o
objetivo de buscar novas tecnologias em formula¢des farmacéuticas com o intuito de
minimizar o curto tempo de meia-vida, a necessidade de varias administracoes
diarias por via oral e a ocorréncia de efeitos adversos gastrointestinais do

cetoprofeno.
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Abstract

The effects of systemic treatment with ketoprofen-loaded nanocapsules (Keto-NC) were
compared with ketoprofen-free (Keto-free) in a model of acute and chronic edema in mice
ears. The acute inflammatory process was performed over a 6 hour period. Firstly in which
the croton oil was applied to the ears of the mice. After three hours of application, the animals
were treated with either free or nanoencapsulated ketoprofen (10 mg/kg). The chronic
inflammatory process was induced by the application of croton oil to the ears of mice on
alternate days, from day 1 to day 9 of the therapeutic treatment and from day 4 to day 11 for a
prophylactic protocol. The animals were treated with either ketoprofen free or
nanoencapsulated for five days for a therapeutic protocol and 11 days for a prophylactic
protocol. The dose-response experiment was performed using the chronic therapeutic protocol
to assess whether Keto-NC could be effective at subtherapeutic doses. Keto-free or Keto-NC
produced equal inhibition of croton oil-induced edema in the acute protocol. However, in the
chronic therapeutic protocol, Keto-NC was more effective in reducing edema by 60%, 65%
and 71% on days 7, 8 and 9, respectively, when compared to Keto inhibition (38% and 44%
on days 8 and 9). This result was confirmed in the histological analysis, where it can observe
the reduction of the epidermis, edema and inflammatory infiltrate. In addition, Keto-NC
revealed that the dose 50% lower than the treatment considered for rats (5 mg kg-1), was
efficient in the significant reduction of edema induced by chroton oil, showing even more
efficacy of Keto-NC. The results showed that Keto-NC was more efficient than Keto-free in
reducing the changes induced by a model of inflammation in the long term. These data may
be important in the search for drugs with minor adverse effects for patients with chronic

inflammatory diseases.

Key words: Ketoprofen; rosehip oil; nanocapsules; chronic inflammation; chroton oil; ear

edema.
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1. Introduction

The inflammatory process is a defense mechanism of organism in response to tissue injury,
whose main objective is remove noxious stimulus and promote tissue regeneration (1).
However, if this process persists, cellular and tissue damage can occur and trigger serious
chronic diseases, such as neurodegenerative pathologies, inflammatory, cardiovascular,
emphysema and cancer (2). Reactive species are key signaling molecules that play a crucial
role in the progression of inflammatory diseases. Radical superoxide anion (-O2¢"),
hypochlorous acid (HCIO), hydrogen peroxide (H20>), are produced by inflammatory cells,
primarily neutrophils, monocytes and lymphocytes as a defense mechanism against aggressive
agents (3). However, when there is exacerbated production of these ERs, they cause tissue
damage and oxidative stress. To control these damages, the formation of ERs is balanced by
antioxidant defense system. This system includes antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR)
and non-enzymatic antioxidants such as vitamins C and E, glutathione, and beta carotene
which provide greater protection against oxidative stress by neutralized ERs effects in many
physiological and pathological conditions (2).

Several chronic inflammatory diseases require the use of a number of drugs, including non-
steroidal anti-inflammatory drugs (NSAIDs) (4, 5). NSAIDs are a heterogeneous group of
molecules with anti-inflammatory, analgesic and antipyretic properties. Ketoprofen (Keto-
free) is a NSAID capable of inhibiting COX-1, COX-2 and lipoxygenase (6). However, Keto-
free has some limitations as short plasma half-life, requiring several daily administrations and
high dosage to achieve therapeutic efficacy. In addition, prolonged use of this drug is usually
associated with serious adverse effects, such as gastroduodenal ulceration, gastrointestinal
bleeding and intestinal perforation (7, 4, 8, 9). In order to minimize adverse effects and
improve therapeutic efficacy, novel strategies with potential efficacy and safety have been
extensively studied and involve drug delivery systems, especially nanocapsules (10, 11, 12,
13, 14). Nanocapsules can protect and increase drug stability , conferring properties of
prolonged release (15), allowing the delivery of therapeutic agents specifically in active site
of inflammation, thus increasing the therapeutic efficacy, besides reducing the adverse effects,
as well as the dose administered (9).

In this context, to improve therapeutic efficacy, minimize adverse effects and thus also
promote patient acceptance of the drug, it becomes important to evaluate the advantages of

nanoencapsulated systems over the effects of Keto-free. Thus, the present study aimed to
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characterize the physicochemical properties of ketoprofen nanoparticle formulation (Keto-
NC) and to evaluate its pharmacological action in acute and chronic inflammation models.
We further determined the gastrointestinal effects and parameters analyzed for oxidative

stress compared to Keto-free treatment.

2. Materials and Methods

2.1 Chemicals

Keto-free (99% purity) was obtained from Henrifarma (S&o Paulo, Brazil). Eudragit® S100
was acquired from Degussa (Sdo Paulo, Brazil), Span 80® (sorbitan monooleate), dichloro-
dihydro-fluorescein diacetate DCFH-DA, epinephrine, thiobarbituric acid (TBA), 5.50-
dithiobis (2-nitrobenzoic acid) (DTNB) and croton oil (CO) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA) and Tween 80® (polysorbate 80) purchased from
Delaware (Porto Alegre, RS, Brazil). Dulbecco’s modified Eagle’s medium (DMEM),
Fungizone, penicillin/streptomycin, 0.25 % trypsin/EDTA solution and fetal bovine serum
(FBS) were obtained from Gibco (Gibco BRL, Carlsbad, CA, USA). Trichloroacetic acid
(TCA) and hydrogen peroxide (H202) were purchased from Synth® (Brazil) and commercial
kit for glutathione peroxidase (GPx) and gluthatione reductase (GR) were obtained from
Ransel® (Randox Lab, Antrim, UK).

2.2.1 Analytical procedures

The ketoprofen quantification was performed on a LC-10A High Performance Liquid
Chromatography (HPLC) system (Shimadzu, Japan) equipped with a model LC- 20AT pump,
an UV-VIS SPD-M20A detector, a CBM-20A system controller and a Rheodyne valve
sample manual injector with 20 puL loop. Separation was achieved at room temperature using
a RP C18 Phenomenex column (250 mmx4.60 mm, 5 m; 110 A) coupled to a C18 guard
column. The isocratic mobile phase consisted of methanol and water pH 3.0 (70:30, v/v) at
flow rate of 1 mL/min and ketoprofen was detected at 254 nm. The chromatographic
conditions were adapted from Najmuddin and co-workers (2010) and the method was
validated for determination of ketoprofen in nanocapsules according to the ICH guidelines.
The method was found to be linear (r = 0.999), specific, accurate (96.55% to 100.84%),
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precise (relative standard deviation was < 2.66%) in the concentration range of 3.0-15.0
pg/mL.

2.2.2 Dissolution/ swelling experiments of polymer films

As a pre-formulation study, the possible interaction between the polymer and the oil was
evaluated. Films of Eudragit® S100 were obtained from the solubilization of 2 g polymer in
acetone and subsequent evaporation of this solvent at room temperature. Next, 100 mg films
were weighed and kept submersed in the medium chain triglycerides or rosehip oil. At
predetermined intervals, films were removed from the oil, carefully dried with absorbing
paper, and weighed in an analytical balance in order to determine mass changes of the

polymer, resulting from their interaction with oils.

2.2.3 Polymeric nanocapsule preparation

Nanocapsule suspensions were prepared by interfacial deposition of preformed polymer
method (16). For this, an organic phase constituted of ketoprofen (0.01 g), Eudragit® S100
(0.1 g), Span 80® (0.077 g), median chain triglycerides (NC-MCT) or rosehip oil (NC-RO)
(330 pL) and acetone (27 mL) was kept for 60 min under moderate magnetic stirring at 40°C.
After solubilization of all components, acetonic phase was injected into 53 mL of an aqueous
dispersion of Tween 80® (0.077 g) and magnetic stirring was maintained for 10 min. Then
organic solvent was eliminated by evaporation under reduced pressure to achieve a final
volume of 10 mL and ketoprofen concentrations of 1.0 mg/mL. For comparison purposes, a
blank nanocapsule suspension (NC-MCT-B or NC-RO-B) was formulated by omitting the

drug. The formulations were prepared in triplicate.

2.2.4 Polymeric nanocapsule physicochemical characterization

The nanocapsules suspensions were characterized in terms of pH, particle size, polydispersity
index (PDI), zeta potential, drug content and encapsulating efficiency. pH values were
obtained by directly immersing the electrode of a calibrated potentiometer (Model pH 21,
Hanna Instruments, Brazil) in the formulations. Particle sizes and PDI were determined by
photon correlation spectroscopy (Zetasizer Nanoseries, Malvern Instruments, UK) after

diluting the samples in ultrapure water (1:500). Zeta potentials were measured by
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microeletrophoresis by using the same instrument after the dilution of the samples in 10 mM
NaCl (1:500).

Total drug content was measured by diluting an aliquot (90 pL) of the sample in 10 mL
ethanol followed by sonication for 30 min (9 pg/mL). This procedure ensures the complete
extraction of ketoprofen from nanocapsules suspension. Subsequently, samples were filtered
through a 45 pm membrane and injected into the HPLC system according to the method
previously  described.  The  encapsulation  efficiency was  determined by
ultrafiltration/centrifugation technique. An aliquot of the samples was placed in a 10.000 MW
centrifugal device (Amicon® Ultra, Millipore) and free drug was separated at 2200 x g 274
for 10 min. The ultrafiltrate analyzed by HPLC method. The difference between the total and
the free concentration of ketoprofen, determined in the nanocapsules suspensions and in the

ultrafiltrate, respectively, was calculated as the encapsulation efficiency (EE%).

2.2.5 Photostability study

In order to evaluate the influence of nanocapsule oil core in ketoprofen degradation, a drug
dispersion in surfactants (1 mg/mL), NC-MCT and NC-RO were exposed to ultraviolet C
radiation, as previously describe (17, 18), with minors modifications. For this, 200 uL of the
formulations were placed in quartz cuvettes and the submitted to UVC light (Phillips TUV
lamp-UVC long life, 30 W) for 6 hours in a mirrored chamber (1 mx25 cmx25 cm) at a fixed
distance of 20 cm from the light source. At predetermined intervals, aliquots were withdrawn
and diluted in methanol to assay the drug remaining concentration in each sample by HPLC
method. To refute the hypothesis of degradation by temperature or any others factors, dark

controls were also carried out, where cuvettes were covered with aluminum paper.

2.2.6 In vitro drug release profile

Diffusion bag technique was employed to determine the nanocapsules suspensions in vitro
release profile, according to the previously describe method (17, 18). For this, an aliquot of
NC-TCM or NC-RO (1.5 mL) was placed in dialysis bags (MWCO 10.000, Spectra Por 7)
and these systems were immersed in 150 mL of phosphate buffer pH 6.8 at 37°C under
continuous stirring at 50 rpm. At predetermined intervals (0, 15, 30, 45, 60, 120, 180, 240
min), 1 mL of the dissolution medium was withdrawn and replaced by the same volume of

fresh medium, in order to maintain sink conditions. The experiment was carried out in
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triplicate and the percentage of drug released was determined by the HPLC method described
above.

In order to clarify the mathematical behavior and drug release mechanism data were fitted to
first order (In C = In CO - kt) and to the Korsmeyer—Peppas model (ft = astn), respectively. In
these equations, C is the concentration of the drug released at time t, CO is the initial
concentration of the drug, k is the Kinetic rate constant, a is a constant incorporating structural
and geometric characteristic of the carrier, and n is the release exponent, indicative of the
mechanism of drug release (19). To better understand the release mechanism by Korsmeyer—
Peppas model n = 0.43 implies Fickian diffusion, while n > 0.85 is related to case II transport
and values between the both limits indicate anomalous transport (20). The fit of the
experimental data to the models was performed using the Scientist 2.0 software (Micromath,
USA).

2.3 Effects of ketoprofen in solution and ketoprofen-loaded nanocapsules on

keratinocyte cell viability

Human keratinocyte HACAT cell line was grown in the presence of DMEM high glucose
supplemented with 10% FBS. Cells from passages 10 to 20 were used. HACAT cells were
seeded at 1 x 102 cells/well in 96 well plates. The Keto-free was dissolved in cell culture-
grade dimethylsulphoxide (DMSO) at stock concentration of 0.01%. Keto-NC (stock solution
1 mg/mL) and drug-unloaded nanocapsules (NC) were prepared as described above. Keto-free
solution or Keto-NC were diluted in DMEM/10%FBS to obtain 1-100 puM final
concentrations. Cultures were exposed to treatments for 24 and 48 h. Appropriate controls
containing 1% DMSO or NC were performed. Following treatments, cell viability assay was
performed by the method of 3(4, 5-dimethyl)-2,5diphenyl tetrazolium bromide (MTT). This
method is based on the ability of viable cells to reduce MTT and form a blue formazan
product. MTT solution (sterile stock solution of 5 mg/mL) was added to the incubation
medium in the wells at a final concentration of 0.5 mg/mL. The cells were left for 90 min at
37°C in a humidified 5% CO> atmosphere. The medium was then removed and plates were
shaken with DMSO for 30 min. The optical density of each well was measured at 492 nm.

Results were expressed as absorbance.
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2.4 Analysis of ketoprofen free or loaded nanocapsules treatment in acute or chronic ear

edema models in mice

2.4.1 Animals

C57/BL-6 male mice were obtained from the Central Animal House of the Federal University
of Pelotas (Pelotas, RS, Brazil). Animals were maintained in a controlled temperature
environment (22 £ 1°C) on a 12/12 h light/dark cycle in a colony room with food (commercial
chow) and water provided ad libitum. All animal procedures were approved by the Committee
on Ethics and Animal Experimentation of the Federal University of Pelotas under protocol
number 3588-2016.

2.4.2 Induction of acute ear edema in mice and ketoprofen treatment

Mice were divided into six groups: group | (acetone 99.5%, AC); group Il (croton oil, CO);
group 111 (CO + canola oil, CA); group IV (CO + unloaded-nanocapsule, NC); group V (CO +
Keto solubilized in CA, Keto-free) and group VI (CO + Keto-loaded-nanocapsules, Keto-
NC). Acute inflammation was induced by topic application of 0.1mg/uL per ear of CO.
Briefly, 50 mg of CO was dissolved in 500 uL of vehicle acetone and a volume of 20 uLL was
applied inside of the ears (right and left) of mice with a micropipette (Group I1) (22)Van,
1974). Animals of group I received only AC (control vehicle). Following edema induction,
animals were treated orally (gavage) with Keto-free solution (10 mg.kg) or Keto-NC (10 mg.
kg) for 6 h. Control groups received equivalent volumes of the vehicle applied CA or NC
(Fig. 1a). After 6 h, animals were submitted to euthanasia and 6 mm diameter disks were
removed from each ear with a hole punch. Edema was quantified by increasing the weight of
the ears of mice after the inflammatory challenge using a BEL engineering® analytical

balance. Results are reported as ear weight (mg).

2.4.3 Induction of chronic ear edema in mice and ketoprofen treatment — therapeutic

protocol

The groups were divided as described above. Chronic inflammation was induced by topic
application of 0.1 mg/uL per ear of croton oil on alternated days for 9 days in the animals of

groups I, 111, 1V, V and VI (Fig. 1b). Animals of group | were exposed only to AC (control
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vehicle) (21). Animals of group V and VI were treated orally (gavage) from the fifth day of
experimentation with Keto-free or Keto-NC (10 mg.kg), respectively. Control groups received
equivalent volumes of the vehicle applied CA or NC. Edema was quantified daily using an
electronic micrometer. On the 9™ day of the experiment, animals were anesthetized with
isoflurane (2%) and submitted to euthanasia by cardiac puncture and ear (6 mm), liver and
kidney samples were removed and stored in 10% formaldehyde for histological analysis.
Blood was also collected for biochemical assays.

2.4.4 Induction of chronic ear edema in mice and ketoprofen treatment — prophylactic

protocol

Animals were divided into the same groups described above and pretreated three days with
CA, NC, Keto-free and Keto-NC before edema induction with croton oil (Fig. 1c). Treatment
was performed by gavage daily for 11 days. Chronic inflammation was induced four days
after by topic application of 0.1 mg/pL per ear of croton oil. Edema was quantified daily
using an electronic micrometer. On the 11" day of the experiment, animals were anesthetized

with isoflurane (2%) and submitted to euthanasia.

2.4.5 Induction of chronic ear edema in mice - Dose response curve of Ketoprofen-

loaded nanocapsules

The dose-response experiment was conducted to assess whether Keto-NC could be effective
at subtherapeutic doses. Chronic therapeutic protocol was performed as described above.
However, animals were treated orally from the fifth day of experience with Keto-NC at
different concentrations (2.5, 5.0 or 10 mg.kg). Control group received equivalent volumes of
the vehicle applied NC (Fig. 1d). Edema was evaluated daily with an electronic micrometer.
On the 9™ day of the experiment, animals were anesthetized with isoflurane (2%) and

submitted to euthanasia.

2.5 Evaluation of gastrointestinal damage

For the evaluation of possible damage caused by treatments, gastrointestinal lesions were
evaluated in all groups at the end of the chronic therapeutic protocol experiments as described

by Guterres et al., 2001 (22). For this purpose, after euthanasia, the stomach was opened
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along the greater curvature and the regions of the intestine like duodenum, jejunum and ileum
were slit open opposite the attached mesenteric tissue. The organs were macroscopically
examined and the number and gravity of erosions were scored on a scale of five grades: grade
0 (no lesion); grade 0.5 (hemorrhagic point); grade 1 (ulcer length <2 mm); grade 2 (ulcer
length> 2 mm); grade 3 (lesion with perforation and hemorrhage).

2.6 Histopathological analysis

Ears, liver and kidney were fixed in 10% buffered formalin (pH 7.4). The samples were
processed for paraffin embedding, sectioned at 3-um thickness and stained with haecmatoxylin
eosin. The ears were analyzed and scored according to the following parameters: (i) edema (1,
light; 2, moderate; 3, marked); (ii) hyperplasia of the epidermis (1, light; 2, moderate; 3,
marked); (iii) perichondrium involvement; (iv) cellular infiltration (1, light; 2, moderate; 3,
marked); (v) ulceration (1, light; 2, moderate; 4, marked). The liver were analyzed and scored
according to the following parameters: (i) degeneration (1, light; 2, moderate; 3, marked); (ii)
location of degeneration; (iii) necrosis (presence; absence); (iv) inflammatory infiltrate (1,
light; 2, moderate; 3, marked); (v) bleeding (presence; absence); (vi) bilestase (presence;
absence). The kidney were analyzed and scored according to the following parameters: (i)
degeneration (1, light; 2, moderate; 3, marked); (ii) necrosis (presence; absence); (iii)
cylinders (presence; absence; hyaline; granular); (iv) tubular dilatation (presence; absence);
(v) glomerulonephritis (1, light; 2, moderate; 3, marked); (vi) bleeding (presence; absence);
(vii) fibrosis (presence; absence). Histological analyzes were performed in all groups of the

chronic therapeutic protocol.

2.7 Oxidative stress parameters in plasma and erythrocytes

2.7.1 Plasma and erythrocyte preparation

Blood was collected with anticoagulant heparin and immediately centrifuged at 3.500 g for 10
min at room temperature. Plasma was stored at -80°C for further biochemical analysis. After
plasma removal, erythrocytes were washed with 0.9% saline and centrifuged at 3.500 g for 5
min. This process was performed three times. Erythrocytes were stored at -80°C for additional
biochemical analysis. Analysis of oxidative stress parameters were performed in all groups of

the chronic therapeutic protocol.
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2.7.2 Reactive oxygen species (ROS) quantification

ROS formation was determined in erythrocytes according to Ali et al., 1992 (23), with some
modifications. This assay is based on the oxidation of dichloro-dihydro-fluorescein diacetate
(DCFH-DA) to fluorescent dichlorofluorescein (DCF), which measures the detection of
intracellular RS. DCF fluorescence intensity emission was recorded at 525 and 488 nm 60
min after the addition of DCFH-DA to the medium. ROS levels were expressed as umol per g
of protein.

2.7.3 Total sulfhydryl content quantification

Total sulfhydryl content was measured in plasma according to Aksenov and Markesbery,
2001 (24). This method is based on the reduction of 5,5'-dithio-bis (2-nitrobenzoic acid)
(DTNB) by thiols, forming an oxidized disulfide which gives rise to yellow derivative (TNB)
whose absorption is measured spectrophotometrically at 412 nm. Plasma was added to PBS
(pH 7.4) containing EDTA. The reaction was started by the addition of DTNB. Results were

reported as nmol TNB per mg of protein.

2.7.4 Superoxide dismutase (SOD) activity

Total SOD activity was measured in erythrocytes by the method described by Misra and
Fridovich, 1972 (25). This assay is based on the inhibition of superoxide dependent
adrenaline auto-oxidation to adenochrome whose intermediate da reaction is superoxide,
which is scavenged by SOD. This process is measured in spectrophotometer adjusted at 480
nm. One SOD unit was defined as the enzyme amount to cause 50% inhibition of adrenaline

autoxidation. Results were reported as units per mg of protein.

2.7.5 Catalase (CAT) activity

CAT activity was performed in erythrocytes by the method of Aebi, 1984 (26). The
decomposition of 30 mM hydrogen peroxide (H202) in 50 mM potassium phosphate buffer
(pH 7.0) was continuously monitored with a spectrophotometer at 240 nm for 180 sec at
37°C. One unit of the enzyme is defined as the number of hydrogen peroxide consumed per

minute and the specific activity reported for units per mg protein.
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2.7.6 Glutathione peroxidase (GPx) activity

GPx activity was measured in erythrocytes using a commercial kit (RANSEL®; Randox Lab,
Antrim, UK). GPx catalyzes glutathione (GSH) oxidation by cumene hydroperoxide. In the
presence of glutathione reductase (GR) and NADPH the oxidized Glutathione (GSSG) is
immediately converted to the reduced form with a concomitant oxidation of NADPH to
NADP™. The decrease in absorbance at 340 nm was measured. The specific activity of GPx

was reported as units per mg of protein.

2.7.7 Glutathione reductase (GR)

GR activity was measured in erythrocytes using a commercial kit (RANSEL®; Randox Lab,
Antrim, UK). GR catalyzes the reduction of oxidized glutathione (GSSG) through the
oxidation of NADPH. The decrease in absorbance at 340 nm was measured. The rate of
NADPH consumption, under saturation conditions, expresses the enzymatic activity. The

specific activity of GR was reported as units per mg of protein.

2.8 Statistical analysis

Statistical analysis was carried using one or two-way ANOVA following by Tukey post hoc
test for multiple comparisons. P<0.05 was considered to represent a significant difference in

all experiments. All data are expressed as mean + standard deviation (SD).

3. Results

3.1 Dissolution/ swelling experiments of polymer films

Eudragit S100® films were placed in contact with both oil types used to prepare the
formulations to verify a possible interaction between oil core with polymer coating
nanocapsules. The initial mass of polymer in contact with MCT and RO was 19.0 + 3.5 mg
and 33.1 + 1.0 mg, respectively. After 60 days in contact with the different oil types, Eudragit
S100® films showed slight variations in their weight, presenting a mass of 18.0 + 4.4 mg for
the films in contact with MCT and 31.4 £ 1.4 mg for those in contact with RO. Statistical



45

analysis indicated that the observed differences were not significant (P>0.05), suggesting the
feasibility of using MCT or RO in formulation of Eudragit S100® nanocapsules.

3.2 Polymeric nanocapsules preparation and physicochemical characterization

After preparation, nanocapsule suspensions were macroscopic homogeneous with milk
appearance. In addition, it was observed a Tyndall effect, a bluish reflection resulting from the
Brownian motion of the particles in suspension. Table 1 shows nanocapsule suspension
physicochemical characteristics after preparation. Statistical analysis showed no significant
difference between formulations in terms of mean size diameters, PDI, pH and drug content.
Mean size diameters were in nanometric range (173 — 193 nm) and PDI values were below
0.2, indicating high homogeneity and low dispersity. pH values were in acid range and zeta
potentials were negative. In addition, ketoprofen reduced in modulus zeta potentials values

(P<0.05). Drug content was closed to theoretical (1 mg/mL).

3.3 Photostability study

After 6 h of exposure to UVC radiation, ketoprofen remaining content in NC-MCT and NC
was 57% and 63%, respectively; while in nanodispersion only 29% of drug remained intact
(Fig. 2). By One-way ANOVA analysis followed by post hoc Tukey’s was observed a
significant ketoprofen content decrease for all samples, nanocapsules and nanodispersion
(P<0.05). However, both nanocapsule formulations kept ketoprofen content remaining higher
than nanodispersion (p<0.05). Besides, through statistical analysis it was observed that NC,
which contains RO, further increased UVC protection when compared to NC-MCT (P<0.05).
Finally, for the dark control, ketoprofen concentration was close to 100%, which discards the

influence of chamber temperature on drug degradation.

3.4 In vitro drug release profile

Release assays revealed a similar profile for all nanocapsules, regardless of the oil used (Fig.
3). It was found that approximately 100% of drug was released from nanocapsules in 4 h of
experiment. Two-Way ANOVA analysis showed that only at 120 and 180 min the release
profiles were significant different (P<0.05). Ketoprofen methanolic solution release was

performed by Ferreira and co-workers and almost 100% of drug was released at 120 min.
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Mathematical description of kinetic profiles was performed by first order monoexponential
and Korsmeyer-Peppas models to understand the mechanism of drug release from
nanocapsules. To choose the mathematical model that best fits the experimental points were
observed the best graphical adjustments, as well as the highest correlation coefficients and
model selection criterion (MSC) values obtained. According to correlation coefficients shown
in Table 2, all the formulations presented a good fit to the equation describing a first-order
kinetics order, since the correlation coefficients were close to 0.99. In this case, the release
only depends on the drug concentration, with no burst effect (abrupt release), which indicates
that drug is confined in the oily nucleus of nanocapsules. In relation to drug release
mechanism, the exponent n obtained indicates that the drug release is caused by diffusion

from the nanostructures, since the values were less than 0.43 in all cases.

3.5 Ketoprofen in solution and ketoprofen-loaded nanocapsules does not alter the

viability of human keratinocyte cell line

Since both formulations developed expressed similar physicochemical characteristics and
nanocapsules prepared with RO exhibited increased protection against drug photodegradation
when compared to Keto-NC-MCT, such formulation was chosen to perform further
experiments. Figure 4 shows the effects of the Keto-free or Keto-NC on human keratinocyte
cell line viability. As could be observed both Keto-NC and Keto-free did not promote
alteration in the keratinocyte cell growth following 24 and 48 h of treatment when compared

to controls, DMSO and NC, indicating the safety of nanocapsule formulation.

3.6 Anti-inflammatory Ketoprofen activity is improved by nanoencapsulation

In order to evaluate whether nanoencapsulation improves Ketoprofen anti-inflammatory
activity, acute ear edema was induced by CO topic administration and animals were treated by
gavage with Keto-free or Keto-NC (10 mg.kg) (Fig. 1a; Fig. 5). Mice treated with equivalent
volumes of CA or NC were considered controls. As expected, CO induced ~2.4 times ear
edema when compared to AC control (vehicle), which was partially reverted by both Keto-
free or Keto-NC treatment. No statistical difference was observed between Keto-free and
Keto-NC in acute inflammation model.

As one of the advantages of nanoencapsulation is the controlled and tissue target drug release,

we further compare the anti-inflammatory activity of Keto-free or Keto-NC in a chronic ear
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edema model. Chronic protocol was performed by CO topic administration in alternate days;
therapeutic, prophylactic and dose-curve response of Keto-free or Keto-NC was performed, as
described in material and methods (Fig. 1b-d, respectively). In this model of chronic
inflammation, CO induced 8 times ear thickness increase (0.160 mm) when compared to AC
control (0.020 mm) (P<0.001; Fig. 6). Therapeutic treatment with Keto-free (10 mg.kg)
reduced 38% and 44% the edema induced by CO at 8" and 9" days of treatment, respectively
(P<0.05). By other hand, Keto-NC (10 mg.kg) was more effective, reducing edema in 60%,
65% and 71% from 7", 8" and 9" days of treatment, respectively (P<0.01; Fig. 6a).
Prophylactic treatment of Keto-free or Keto-NC (10 mg.kg) attenuated around ~40% edema
induction, being statistically significantly different from 6™ day of treatment when compared
to the CO group (P<0.05, Fig. 6b). Furthermore, Keto-NC also prevented edema induction
from 6" day, but its effect was higher when compared to Keto-free (51 to 77% reduction for
6"-11" days, respectively). Finally, a dose-curve response of Keto-NC was performed to
evaluate if Keto-loaded NC are effective in reduce inflammation at sub-therapeutic dose. To
this end, animals were exposed to increasing Keto-NC dose treatment (Fig. 6C).

Edema was effectively reversed in a dose-dependent manner by oral administration of Keto-
NC at concentrations of 5 mg kg* (P<0.05, Fig. 6¢) and 10 mg.kg (P<0.01, Fig. 6¢) in order
to promote inhibition of edema formation. Keto-NC at the concentration 2.5 mg.kg and NC
did not reduce edema. No significant difference was observed in control (CA) group when
compared to the CO group.

Histological analysis of ears from animals submitted to Keto therapeutic protocol was
performed by standard eosin-hematoxilin staining (Fig. 7). Our study also demonstrated that
Keto-NC also reduces histological alterations induced by CO in mice ears. As can be
observed in Figure 7 intense edema, increased inflammatory infiltration with predominance of
neutrophils and extremely marked epidermal hyperplasia in the CO group when compared to
the acetone group that did not present these alterations (Fig. 7). These results were also
repeated in the CA and NC controls (Fig. 7). Keto-free reduced neutrophil infiltration,
epidermal hyperplasia and edema moderately compared to CO (Fig. 7). However, Keto-NC
significantly reduced all these parameters when compared to CO and Keto-free (Fig. 7; Table
3).
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3.7 Ketoprofen in solution and ketoprofen-loaded nanocapsules does not cause

gastrointestinal damage in mice

No signs of bleeding, ulceration or perforation were found in stomach and intestine of animals
of all groups evaluated in this study (data not show).

3.8 Oxidative stress parameters

As oxidative stress is involved in inflammatory processes, we evaluated if CO exposition
could modulate these parameters and whether Keto-free or Keto-NC anti-inflammatory
activity differentially modulate redox parameters. In a general way, CO modulated the redox
parameters analyzed and Keto treatment reestablished CAT and GPx activities to control
levels. However, Keto-free or Keto-NC had similar effects, indicating that nanoencapsultion
did not further improve Keto antioxidant activity. Total SH content was significantly reduced
(~2 times) in the plasma of Keto-free and/or Keto-NC treated mice (P<0.05, Fig. 8) when
compared to the AC. No changes were observed in ROS levels in plasma of the all groups
evaluated in this study. Changes in antioxidant enzyme activity was observed in erythrocytes.
First, CO induced an increase of ~1.3 times of SOD activity when compared to AC control
group, which was not reversed by Keto-free or Keto-NC treatment (Fig. 8c; P<0.05). In
addition, CO reduced 2 times CAT activity when compared to AC group (Fig. 8D). Keto-free
and Keto-NC treatment reestablished CAT activity, promoting 1.5 times increase when
compared to control. The same profile was observed for GPx activity (Fig. 8e). The GR

activity in erythrocytes was not altered in any of the experimental groups evaluated.

4. Discussion

Nanoencapsulated systems have contributed to suppress and reduce inflammation, since in
inflamed tissue there is an increase in blood flow as well as increased permeability of the
inflamed site (27, 28). The nanocapsules can reach the site of action more easily because of
their reduced size and by a prolonged release profile, which favors uniform distribution and
prolonged effect of drugs (9). In this line, in the present study we evaluated the anti-
inflammatory potential of nanocapsules of the Keto-free, searching for new technologies in
pharmaceutical formulations with the purpose of minimizing the short half-life, the need of

several daily oral administrations and the occurrence of gastrointestinal adverse effects of this
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anti-inflammatory. In our study we performed a detailed evaluation of the nanocapsules
suspension such as pre-formulation analysis, physicochemical characterization, photostability
and in vitro Keto-free release.

Firstly, it was determined the compatibility between polymer and oils employed as oily cores.
By the dissolution and swelling assay of the polymer films it is possible to observe that
Eudragit S100®/RO and Eudragit S100®/MCT combination could be suitably to form
nanocapsules, without prejudice to their wall-core structure since they are oils widely used as
the core of these systems for solubilize a wide variety of substances (29). Our results indicate
that RO was considered a suitable material for the development of Eudragit S100®
nanocapsules as well MCT, since no swelling/dissolution of polymer was observed. This
result corroborates the study by Gehrcke et al., 2017 (29) who verified, through
dissolution/swelling tests of Eudragit RS100® films, that it does not undergo mass change
when in contact with RO. In addition, after preparation, all nanocapsules suspension showed a
tyndall effect, that is, a bluish reflection which is result of the suspended particles brownian
motion. The drug content was very close to the theoretical concentration (1.0 mg/ml),
indicating no loss or degradation of the drug during the preparation process.

As well as other studies involving the NSAIDs association with polymeric nanoparticles, the
Keto-NC rate was higher than 90%, due to the high solubility of the drug in the oily nucleus
of the nanocapsules (10, 30). The polydispersity was less than 0.2 for most formulations,
indicating high homogeneity and low dispersity. The particle size was in the nanometric range
173 to 193 nm such results are compatible with other colloidal systems prepared by the
interfacial deposition of preformed polymers method (11, 31). Taking into account that Keto-
free is a photolabile drug (32) and considering that nanocapsules can improve the
photostability of drugs (33) it was conducted a comparative study with UVC radiation, that is
considered a drastic condition. In addition, it is possible to observe greater protection for the
drug in the photostability test, conferred by the nanocapsules containing the RO, which can be
justified by the high antioxidant power of this oil, which is rich in unsaturated fatty acids,
such as oleic, linoleic and linolenic (34). These results corroborate with the studies of
Gehrcke et al., 2017 (29) that observed the protection effect against UVC radiation was
higher than RO NCs than MCT NCs. To confirm this protective effect was performed tested
in vitro cytotoxicity that allowed to observe a survival of keratinocyte cells of the Hacat line
as four concentrations of Keto-free and Keto-NC in the two exposure times, 24 and 48 hours,

evidencing the protective effect conferred by drug encapsulation.
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In next set of experiments, we evaluate the anti-inflammatory effect of Keto-NC in a chronic
model of inflammation in ear edema. It was possible to observe that the topical application of
chroton oil in all the experiments promoted an increase in the ears size due to the formation of
edema and an intense leukocyte infiltration and also triggers an alteration growth and
differentiation of keratinocytes (35). According to this protocol it was still possible to observe
the great advantage of drug use in the nanoencapsulated form since the Keto-NC significantly
decreased the edema in the ears of mice with more efficiency this is because the drug in the
nanoencapsulated form due to its nanometric size can selectively accumulate in the inflamed
region being restricted to the sites of action in the tissue and the target cells of the
inflammation because of its prolonged release profile (27,28). However, its can not be
observed with the drug in free form, since Keto-free has a short half-life (0.5-2 hours), being
rapidly excreted (36). In addition, Keto-free as it is administered in the commercially
available formulations, is available to target the blood from the site of administration and may
reach other tissues which have not been affected and cause serious undesirable effects such as
ulceration gastroduodenal, gastrointestinal bleeding and intestinal perforation (7, 4, 8).

An important aspect to be observed is that in our study the Keto-free and Keto-NC not cause
macroscopic damage in stomach and intestine and histological changes in kidney and liver in
our experimental protocol (data not show). The absence of damage may have been attributed
to the treatment time of our work, since literature data has shown that adverse effects of Keto-
free occur over longer periods. However, it is important to emphasize that Bernardi et al.,
2009 (10) has shown that indomethacin (the NSAID of the same keto class) when
administered in nanocapsules during 21 days of treatment reduces gastrointestinal effects in a
model of paw edema. In addition, in a previous study by our research group (30) Silveira et
al., 2013), we used Keto-free and Keto-NC as an alternative to treatment of malignant brain
tumor model in vivo glioma to which we evaluated after 15 days of treatment of these animals
the activity of ALT (alanine aminotranspherase) and AST (aspartate aminotranspherase)
(markers of liver damage) and creatinine and urea serum levels (markers of kidney damage)
and observed that Keto-free, Keto-NC, as well as NC did not promote systemic toxicity in
these Animals. Take together, these findings demonstrate the beneficial potential of
nanoencapsulated drugs in reducing side effects.

Our results can be explained by the characteristics of the polymer used in our study, the
polymer Eudragit® S100, considered a gastroresistant polymer that allows the release of
Keto-free in a more distal portion of the TGI, protecting the mucosa of the stomach and

reducing the adverse effects caused by the direct contact of Keto-free with the mucosa of the
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stomach (37), thus indicating that treatment with nanocapsules based on this polymer
provides safety. In addition, these results agree with the histological analysis performed by
this study, as it may observe a greater reduction of edema when the rats were treated with
Keto-NC when compared to Keto-free. And a decrease in inflammatory infiltrate can also be
seen to show more advantages of using Keto-NC.

In the present study we also evaluated the effects of Keto-NC and Keto-free in oxidative
stress parameters in a model of ear edema. Our results shows that CO alter the oxidative stress
parameters in plasma and erytrocytres from mice. An possible explanation for this findings is
that during inflammatory process induced by CO occurs the recruitment of mainly
neutrophils, monocytes and lymphocytes at the lesion site that are involved with the
production of ROS (3). However, our results did not cause changes in ROS production and
total sulfhydryl content, but produced changes in the enzymatic antioxidant parameters. It was
possible to observe an increase in the enzyme SOD, which is responsible for catalyzing the
dissimulation of the superoxide radical in H202 and O and the treatments with Keto-free and
Keto-NC did not reverse this fact, generating more H2O: in the medium.

However, it can be observed that Keto-free and Keto-NC treatments increased CAT and GPX,
enzymes responsible for hydrolyzing this H20: to control the oxidative process (3). As this
increased enzymes caused them to hydrolyze H>O. in the medium, preventing oxidative
damage by H20.. The Keto-free may interfere with antioxidant parameters that are probably
involved in the control of inflammation, but Keto-NC does not improve these effects,
suggesting that the benefits in reducing edema when in the nanoencapsulated form are
associated with other mechanisms of action that are not via antioxidant.

In addition, we performed a prophylactic protocol with the objective of evaluating an
advantage of the application of Keto-NC for the prevention of chronic inflammatory
pathologies such as rheumatoid arthritis and Crohn disease since they are dysfunctions that
have no cure and that affect the quality of life of patients. The results obtained in the
prophylactic treatment showed a 10 mg.kg Keto-NC profile in inhibiting the formation of ear
edema that is, before starting the inflammatory process, indicating that this drug has an anti-
edema-like effect in this model. These results indicate the potential advantages of using Keto-
NC for the treatment of chronic inflammatory diseases, which require continuous
administration of the drug. This result is in agreement with the literature which reports to
other biological models and to other drugs (10, 31, 38) that the nanoencapsulated systems
facilitate the passage of bioactive molecules through the cellular barriers, increasing the

directed site release and modifying the release profile (15). Moreover, according to the
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literature, the drugs when administered in the nanoencapsulated form present therapeutic
action at lower doses when compared to the same drug in the free form (39). To test this
hypothesis, a dose-response experiment was conducted to evaluate whether Keto-NC could be
effective at subtherapeutic doses and according to the result presented Keto-NC revealed that
a dose 50% lower than considered therapeutic for mice (5 mg.kg) (40), was efficient in
significantly reducing edema induced by chroton oil. This result is in agreement with that
reported in the literature, since the main advantage of nanocapsules over conventional drugs is
the possibility of improving the selective release of drugs to the site of action, regardless of
the route of administration (28). A plausible explanation for these effects is that
nanoencapsulation improves drug efficacy and bioavailability (41) providing more sustained
drug release to the inflamed site.

5. Conclusions

Therefore, it is important to study nanocapsules since Keto-NC significantly reduced edema,
the presence of inflammatory infiltrate, epidermal hyperplasia, as well as did not cause
gastrointestinal and hepatic damage showing the therapeutic potential of Keto-NC. Such
results indicate the therapeutic potential of such formulation with the objective to present the
patients with chronic diseases drugs with lower adverse effects and which can be administered
in smaller doses without losing the anti-inflammatory potency and possibly, allied to an

improved gastrointestinal safety due to the extended release profile.
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Legend to Figures

Figure 1. Treatment schemes in model of ear edema in mice. a) acute protocol; b) chronic
therapeutic protocol; ¢) chronic prophylactic protocol; d) dose response curve using chronic
therapeutic protocol.

Figure 2. Remaining concentration of Keto-free from nanocapsules and nanodispersion after
UVC radiation exposure. The asterisks denote significant level between time 0 h and time 6
(P< 0.05) and the sharp denotes significant level between both formulations and
nanodispersion at time 6 h (P<0.05), by two-way ANOVA analysis, followed by the Tukey
test. Statistical analysis did not demonstrated difference between the nanocapsules at time 6 h.

Figure 3. Drug release profiles of Keto-free from nanocapsules. Asterisk denotes significant
level between NC-MCT and NC-RO (P<0.05), analyzed by two-way ANOVA, followed by
the Tukey test.

Figure 4. Comparative cytotoxicity of ketoprofen in solution (Keto-free) and ketoprofen-
loaded nanocapsules (Keto-NC) against cell line of human keratinocytes (HACAT). Cell
viability at 24 h (a) and cell viability at 48 h (b). C (DMSO); Keto-free (ketoprofen dissolved
in DMSO); NC (drug-unloaded nanocapsules); Keto-NC (ketoprofen-loaded nanocapsules).
The values representing the mean + SEM of at least three independent experiments carried out
in triplicate. Data were analyzed by ANOVA followed by post hoc comparisons (Tukey test).

Figure 5. (a) Weight of the ears of C57/BL6 mice submitted to acute treatment with Keto and
Keto-NC. The result was expressed in milligrams (mg).

Figure 6. (a) Thickness of the ears of C57/BL6 mice submitted to therapeutic treatment with
Keto-free and Keto-NC. * Different from the CO group (P<0.05); *** Different from the CO
and Keto-free (P<0.01). (b) Thickness of the ears of C57/BL6 mice submitted to prophylactic
treatment with Keto-free and Keto-NC. ** Different from the CO group (P<0.05); ***
Different from the croton oil and Keto-free (P<0.01). (c) Dose-response curve of ketoprofen-
loaded nanocapsules in a chronic inflammation model. **, *** Different from the CO group
(P<0.05, P<0.01, respectively). Legends: Acetone group (AC); croton oil group (CO);
ketoprofen group (Keto-free, 10 mg kg?); ketoprofen-loaded nanocapsules group (Keto-NC,
10 mg.kg-1) and ketoprofen-loaded nanocapsules (Keto-NC) in doses 2.5 mg kg?, 5.0 mg kg
1 and 10 mg kg™ The result was expressed in millimeters in protocols therapeutic,
prophylactic and dose-response curve.

Figure 7. In vivo evaluation by histological analysis of Keto-NC compared to Keto-free.
Histological sections of ears of C57/BL-6 mice stained with hematoxylin & eosin. a) acetone
group (AC); b) croton oil group (CO); c) canola oil (CA) group; d) drug unloaded
nanocapsules (NC); e) ketoprofen group (Keto-free) and f) ketoprofen-loaded nanocapsules
group (Keto-NC). H (epidermal hyperplasia), | (inflammatory infiltrate) and E (edema).

Figure 8. Total sulfhydryl content (a) and ROS (b) levels in plasma of young mice 8 weeks
after treatment with ketoprofen in solution (Keto) and/or ketoprofen-loaded nanocapsules
(Keto-NC).Values are expressed as mean = SEM. Thiol content levels were reported as nmol
TNB per mg protein and ROS were expressed as pmol DCF per mg of protein. * P<0.05
when compared to acetone group (AC). Superoxide dismutase (a), catalase (b), glutathione
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peroxidase (c) and glutathione reductase (d) activities in erythrocytes of young mice 8 weeks
after treatment with ketoprofen in solution (Keto) and/or ketoprofen-loaded nanocapsules
(Keto-NC). Bars represent mean = SEM. SOD, CAT, GPx and GR activities were reported as
units per mg protein. * P<0.05 when compared to acetone group (AC), ### P< 0.01 when
compared to croton oil group (CO).
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Table 1. Polymeric ketoprofen nanocapsule physicochemical characteristics.

Mean particle size Zeta potentials Drug content
Formulations PDI pH
(nm) (mV) (mg/mL)
NC-MCT-
193+9 0.19+0.01 -8.7+15 43+03 0.99+0.03
Keto
NC-MCT 180 £ 13 0.13+0.03 -18.4+47°  47+05 -
NC-Keto 186 £ 14 0.19+£0.03 -129+2.6 42+0.2 1.00x0.02
NC 173+ 4 0.13+0.02 -21.2+0.2°  4.4+0.2 -

NC-MCT; NC: unloaded-drug nanocapsules; NC-MCT-Keto, NC-Keto: Ketoprofen-loaded

nanocapsules prepared with median chain triglycerides or rosehip oil, respectively.



Table 2. Mathematical modeling parameters

Formulations NC-MCT-Keto NC-Keto
First Order

R 0.9973+0.0007 0.9838+0.0063
k (h-1) 0.0263+0.0024 0.0272+0.0016
Korsmeyer-Peppas

R 0.9514+0.0111 0.9685+0.0045
A 0.2340+0.0509 0.2109+0.0029
N 0.2796+0.0359 0.2972+0.0016
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Table 3. Evaluation of therapeutic Keto-free or Keto-NC treatment on histological

characteristic of ears from mouse submitted to chronic inflammation model.

Edema (%)

Groups Absent Light Moderate Intense
AC 30.0 20.0 20.0 30.0
CO 0 53.3 20.0 26.7
CA 0 66.7 25.0 8.3
NC 0 40.0 33.3 26.7

Keto-free 0 42.9 50.0 7.4
Keto-NC 0 59.0 41.2 0

Epidermis hyperplasia (%0)

Groups Absent Light Moderate Intense
AC 100 0 0 0
CcO 0 6.7 13.3 80.0
CA 0 0 17.0 83.0
NC 0 0 60.0 40.0

Keto-free 0 21.4 50.0 29.0
Keto-NC 0 23.5 58.8 17.7

Inflammatory infiltrate (%0)

Groups Absent Light Moderate Intense
AC 100 0 0 0
CO 0 0 20.0 80.0
CA 0 0 16.7 83.3
NC 0 20.0 27.0 53.3

Keto-free 0 7.1 71.4 21.4
Keto-NC 0 17.7 41.2 41.2

Animals were submitted to chronic ear edema model and treated with Keto-free or Keto-NC
as described in materials and methods. Histological variables were analyzed by a pathologist
in a blinded manner and expressed as absent, light, moderate and intense. At least 10 animals
per group were analyzed. Values represent the percentage of edema; hyperplasia of the
epidermis and inflammatory infiltrate. AC (acetone); CO (croton oil); CA (canola oil); NC



(drug-unloaded nanocapsules); Keto-free (ketoprofen dissolved in canola oil); Keto-NC
(ketoprofen-loaded nanocapsules).
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Conclusbes

Os resultados obtidos neste trabalho com modelo de experimentagdo animal
de inflamagao crénica mostram que os farmacos nanoencapsulados sao mais
efetivos em comparacao aos farmacos em sua forma livre. No tratamento terapéutico
e profiladtico pode-se verificar as vantagens do nanoencapsulamento do cetoprofeno
sobre o cetoprofeno na forma livre, uma vez o tratamento com cetoprofeno livre e
cetoprofeno nanoencapsulado foram capazes de diminuir o edema na orelha de
camundongos de forma significativa. No entanto, o tratamento com cetoprofeno
nanoencapsulado foi mais eficaz em diminuir esse edema a partir do 72 dia do
tratamento terapéutico cronico. Além disso, o cetoprofeno nanoencapsulado
diminuiu os parametros histologicos (edema, infiltrado inflamatério e o tamanho da
espessura da epiderme) confirmando o resultado da medicdo das orelhas dos
animais expostos ao tratamento terapéutico crénico. Esses resultados podem ser
atribuidos porque o farmaco na forma nanoencapsulada por apresentar tamanho
nanomeétrico pode acumular seletivamente na regido inflamada ficando restrito aos
sitios de acao no tecido e nas células alvo da inflamagéo devido ao seu perfil de
liberacao prolongada.

Nao foram encontrados danos gastrointestinais, hepaticos e renais em
nenhum dos grupos de tratamento terapéutico crbénico. Esse achado pode ser
explicado pelas caracteristicas do polimero utilizado em nosso estudo, um polimero
gastrorresistente que permite a liberagcdo do cetoprofeno em uma porgéo mais distal
do estdmago, protegendo a mucosa e reduzindo os efeitos adversos causados pelo
contato direto deste com o estdbmago, indicando assim que o tratamento com
nanocapsulas baseadas neste polimero proporciona segurancga.

Além disso, foi observado que o 6leo de créton alterou os parametros de
estresse oxidativo no plasma e eritrocitos de camundongos. Uma possivel
explicacdo para este achado € que durante o processo inflamatério induzido por este
6leo ocorre o recrutamento principalmente de neutréfilos, mondcitos e linfécitos no
local da lesdo envolvidos na producdao de ROS. Entretanto, os tratamentos dos
camundongos expostos ao protocolo terapéutico crénico, ndo causaram mudancas
na producao de ROS e no indice total do sulfidrilas, mas produziram mudangas nos
parametros enzimaticos (SOD, CAT e GPx). O cetoprofeno pode interferir com os

parametros antioxidantes que estao provavelmente envolvidos no controle da
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inflamacdo, mas o cetoprofeno nanoencapsulado ndo melhorou esses efeitos,
sugerindo que os beneficios da redugcdo do edema quando na forma
nanoencapsulada estdo associados a outros mecanismos de agao que nao sao pela
via antioxidante.

No entanto, com o protocolo agudo, ndo houve diferenca significativa dos
animais tratados com cetoprofeno livre e nanoencapsulado, pois ambos tiveram
respostas equivalentes em reduzir o edema. Acreditamos que o protocolo utilizado
nao foi adequado para avaliar as vantagens do cetoprofeno em nanocapsulas por
duas razdes: i) o cetoprofeno em nanocapsulas apresenta uma liberagdo mais lenta
e prolongada, fendmeno que dificilmente pode ser observado em poucas horas apds
a aplicacao, nesse caso as analises foram realizadas 6 h ap6s a indugao do edema
e administragcado do farmaco; ii) o cetoprofeno em nanocapsulas foi aplicado em dose
unica.

Com o tratamento profilatico pode-se verificar ainda mais as vantagens do
nanoencapsulamento do cetoprofeno sobre o cetoprofeno na forma livre, uma vez
que o cetoprofeno nanoencapsulado foi capaz de inibir o edema de forma
significativa. Estes resultados indicam as vantagens potenciais da utilizacdo de
cetoprofeno em nanocapsulas para a prevencao de patologias inflamatoérias
crOnicas, como a artrite reumatoide e a doenga de Crohn, pois sédo disfungdes que
nao tém cura e que afetam a qualidade de vida dos pacientes.

De acordo com o resultado apresentado pela curva de dose resposta, o
cetoprofeno nanoencapsulado revelou que uma dose 50% mais baixa do que a
terapéutica considerada para camundongos foi eficiente na reducao significativa do
edema induzido pelo 6leo de créton. Este resultado esta de acordo com a literatura,
uma vez que a principal vantagem das nanocapsulas sobre os farmacos
convencionais é a possibilidade de melhorar a liberagao seletiva de farmacos para o
local de acao, independentemente da via de administracdo, demonstrando assim
qgue a nanoencapsulacdo melhora a eficacia e a biodisponibilidade do farmaco
proporcionando uma liberagao mais prolongada do farmaco para o local inflamado.

Os resultados demonstrados neste trabalho indicam o potencial terapéutico
do cetoprofeno nanoencapsulado com o objetivo de apresentar aos pacientes com
doencas crénicas medicamentos com menores efeitos adversos e que possam ser

administrados em doses menores. Além disso, possivelmente aliado a uma
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seguranga gastrointestinal melhorada devido o perfil de liberagdo prolongada sem

perder o potencial anti-inflamatério.
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