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RESUMO

O infarto do miocéardio (IM) representa a manifestacdo mais importante da doenca isquémica
cardiaca. O Fator de Crescimento de Fibroblastos basico (FGF-2) caracteriza-se por induzir
mecanismos de reparo cardiaco. Contudo, o seu uso clinico é limitado pela sua curta meia-
vida bioldgica, baixa estabilidade e pouca especificidade para érgdos-alvos. Por sua vez,
lipossomas sdo nanocarreadores amplamente explorados no tratamento de doencas
cardiovasculares. Entretanto, o seu potencial para entrega de fatores de crescimento ao
miocardio ndo foi amplamente investigado. O objetivo deste trabalho foi desenvolver uma
formulacdo lipossomal de FGF-2 para regeneracgao cardiovascular experimental. Inicialmente,
lipossomas vazios (sem FGF-2) com diferentes tamanhos foram preparados pelo método de
hidratacdo do filme lipidico e caracterizados quanto ao tamanho, indice de polidispersao
(PDI), potencial zeta e morfologia. Testes de citocompatibilidade foram realizados em
cardiomiocitos H9c2 e fibroblastos L929. Em seguida, avaliou-se a resposta tecidual e a
retencdo cardiaca dos lipossomas marcados com rodamina (Lipo-Rod) em um modelo murino
de IM. Neste procedimento, os lipossomas foram administrados por via transtoracica com
auxilio de ecocardiografia e, apoés 3 dias, os animais foram eutanasiados para avaliacdo
histoldgica. Ap0s essa etapa, visando a encapsulacdo de FGF-2, foi realizada a otimizagdo do
tamanho dos lipossomas por extrusao, utilizando membranas de policarbonato com poro de
0,6 um e 1 pm. Lipossomas contendo FGF-2 (Lipo-FGF-2) foram caracterizados fisico-
qguimicamente. A eficiéncia de encapsulacdo (EE%) foi determinada por ELISA. A
bioatividade dos Lipo-FGF-2 foi avaliada in vitro pela determinacdo da capacidade
proliferativa de células endoteliais da veia umbilical humana (HUVEC). Como resultados,
Lipo-Rod com tamanhos médios de 165 nm = 1, 468 nm + 16, 1551 nm * 26 e 1954 nm + 60
foram obtidos. Bem como, vesiculas esféricas com cargas neutras (-8,5+ 0,6; 9,1 +1,3; -2,7
+0,3; -1,1 £ 0,2). Os lipossomas ndo apresentaram citotoxicidade frente a cardiomidcitos e
fibroblastos na faixa de molaridade 120 — 9,3 puM. No estudo in vivo, lipossomas de maiores
tamanhos (1551 nm e 1954 nm) induziram inflamacg&do significativa no tecido cardiaco em
comparacdo com o grupo controle da lesdo cardiaca (p<0,0001). Lipossomas de 468 nm
induziram menor inflamagéo e maior retencdo no tecido cardiaco 72 h apés a injegdo. Com a
extrusdo dos lipossomas, vesiculas com tamanho médio de 748,1 £ 100,8 nm, PDI 0,202 e
potencial zeta — 4,2 + 0,38 mV foram obtidas. A incorpora¢do do FGF-2 nos lipossomas néo
alterou estes parametros (738,7 + 164,8 nm; PDI 0,146; -5,6 mV; p>0,05). A EE% do FGF-2

foi de 59,3 + 8,2%. Com relacdo a bioatividade, os lipossomas carregados com FGF-2



induziram proliferacdo celular semelhante ao FGF-2 padrdo. Em conclusdo, lipossomas de
tamanho aproximado de 500 nm demonstraram citocompatibilidade, retencdo cardiaca e
biocompatibilidade. Destaca-se, a administracdo inédita de lipossomas por injecdo
transtoracica guiada por ultrassom em um modelo animal de IM. A EE% do FGF-2 contido
nos lipossomas, manteve-se dentro do esperado para farmacos hidrofilicos encapsulados por
carreamento passivo. Ainda, os lipossomas preservaram a atividade bioldgica do FGF-2, o

que posiciona a formulacdo em um nivel de desenvolvimento avancado para estudos in vivo.

Palavras-chave: Lipossomas. FGF-2. Administracdo cardiaca. Biocompatibilidade. Infarto do

miocardio.



ABSTRACT

Myocardial infarction (MI) is the most important manifestation of ischemic heart disease.
Basic fibroblast growth factor (FGF-2) has been characterized by induce mechanisms of
cardiac repair. However, the clinical use of FGF-2 is limited by its short biological half-life,
low plasma stability and low specificity to target organs. In turn, liposomes are nanocarriers
extensively exploited in the treatment of cardiovascular diseases. However, their potential for
myocardial-growth factors delivery has not been extensively explored. Here, we aim to
develop a liposomal formulation of FGF-2 for experimental cardiovascular regeneration.
Initially, FGF-2 without liposomes and different sizes were produced by the method of
hydrating the lipid film. Then, liposomes were characterized by size, polydispersity index
(PDI), zeta potential and morphology. Cytocompatibility tests were performed in H9c2
cardiomyocytes and L929 fibroblast cells. Next, tissue response and cardiac retention of
rhodamine-labeled liposomes (Rhod-Lipo) were evaluated in a murine model of MI. In this
step, liposomes were administered by ultrasound-guided transthoracic injection. Three days
latter, animals were euthanized for histological evaluation. After that, new batches of
liposomes were prepared aiming the encapsulation of FGF-2. In this step, size optimization of
liposomes was performed by extrusion using polycarbonate membranes with pore size of 0.6
and 1.0 um. FGF-2-loaded liposomes (FGF-2-Lipo) were produced and characterized for
physicochemical properties. Encapsulation efficiency (EE%) was performed by ELISA. The
bioactivity of FGF-2-Lipo was evaluated in vitro by determining the proliferative capacity of
a human umbilical vein endothelial cell (HUVEC). As results, Rhod-Lipo with mean sizes of
165 nm * 1, 468 nm + 16, 1551 nm + 26 e 1954 nm £ 60 were obtained. As well as neutral
vesicles (-8.47 £ 0.6; -9.06 + 1.3; -2.7 £ 0.3; -1.09 = 0.2) and spherical in shape. No toxic
lipid concentrations were determined in the range 120 — 9.3 uM. Regarding in vivo study,
larger liposomes (1551 nm and 1954 nm) induced significant inflammation in cardiac tissue
compared with cardiac injury control group (p<0.0001). In contrast, heart mice injected with
468 nm-sized liposomes exhibited a lower number of inflammatory cells. Still, a greater
cardiac tissue retention 72 h post-injection was found. With size optimization of liposomes by
extrusion, vesicles with average size of 748.05 £ 100.75 nm, PDI 0.202 and zeta potential -
4.23 + 0.38 mV were obtained. The incorporation FGF-2 into liposomes did not change these
parameters (738.7 £ 164.8 nm, PDI 0.146, -5.62 mV; p>0.05). EE% of 59.3 + 8.2% was
reached. Regarding to bioactivity, FGF-2-loaded liposomes induced similar cell proliferation

compared to standard FGF-2. In conclusion, our results demonstrate the in vitro compatibility,



heart retention and byocompatibility of liposomes 500 nm-sized average. Importantly, this is
the first report describing an ultrasound-guided injection of liposomes in an animal model of
MI. EE% of FGF-2 loaded into liposomes, remained within the expected range for
hydrophilic drugs encapsulated by passive loading techniques. Additionality, FGF-2
associated to liposomes conserved its biological activity, which positions the formulation in

an development advanced level for in vivo studies.

Keywords: Liposomes. FGF-2. Cardiac delivery. Biocompatibility. Myocardial infarction.
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1 INTRODUCAO

Doencas cardiovasculares (DCV) séo consideradas a principal causa de morte no
mundo. O impacto global de 12,5% na Gltima decada aumentou, compreendendo atualmente
aproximadamente 31% de todas as mortes (JOSEPH et al., 2017). O conceito de DCV inclui
varios disturbios do coracdo e vasos sanguineos, tal como isquemia, doenca cardiaca
reumatica e inflamatdria. (WHO, 2008). Nos Estados Unidos, de acordo com o Projeto
Nacional sobre Custo e Uso de Servigos de Salde, em 2012 as despesas relacionadas a DCV,
como investimentos hospitalares para cirurgia cardiovascular, revascularizagdo e intervencoes
percutaneas foram de aproximadamente US $300.000 bilhdes, superando os custos de outras
doencas, como o cancer (MOZAFFARIAN et al., 2016).

A doenca isquémica do coracdo (DIC) é uma doenca de destaque entre as DCV,
apresentando altos indices de mortalidade, bem como, alto impacto econémico. No Brasil, 0
estado de Pernambuco apresenta a maior taxa de mortalidade especifica para doencas
isquémicas do coracdo (74,8 Obitos para cada 100.000 habitantes), estando acima da média
nacional (56,4 dbitos para cada 100.000 habitantes). A mortalidade foi calculada conforme a
estimativa do IBGE para as respectivas populagdes no ano de 2016 (DATASUS, 2016).

A DIC ocorre quando uma artéria coronariana sofre estreitamento ou ocluséo,
frequentemente como resultado da aterosclerose, o fluxo de sangue no coracdo torna-se
insuficiente, resultando em angina, infarto do miocéardio, ou até mesmo morte subita
(KURRELMEYER et al., 1998).

O infarto do miocardio (IM) representa a manifestacdo mais impactante da doenca
isquémica do coracdo e também esta associado a elevada morbimortalidade (MENSAH et al.,
2014).

Tratamentos farmacoldgicos, terapias de revascularizacdo, como a intervencdo
coronariana percutanea (ICP) e a cirurgia de revascularizacao (bypass coronariano); auxiliares
mecanicos, tal como, dispositivos de assisténcia ventricular esquerda, seguido de abordagens
terapéuticas para fatores de risco na aterosclerose, remodelamento ventricular tardio e
arritmias cardiacas, séo intervengdes terapéuticas convencionais em pacientes acometidos por
DIC. Estas sdo capazes de amenizar 0s sintomas, porém ndo obtém éxito quanto a
regeneracdo do tecido, e consequentemente restabelecimento da fungdo cardiaca na regido
isquémica. Para alguns pacientes a Unica alternativa é o transplante (FORMIGA et al., 2012;
LERMAN et al., 2016).
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Neste sentido, novas estratégias vém sendo investigadas com o intuito de regenerar o
miocéardio lesionado, incluindo a terapia génica (MASON et al., 2015), a terapia celular
(GARBERN & LEE, 2013), a engenharia de tecidos (CHAUDHURI et al., 2017) e a
utilizacdo de fatores de crescimento (HASTINGS et al., 2015). Particularmente, o fator de
crescimento de fibroblastos basico (FGF-2) tem sido identificado como um fator angiogénico
com alto potencial cardioprotetor (DETILLIEUX et al., 2004).

Apesar dos mecanismos de regeneracdo induzidos por fatores de crescimento, o
potencial terapéutico destas proteinas € limitado, entre outros fatores, pela sua curta meia
vida, baixa estabilidade em plasma e pouca especificidade aos 6rgdos-alvo. De fato, Hwang e
Kloner administraram uma associagdo de fatores de crescimento (incluindo FGF-2 e IGF-1)
em ratos por via intraperitonial e ndo observaram beneficios na funcao cardiaca, reducdo do
tamanho do infarto ou aumento da vascularizacdo (HWANG et al, 2011).

Desta forma, a utilizacdo clinica dos fatores de crescimento depende de novas
tecnologias de formulacdo capazes de aumentar sua meia-vida, manter sua bioatividade e
controlar sua liberacdo local nos tecidos alvo. A incorporacao de fatores de crescimento em
sistemas de liberacdo controlada tem sido uma importante estratégia para garantir estas
propriedades no &mbito na regeneracao cardiaca (FORMIGA et al, 2012).

Lipossomas séo vesiculas constituidas de uma ou mais bicamada lipidica e um ndcleo
aquoso entre as bicamadas. Caracterizam-se como nanocarreadores versateis, pois sdo capazes
de encapsular, tanto moléculas hidrofilicas quanto lipofilicas, dentro do compartimento
aquoso e inserido ou adsorvido na membrana lipidica, respectivamente (BATISTA,
CARVALHO, & MAGALHAES, 2007; LEVCHENKO, HARTNER, & TORCHILIN, 2012).
Estes nanocarreadores estdo sendo amplamente explorados no tratamento e diagnostico de
doencas cardiovasculares, seja pela encapsulacdo de farmacos, materiais genéticos ou agentes
de contraste (BOWEY, TANGUAY, & TABRIZIAN, 2012).

Na terapéutica experimental do IM, lipossomas tém sido investigados como sistemas
de liberagdo de eritropoietina (YAMADA et al.,, 2013), oligonucleotideos antitese do
MicroRNA-1 (miR-1) (LIU et al., 2014), prostaglandina E1 (LI et al., 2011) e ATP
(VERMA et al., 2005) com resultados promissores. Seguindo a mesma abordagem,
existem relatos na literatura da encapsulacdo de fatores de crescimento em lipossomas, que
proporcionou, de forma geral, melhora da funcgéo cardiaca, reducéo da deposicao de colageno
e angiogénese (SCOTT et al., 2009; TANG et al., 2014; HWANG et al., 2016). Contudo
ainda é pequeno o numero de pesquisas direcionadas ao uso de lipossomas como carreadores

de fatores de crescimento para a regeneracdo cardiaca, embora os mesmos tenham obtido
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éxito em suas abordagens. Desta forma, € encorajador e inovador explorar 0 uso desses

nanocarreadores na veiculagdo de fatores de crescimento em modelos experimentais de IM.
No contexto da pesquisa em novas formulacdes de fatores de crescimento aplicados a

cardiologia, este projeto encontra-se delineado para investigar o potencial de lipossomas para

a liberacéo local e controlada de FGF-2.

1.1 OBJETIVOS

1.1.1 Objetivo Geral

Desenvolver uma formulacdo lipossomal de FGF-2 para regeneracdo cardiovascular

experimental.

1.1.2 Objetivos especificos

- Preparar e caracterizar lipossomas com diferentes tamanhos e marcados com rodamina
(Lipo-Rhod);

- Avaliar a compatibilidade in vitro dos Lipo-Rhod em fibroblastos e cardiomidcitos;

- Padronizar um procedimento semi-invasivo de administracdo intracardiaca dos lipossomas
através de injecao transtoracica em camundongos infartados;

- Realizar um estudo de biocompatibilidade e retencdo cardiaca dos Lipo-Rhod em um
modelo animal de infarto do miocardio de camundongos C57BL/6;

- Encapsular FGF-2 em lipossomas (Lipo-FGF-2) e caracteriza-los;

- Avaliar a atividade bioldgica in vitro do FGF-2 encapsulado em lipossomas em linhagens de
células HUVECS.



22

2 REFERENCIAL TEORICO

2.1 INFARTO AGUDO DO MIOCARDIO

2.1.1 Epidemiologia

As DCV continuam a ser a principal causa de morbidade e mortalidade no mundo
ocidental, com uma estimativa de morte de 17,1 milhGes de pessoas por ano. Em 2030, a
Organizacdo Mundial de Saide (OMS) estima que aproximadamente 23,6 milhGes de pessoas
venham a oObito por doencas cardiacas (BOLLINI; SMART; RILEY, 2011). O conceito de
DCV inclui vérios distarbios do coracdo e vasos sanguineos, tal como isquemia, doenca
cardiaca reumaética e inflamatoria (WHO, 2008).

Nos Estados Unidos, de acordo com o Projeto Nacional sobre Custo e Uso de Servigos
de Saude, em 2012 as despesas relacionadas a DCV, como investimentos hospitalares para
cirurgia cardiovascular, revascularizacdo e intervencGes percutaneas foram de
aproximadamente US $ 300.000 bilhdes, superando os custos de outras patologias, como o
cancer (MOZAFFARIAN et al., 2016).

A DIC é uma patologia de destaque entre as DCV, apresentando altos indices de
mortalidade, bem como, alto impacto econémico. (THOM et al., 2006). No Brasil, o estado
de Pernambuco apresenta a maior taxa de mortalidade especifica para doengas isquémicas do
coragdo (73,8 Obitos para cada 100.000 habitantes), estando acima da média nacional (53,8
Obitos para cada 100.000 habitantes) (DATASUS, 2011). A DIC ocorre quando uma artéria
coronariana sofre estreitamento ou oclusdo, frequentemente como resultado da aterosclerose,
o fluxo de sangue no coracdo torna-se insuficiente, resultando em angina, infarto do
miocardio, ou até mesmo morte subita (KURRELMEYER et al., 1998).

O IM representa a manifestacdo mais impactante da doenca isquémica do coracao e
também estda associado a elevada morbimortalidade (REBOUCAS; SANTOS-
MAGALHAES; FORMIGA, 2016). E responsavel por aproximadamente 7,3 milhdes de
mortes por ano em todo o mundo (CHERAGHI et al., 2017). A Organizagdo Mundial de
Saude (OMS) destacou no ultimo relatorio, sobre o controle e prevencdo de doencas
cardiovasculares, que a expectativa € de aumento da mortalidade, devido a elevacdo da
prevaléncia de fatores de risco para IM, tais como, fatores comportamentais e metabdlicos
(PASCUAL-GIL et al., 2015). Nos Estados Unidos, quase um milhdo de pessoas s&o

acometidas por IM a cada ano, enquanto mais de cinco milhdes de pacientes sofrem de
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insuficiéncia cardiaca crénica, uma ocorréncia comum apés IM (LERMAN et al., 2016). Em
adicdo, a insuficiéncia cardiaca cronica caracteriza-se como uma doenga com uma taxa de
sobrevivéncia de 50% ao longo de 5 anos (GERBIN; MURRY, 2015).

Embora contribuicdes para a reducdo na mortalidade por DCV sejam corriqueiras,
como a disponibilizacdo e acesso a procedimentos avangados de revascularizacdo
(cateterismo, angioplastia, by-pass), uma quantidade significativa de pacientes ndo sao
candidatos a essas intervencdes ou apresentam revascularizagdo incompleta com tais
procedimentos. Em decorréncia, em uma boa parcela dos pacientes os sintomas de isquemia
cardiaca persistem, caracterizando possivelmente individuos que sofrem de doenca
aterosclerética severa difusa, a qual ndo pode ser tratada com cirurgia ou angioplastia
(REBOUCAS; SANTOS-MAGALHAES; FORMIGA 2016). Configurando o transplante
cardiaco como Unica alternativa de tratamento para sobrevivéncia.

Apesar dos pacientes acometidos por DCV em geral, ainda contarem com a
possibilidade de tratamento com transplante cardiaco, a crescente demanda de pacientes que
necessitam dessa abordagem terapéutica ndo corresponde ao aumento no nimero de doadores
desse orgao (BOLLINI et al., 2011a).

No Brasil, existe a esperanca que o quadro de doadores aumente, visto que, apenas
11% dos potenciais doadores representam estatisticamente os coragdes transplantados
(MANGINI et al., 2015). Dados da Associacio Brasileira de Transplante de Orgéos,
evidenciam perspectivas otimistas em decorréncia do aumento de doac¢des nos ultimos 3 anos,
com média recorde em 2015 de 1,7 transplante por milhdo de populacdo. Contudo a
mortalidade na fila de espera foi de 32,58% (dados pediatricos ndo considerados) no primeiro
trimestre de 2016, evidenciando que a demanda ainda é maior do que a oferta. Atualmente,

existem 261 pacientes ativos em lista de espera, desses 37 sdo pediatricos (ABTO, 2016).

2.1.2 Fisiopatologia do infarto do miocardio

Em patologia, o IM é definido como a morte de células do miocardio em decorréncia
de isquemia prolongada. Apresenta como etiologia principal, processos ateroscleroticos e
trombose, que desencadeiam a oclusdo de uma artéria coronariana e a consequente reducéo do
fluxo sanguineo (Figura 1) (THYGESEN et al., 2013). Dependendo do grau da isquemia
gerado, leva a morte substancial de cardiomidcitos, podendo causar a perda de cerca de 50
gramas do miocéardio, o que representa de 1-2 bilhdes de cardiomidcitos (DOBACZEWSKI,;
GONZALEZ-QUESADA; FRANGOGIANNIS, 2010; VENUGOPAL et al., 2012).
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a) Aterosclerose e
desequilibrio da
demanda e oferta de O,

b) Ruptura de placas
com formagao de
trombos

Figura 1 — Infarto do miocardio como consequéncia de aterosclerose e trombose. a. Placas de
ateroma reduzindo ou ocluindo o fluxo sanguineo. b. Ruptura da placa de ateroma e a
consequente formacéo de trombos. Fonte: Adaptado de Thygesen et al. (2012)

Inicialmente, a isquemia leva a morte do cardiomidcito por necrose ou apoptose,
gerando uma area infartada e causando um déficit na funcdo contratil (FORMIGA et al.,
2012). A morte celular histoldgica ndo é de imediato, a necrose completa das células do
miocardio em risco requer, pelo menos, 2-4 horas, ou mais, isso ird depender da presenca de
circulacdo colateral para a zona isquémica, oclusdo arterial corondria permanente ou
intermitente, sensibilidade dos midcitos a isquemia, e a demanda individual de oxigénio e
nutrientes (THYGESEN et al., 2013).

Paralelamente, uma rapida migracdo de citocinas, quimiocinas e a expressdo de
moléculas de adesdo, iniciam uma intensa resposta inflamatéria na zona infartada; proteases
sdo ativadas e degradam a matrix extracelular. Macréfagos agem fagocitando o0s
cardiomiocitos necréticos e a matriz extracelular degradada. Essa “limpeza” é importante para
o0 reparo do tecido, estimulado mais adiante pela repressdo da resposta inflamatoria
(FRANGOGIANNIS, 2014) Enquanto ocorrem todas essas alteragdes moleculares e celulares,
0 coragdo inicia um processo de remodelacdo ventricular. As mudancas estruturais conduzem
a um afinamento da parede e dilatacdo do ventriculo. Como consequéncia, o estresse sistdlico
e diastolico no masculo cardiaco, e as alteragdes na arquitetura ventricular, aumentam a

sobrecarga na parede desencadeando a hipertrofia do miocardio nédo infartado (SUTTON;
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SHARPE, 2000). Por altimo, inicia um processo de cura e de reparo com a geracao de uma
cicatriz de colageno na area infartada (LERMAN et al., 2016)

Todas estas modificacdes estimulam o desenvolvimento de uma geometria cardiaca,
mais larga, fina e esférica. A cicatriz rica em colageno previne a total desintegracdo da parede
do ventriculo esquerdo, todavia o progresso da remodelacdo cardiaca poOs-isquemia,
frequentemente resulta em insuficiéncia cardiaca e morte (PASCUAL-GIL et al., 2015).
Ainda assim, sobre condigdes de sobrevida, a cicatriz de colageno forma um “tecido
acelular”, sem as propriedades bioquimicas dos cardiomidcitos, o que leva a disfungao
elétrica e mecénica, perda da integridade estrutural, e finalmente, resultando em dilatacdo
cardiomiopatica (JOGGERST; HATZOPOULOS, 2009). Uma representacdo esquematica dos

eventos que acometem o coracao apos o IM esta descrita na figura 2.

) Falta de
- oxigénio

Morte de
cardiomidcitos

275

o’ Inflamagdo
*Artéria . §

coronariana ocluida | *
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Isquemia ‘

Remodelagao r

cardiaca Y ‘

Insuficiéncia cardiaca

2 i Formagéo de
- cicatriz

Figura 2 — Fisiopatologia do infarto do miocardio. Representagdo esquemética do
desenvolvimento do IM incluindo os principais pontos. Apos a ocluséao arterial (*), o coracao
gradualmente perde sua funcdo e sofre uma remodelagdo negativa que culmina em
insuficiéncia cardiaca total. A flecha preta indica a progressdo da patologia. Fonte: Adaptado
de Pascual-Gil et al. (2015).
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2.1.3 Regeneracdo cardiaca

Muitos sistemas organicos em mamiferos, durante toda a vida adulta, exibem
renovacdo permanente, tal como, a pele, intestino, figado e osso. Contudo, apesar do seu
papel critico na homeostasia do organismo, o cora¢do adulto dos mamiferos ndo regenera
eficientemente, naturalmente (JUDD et al., 2016).

Os vertebrados inferiores, tal como, a salamandra e o0 peixe-zebra tem capacidade
espontanea para substituir o tecido cardiaco perdido, em contrapartida, tem sido um dogma de
longa data a concepgdo de que o coragdo de mamiferos ndo poderia se regenerar, reforcado
pela crenca de que células cardiacas adultas ndo realizavam mitose (UYGUR; LEE, 2016). A
visdo tradicional de que os midcitos de coracBes humanos adultos eram incapazes de serem
renovados foi substituida recentemente pela nocdo de que alguns mamiferos, inclusive os
humanos, exibem uma capacidade limitada de regeneracdo. (SEGERS; LEE, 2008).

Com a consequente integracdo do carbono 14 (C14), gerado durante a Guerra Fria em
decorréncia dos testes com bombas nucleares, Bergmann e colaboradores (2009) utilizaram da
datacdo do C14 no DNA para determinar a idade de cardiomidcitos em seres humanos. Os
mesmos, identificaram que os cardiomidcitos sofrem renovacdo ao longo da vida sob
condicdes fisioldgicas, esta acontece a uma taxa de 1% ao ano em um adulto jovem, com 25
anos, e declina para 0,45% em um idoso, com 75 anos (BERGMANN et al., 2009). Existem
muitas evidéncias da renovacdo de cardiomidcitos durante o envelhecimento em mamiferos,
quanto a fonte da substituicdo celular, dois mecanismos sdo os mais descritos e estudados
para explicar esse fendmeno: (1) Células progenitoras cardiacas se diferenciando em
cardiomidcitos ou (2) Cardiomidcitos pré-existentes sofrendo desdiferenciacdo parcial,
reentram no ciclo celular, sofrem mitose e originam novos cardiomiocitos (GARBERN; LEE,
2013) (Figura 3).

A medida que foi postulado e identificado & renovagéo de células cardiacas ao longo
da vida humana, pesquisas foram desenvolvidas com o intuito de estudar esse fendbmeno no
coragdo de mamiferos submetidos a lesdo cardiaca.

Porrello e colaboradores (2013), descreveram a capacidade regenerativa de
camundongos com 1 dia de vida em reposta a indugdo de IM. O coragdo neonatal apresentou
uma capacidade regenerativa robusta, em decorréncia da proliferacdo de cardiomiocitos,
resultando em recuperacao funcional completa, dentro de 21 dias. O mesmo grupo, ja havia

demonstrado essa capacidade regenerativa frente a lesdo cardiaca provocada pela remocdo do
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apice do ventriculo. Contudo a resposta regenerativa foi perdida nos animais apds o 7° dia de
nascimento.

Ainda no mesmo trabalho, os autores, identificaram que a inibicdo da familia de miR-
5 de microRNAs desde a idade po6s-natal precoce (ap0s 7 dias) até a idade adulta, aumenta a
proliferacdo de midcitos no coragéo adulto e melhora a funcéo sistolica ventricular esquerda
apos IM. Sugerindo que esses microRNAs modulam a regeneracdo cardiaca ao longo dos
anos atraves da inibicdo da proliferacdo cardiaca pos-natal.

Ainda existem controversias do quanto a extensdo que o coracao de mamiferos adultos
podem regenerar (VAN BERLO; MOLKENTIN, 2014). Sabe-se que em resposta a lesdo, 0s
mamiferos adultos, incluindo os seres humanos, ndo regenera a maioria dos cardiomiécitos
perdidos e, em vez disso, substitui o muasculo por um tecido cicatricial. A perda de
cardiomidcitos compromete a contratilidade do miocardio remanescente, levando a
insuficiéncia cardiaca e morte quando a extensdo da lesdo é grave (UYGUR; LEE, 2016).

Diferentemente, peixes e anfibios apresentam uma capacidade robusta para
regeneracdo ao longo de toda vida. O peixe-zebra, é um exemplo, apds amputacdo de 20% do
seu ventriculo, ele apresenta recuperacao funcional total do coracdo e ainda na auséncia de
cicatriz 2 meses apo6s a lesdo ( XIN; OLSON; BASSEL-DUBY, 2013).

Malliaras e colaboradores (2013), realizaram um estudo de mapeamento do destino
genético em combinacdo com pulsacdo de BrDU a longo prazo para identificar a origem da
cardiomiogénese pds-natal no coracdo de ratos normais e infartados. Observou-se que a
rotatividade de cardiomiocitos no coracdo dos ratos normais ocorre predominantemente,
através da proliferacdo de cardiomidcitos residentes, ou seja, pré-existentes, a uma taxa de
1,3-4 % ano. Ja apds o IM, os novos cardiomidcitos surgiram de células progenitoras cardicas
(CPCs), bem como, de cardiomiocitos pré-existentes (residentes). Esses achados, foram
também destacados por Lerman et al. (2016), em seu artigo de revisdo sobre regeneracdo e
reparo cardiaco, como as duas teorias que explicam o processo de reparacdo intrinseco do
coracdo apos dano isquémico. Contudo, outros autores defendem também a participacdo de
células-tronco periféricas recrutadas da medula 6ssea na regeneracao, que juntamente com as
CPCs, encontra-se em maior nimero apés a lesdo cardiaca (FINAN; RICHARD, 2015)
(Figura 3).

As CPCs, detectadas recentemente no coracdo de mamiferos adultos, sdo células-
tronco cardiacas enddgenas que se diferenciam em cardiomidcitos, através da regulagdo
autocrina e de fatores inflamatorios, e representam 1% da populacdo total de células

cardiacas; distribuidas em trés grupos identificados conforme a expressdo de marcadores de
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membrana, em células c-kit +, Sca-1 + e ISL-1 +. Ainda ndo estd bem esclarecida, qual a
origem das CPCs, se sdo recrutadas da medula-6ssea ou localizam-se em uma espécie de
reservatorio, no atrio e ventriculo direito. Tem sido investigada também, a participacdo dessas
células na renovacdo fisiologica de cardiomiocitos e de células endoteliais vasculares
(LERMAN et al., 2016).

A capacidade de gerar cardiomidcitos no coracdo humano adulto sugere que o
desenvolvimento de estratégias terapéuticas destinadas a estimular esse processo, no
tratamento de patologias cardiacas, € bem embasado e racional (BERGMANN et al., 2009).
Contudo, a cardiomiogénese é limitada, conduzindo a pertinéncia de determinar quais

barreiras poderiam estar impedindo a eficacia da regeneracdo (SEGERS; LEE, 2008).
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Figura 3 - Regeneracéo cardiaca enddgena apos dano isquémico. As células que participam do
processo de regeneracdo enddgena, incluem os cardiomiocitos (células cinzas. Linhas
brancas), células progenitoras cardiacas locais (células em azul), e células-tronco periféricas
recrutadas (celulas em vermelho). Estas células tem o potencial de se proliferar e participar da
regeneracdo dos miocitos cardiacos, angiogénese, e da liberacdo de fatores tropicos que
podem reduzir a morte cardiaca celular. As celulas também s&o identificadas na figura pela
cor das flechas (células-tronco periférica, vermelho; células progenitoras cardiacas, azul;
cardiomiocitos, verde). Fonte: Adaptada de Finan; Richard (2015)
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Para Segers & Lee (2008), a resposta fisiopatologica do miocardio infartado,
caracterizada por isquemia, inflamacdo, fibrose e angiogénese inadequada, compde um
microambiente hostil, que deve evitar, por exemplo, a ativacdo de CPCs. Do mesmo modo, a
formacédo de fibrose que € requerida para evitar a ruptura do miocéardio, dependendo da
extensdo e devido a sua natureza densa torna-se uma barreira fisica para regeneracdo das
celulas (SEGERS; LEE, 2008). Diante disso, a redugdo do microambiente hostil (Figura 4),
através de estratégias que minimizem a inflamacdo, fibrose, apoptose, e adicionalmente, o
estimulo a angiogénese, na &rea isquémica, deve contribuir para o reparo cardiaco
(REBOUCAS; SANTOS-MAGALHAES; FORMIGA, 2016).
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Figura 4 - Mecanismos e barreiras potenciais para regeneracdo cardiaca endogena. Os
mecanismos de regeneracdo apos isquemia cardiaca sao descritos e representados em a, b e c.
Potenciais limitacGes dos mecanismos também sdo descritos, apresentando o ambiente hostil,
exemplificado aqui por inflamacg&o, fibrose e angiogénese inadequada, como barreira para
resposta regenerativa enddgena eficaz. Fonte: Adaptado de Segers; Lee (2008)
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2.1.4 Tratamentos convencionais

As modalidades vigentes no tratamento do IM envolvem terapia farmacoldgica,
revascularizacdo precoce, com ICP e cirurgia de revascularizacdo, também conhecida por
bypass coronariano; auxiliares mecanicos, tal como, dispositivos de assisténcia ventricular
esquerda, seguido de abordagens terapéuticas para fatores de risco na aterosclerose,
remodelamento ventricular tardio e arritmias cardiacas. Essas abordagens buscam restaurar a
funcdo ou limitar a progressao dos efeitos fisiopatoldgicos pos-isquémicos, mas nem sempre
sdo efetivas a longo prazo (FORMIGA et al., 2012; LERMAN et al., 2016).

A terapia farmacoldgica faz uso de agentes antiplaquetarios, anticoagulantes orais,
nitratos, bloqueadores p-adrenérgicos, inibidores da enzima conversora de angiotensina, entre
outros (REBOUCAS; SANTOS-MAGALHAES; FORMIGA, 2016). De forma geral, o
tratamento medicamentoso visa reduzir a carga cardiaca, melhorar o desempenho sistélico, e
também, oferecer protecdo contra os fatores humorais toxicos que séo ativados durante a
insuficiéncia cardiaca (RADHAKRISHNAN; KRISHNAN; SETHURAMAN, 2014).

A revascularizacdo do miocardio tem como objetivo, em todas as modalidades,
restabelecer o fluxo sanguineo adequado ao masculo cardiaco. A cirurgia de revascularizacao,
realizada pela primeira vez em 1945, por Vineberg, propds o uso da artéria toracica esquerda
na reconducéo indireta do sangue para 0 miocardio isquémico. Em 1959, com o surgimento
dos exames de cateterismo cardiaco, foi possivel comprovar a eficacia desse método. Outros
vasos, como a veia safena, foram testados e incorporados na clinica. Desde entdo, a cirurgia
de revascularizacdo passa por aprimoramentos progressivos, objetivando menor agressao ao
paciente e 0 emprego de enxertos de maior durabilidade (PEGO-FERNANDES; GAIOTTO;
GUIMARAES-FERNANDES, 2008). Com o advento da intervencdo coronaria percutanea
(ICP), em 1977, o perfil de pacientes candidatos a cirurgia de revascularizacdo mudou,
estando limitada a pacientes mais graves e que apresentem condicdes clinicas mais
complexas. A ICP é caracterizada pela insercdo arterial periférica de um cateter baldo
conduzido até o sistema coronariano (PEGO-FERNANDES; GAIOTTO; GUIMARAES-
FERNANDES, 2008; PIEGAS; HADDAD, 2011). Uma das complicagOes frequentes logo
apos a disseminacdo da ICP foi a reestenose coronariana, ou retomada da obstrucdo da luz
arterial meses apds a intervengdo (CAIXETA; BECK, 2004). A implantagdo de stents
coronarianos, ndo recobertos e posteriormente, com associacdo farmacoldgica, ditos stents
farmacoldgicos (sirolimus, paclitaxel, entre outros agentes terapéuticos), tornaram a

reestenose e a necessidade de reintervencdo menos frequentes (PIEGAS; HADDAD, 2011).
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As melhorias no tratamento do infarto agudo do miocardio (IAM) levaram a uma
maior sobrevida e melhores progndsticos. Pacientes que sobreviveriam independente das
terapias de revascularizacdo cardiaca, por exemplo, passaram a ter uma reducdo da extensédo
da lesdo ventricular, ja os que dependeram dessa modalidade de tratamento para sobreviver,
ainda sdo acometidos por danos substanciais ao ventriculo esquerdo. Até entdo, é incerto o
risco desses pacientes, de perfis opostos, quanto as chances de desenvolver insuficiéncia
cardiaca (IC), porém varios ensaios clinicos e registros apontam a IC como uma ocorréncia
comum apdés o IAM, assim, tem sucedido a preocupagao que um “pool’” crescente de
sobreviventes do IAM possa alimentar uma epidemia de IC (LERMAN et al., 2016).

Apesar dos recentes avancos na terapia médica, de dispositivos e melhorias no
atendimento ao longo dos ultimos 20 anos, as perspectivas para pacientes com IC continuam
baixas, e as taxas de sobrevivéncia sdo piores do que para pacientes com cancer de intestino,
mama ou da prostata (BRENNER et al., 2012; SIEGEL et al., 2012).

Embora ainda haja a possibilidade do transplante cardiaco, considerado padrdo ouro
no tratamento da IC avancada, a demanda ndo acompanha a disponibilidade de doadores, bem
como, as complicacbes decorrentes do tratamento imunossupressor, clamam pelo
desenvolvimento de novas estratégias para reparar e regenerar o coracao lesado (PTASZEK et
al., 2012; RADHAKRISHNAN et al., 2014).

2.1.5 Tratamentos emergentes

O estabelecimento de novas modalidades de tratamento voltadas para melhorias no
prognoéstico de pacientes acometidos por 1AM reduzindo complicacbes de dificil trato, tal
como a IC, é essencial. Estas novas terapias devem objetivar a regeneracdo funcional da
contratilidade miocérdica, através de abordagens que interfiram entre outros pontos, em cada
etapa do processo de remodelacdo patoldgica, minimizando a inflamacé&o, fibrose e apoptose,
em outras palavras, mitigando o microambiente hostil do pés-infarto; e também estimulando
angiogénese na regido isquémica. Assim, tem sido fomentado e realizado uma crescente
investigacdo sobre novas estratégias para regeneracdo do miocardio lesionado, incluindo
como tratamentos emergentes, a terapia génica, engenharia de tecidos, terapia celular, e a
utilizacdo de fatores de crescimento (Figura 5) (DOPPLER et al., 2013; LERMAN et al.,
2016; REBOUCAS; SANTOS-MAGALHAES; FORMIGA et al., 2016).

A terapia génica é caracterizada pela entrega de material genético, pequenas moléculas

de DNA ou RNA, a ceélulas, tecidos ou 6rgdos humanos, visando fornecer novas funcoes
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terapéuticas, ou corrigir um defeito genético, com o objetivo de atuar na prevencdo ou
tratamento de doencas (LYON et al., 2008). Com relagdo ao reparo do musculo cardiaco,
algumas estratégias sao exploradas pela terapia génica, tais como, a atuacdo sobre etapas do
ciclo celular que restringem a proliferacdo dos cardiomidcitos, inibicdo das vias apoptoticas
induzidas por hipoxia, melhora dos mecanismos angiogénicos para aumentar o fornecimento
de oxigénio e nutrientes, estimulo a diferenciacdo de células-tronco em células do musculo
cardiaco, e aumento do potencial contratil dos cardiomiécitos remanescentes (MASON et al.,
2015). Contudo, mesmo com todo seu potencial para atuar no tratamento de doencas
cardiacas, alguns problemas ainda limitam a eficicia da terapia génica, estes incluem, o
delivery ineficiente para o tecido alvo, resposta imune negativa e perda do efeito terapéutico
(SASANO et al., 2007).

TERAPIA CELULAR
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Figura 5 — Abordagens terapéuticas emergentes para regeneracdo cardiaca. Estdo sendo
investigadas multiplas estratégias para promover a regeneracdo do miocardio em doencas
cardiacas (no sentido horario do topo): (1) a terapia celular com células cultivadas e injetadas
no miocardio ou artérias coronarias esta em ensaios clinicos, espera-se que essas células
tornam-se cardiomidcitos funcionais; (2) abordagens de engenharia de tecidos que associam
celulas com biomateriais para criar tecidos funcionais in vitro e posterior transplante no
coragdo; (3) a reprogramacdo de ndo cardiomidcitos em cardiomidcitos in situ pode ser
realizada com virus, pequenas moléculas ou microRNAS; e (4) pequenas moléculas, tais como
fatores de crescimento ou microRNAs, que sdo administrados para promover a proliferagédo de
cardiomidcitos ou angiogénese. Fonte: Adaptado de Garbern; Lee (2013)
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J& a engenharia de tecidos, outra abordagem terapéutica emergente na regeneracdo
cardiaca, aplica os conhecimentos das areas de engenharia e ciéncias para compreender a
relacdo entre estrutura e fungéo nos tecidos de mamiferos mediante condicdes fisioldgicas e
patoldgicas, e assim, atua na producdo de substitutos biologicos para reparar, melhorar ou
manter a funcdo de um tecido (VUNJAK-NOVAKOVIC, 2016). Quanto a aplicacdo da
engenharia de tecidos para o coracdo, valvulas cardiacas, enxertos coronérios e o miocardio
apresentam-se como os principais alvos (CHAUDHURI et al., 2017). Essa modalidade
terapéutica vem se mostrando promissora e utiliza-se de varias estratégias para reparar o
miocérdio lesionado, dentre elas, a implantacéo de scalffolds acelulares, e o uso dos scalffolds
combinados com células, genes ou fatores de crescimento (RADHAKRISHNAN et al., 2014).

A terapia celular é a modalidade de tratamento emergente mais explorada nos ensaios
clinicos direcionados a regeneracdo cardiaca, caracterizada pelo transplante ou infusdo de
células com potencial progenitor atuante sobre o miocardio infartado. Os tipos de células-
tronco envolvidas na entrega exdgena ao coracao compreendem células-tronco embrionérias,
pluripotentes induziveis, e células progenitoras adultas, neste dltimo grupo, incluem células
cardiacas, da medula déssea e mioblastos esqueléticos (GARBERN; LEE, 2013). Muitos
estudos pré-clinicos tém analisado o potencial dessa terapia emergente, como na injecdo de
células c-kit*, um tipo de célula progenitora cardiaca adulta, no coracio de roedores que
promoveu a formacdo de novos cardiomidcitos e vasos sanguineos funcionais (LIN; PU,
2014). Ainda assim, estudos sugerem que os beneficios da terapia celular sdo modestos, e que
a resposta positiva esta vinculada a efeitos paracrinos no miocardio lesionado (JOGGERST;
HATZOPOULOS, 2009).

Estes efeitos paréacrinos sdo associados a liberacdo de fatores de crescimento pelas
células. Diante disso, 0 emprego de fatores de crescimento na terapia regenerativa do coragéo,
representa uma opcao atraente, que ja é explorada e promove a revascularizacdo do tecido em

modelos animais de isquemia cardiaca. (FORMIGA et al., 2010).

2.2 FATORES DE CRESCIMENTO

Entre os novos agentes terapéuticos, peptideos e proteinas representam um recurso
acelular bem consolidado na regeneragdo do tecido cardiaco ap6s uma doenca isquémica
(HASTINGS et al., 2015). Fatores de crescimento sdo proteinas que atuam na regeneracdo
cardiaca através da inducdo da proliferacdo de cardiomidcitos, ativacdo de células

progenitoras cardiacas residentes no local da leséo, recrutamento de células progenitoras para
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0 coracdo injuriado ou de células funcionais capazes de induzir a neovascularizacao
(angiogénese). O controle das funcbes celulares é mediado pelos FC através da ativacdo
especifica de vias de sinalizacdo, atuando sobre diferentes rotas biologicas e 0Orgaos
(HASTINGS et al., 2015).

Com a descoberta do envolvimento de fatores de crescimento no desenvolvimento do
sistema cardiovascular durante a embriogénese, essas moléculas tornaram-se alvo de pesquisa
de muitos cientistas, objetivando estudar o papel desses fatores no reparo cardiaco de
organismos adultos. Em decorréncia desse interesse, atualmente, sabe-se que fatores pro-
angiogénicos encontrados no embrido, sdo também, expressadas no coracdo de adultos apos
situacdes de estresse ou hipdxia (FORMIGA et al., 2012).

Muitos fatores de crescimento foram e sdo estudados quanto a sua capacidade
regenerativa no musculo cardiaco, dentre eles, IGF (fator de crescimento de insulina)
(MOURKIOTI; ROSENTHAL, 2005), HGF (fator de crescimento de hepatécito) (ELLISON
etal., 2011), FGF (fator de crescimento de fibroblastos) Iwakura et al. (2003), VEGF (fator de
crescimento endotelial vascular) (PAYNE et al., 2007), neurorregulina-1 (POLIZZOTTI et
al., 2015), intermedina (ZHANG et al., 2009). Dentre os exemplos citados, VEGF e FGF-2,
um tipo de FGF, sdo os fatores mais explorados e estudados nos estudos clinicos
desenvolvidos com FC para regeneracao cardiaca (AVILES; ANNEX; LEDERMAN, 2003).

2.2.1. Fator de crescimento de fibroblastos (FGF)

O fator de crescimento de fibroblastos (FGF) foi descoberto em 1973 a partir de
extratos da hipofise, € um peptideo encontrado em vertebrados e invertebrados e amplamente
expresso em células e tecidos (YUN et al., 2010). A familia de FGF consiste de 23 membros
que sao distinguidos pelo seu padrdo de expressao, presenca de uma sequéncia lider (ausente
em FGF-1 e 2) e afinidade pelas diferentes subclasses de isoformas do receptor (FGFR)
(ANNEX, 2013; POST et al., 2001).

A maioria dos FGFs apresenta peso molecular entre 16-18 kDa e caracterizam-se pela
alta afinidade a heparina e ao sulfato de heparano. De modo geral, os FGFs ligam-se a
superficie das células na presenca de proteoglicanos de heparina e desencadeiam uma
variedade de funcdes celulares (JACOBS, 2007). Entre os FGFs, FGF-1 (acido) e FGF-2
(bésico), sdo os mais estudados e foram os Unicos correlacionados com a regeneracdo
cardiaca. No miocardio, FGFs portam-se como moléculas pleiotrépicas, atuando sobre varias

celulas, tal como, células do musculo liso, células endoteliais e mioblastos (FORMIGA et al.,
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2012). Curiosamente, HAO e colaboradores (2016), demonstraram recentemente, que outro
tipo de FGF, o FGF-23, induz uma resposta contraria ao reparo cardiaco. Os mesmos
correlacionaram o FGF-23 a presenca de fibrose e exacerbacdo da disfuncdo diastolica
induzida por IM em camundongos. Anteriormente, esse tipo de FGF ja havia sido descrito por
induzir hipertrofia ventricular patologica (HAO et al., 2016).

A ligacdo dos FGFs aos receptores do tipo tirosina quinase, identificados por FGFR-1,
2, 3 e 4, desencadeia a dimerizacdo e autofosforilacdo do receptor (CROSS; CLAESSON-
WELSH, 2001). Este evento promove a ativacao e recrutamento de moléculas especificas que
se ligam a parte citosdlica do receptor de tirosina quinase, e desencadeiam a atividade de uma
série de vias de sinalizacdo. A natureza da resposta fisiologica dependera da via de sinalizacao
ativada pela interacdo entre o tipo de FGF e o tipo do receptor (YUN et al., 2010).

Muitos trabalhos tém evidenciado as fungbes biologicas dos FGFs, dentre elas,
inducdo da proliferagdo celular e producdo do ativador de plasminogéneo uroquinase (UPA)
em células endoteliais GM 7373 da aorta bovina fetal Rusnati et al. (1996); controle da
migracao de células-tronco mesenquimais humanas (SCHMIDT et al., 2006); inducdo indireta
de angiogénese por estimular a liberacdo de VEGF de células endoteliais no coracdo
(CARMELIET; JAIN, 2011); diferenciagdo celular (YUN et al., 2010); sobrevida de
cardiomidcitos, células do musculo liso e células endoteliais; e promo¢do da maturacdo e
estabilizacdo de novos vasos formados pela inducdo da expressdo do receptor PDGF em
células do musculo liso vascular (FORMIGA et al., 2012).

2.2.2 Angiogénese terapéutica

A rede de vasos sanguineos apresenta como funcdes fundamentais, a distribuicdo de
oxigénio, nutrientes e eliminacdo de residuos metabdlicos, agregada a essas atividades,
também promove a circulacdo de células do sistema imune, permitindo um tréfico rapido,
guando necessario. Essa Ultima caracteristica atua de forma fundamental em diversos
processos bioldgicos, incluindo a regulacdo do metabolismo, regeneracdo, resposta imune,
cura e o desenvolvimento de muitas doencas (SUN; ALTALHI; NUNES, 2016).

Arteérias, arteriolas, capilares, vénulas e veias, representam os diferentes tipos de vasos
sanguineos. Em sintese, as artérias sdo responsaveis por distribuir o sangue do coragédo para
todos os orgdos e tecidos; e as veias permitem o retorno do sangue para o cora¢do (SUN;
ALTALHI; NUNES, 2016). O fornecimento de nutrientes e oxigénio para os tecidos

acontece na interface da microvasculatura, a rede de pequenos vasos sanguineos, composta
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por arteriolas, capilares e vénulas que se interpdem entre os sistemas arterial e venoso
(STAICULESCU et al., 2014).

Os dois componentes criticos da composicao celular vascular sdo as células endoteliais
(CEs) e as ceélulas perivasculares (CP). Estas ultimas, representadas pelas células do musculo
liso e pericitos, que circundam as CEs, conferindo suporte e estabilidade. As células do
masculo liso sdo encontradas nas camadas internas das artérias e veias maiores, enquanto que
0S pericitos envolvem vasos sanguineos menores ou da microvasculatura (WANJARE;
KUSUMA; GERECHT, 2013).

A formacgdo dos vasos sanguineos ocorre em decorréncia de trés processos que se
inter-relacionam, séo eles, a vasculogénese, angiogénese e arteriogénese (DEVEZA,; CHOI;
YANG, 2012).

A vasculogénese € o processo de formacgédo de um novo vaso a partir de células-tronco
endoteliais pluripotentes. Durante o desenvolvimento embrionério, é responsavel pela sintese
do plexo vascular primitivo, que posteriormente conta com a contribuicdo de outros tipos de
células vasculares para completar o processo de formacdo dos vasos (POST et al., 2001).
Diferentemente, na angiogénese, 0 novo vaso € formado a partir de micro vasos pré-existente,
por meio de brotacdo e processos de divisdo celular. Ja a arteriogénese, refere-se ao
surgimento de novas artérias, compostas por uma tinica média bastante desenvolvida e
envolvida por células do masculo liso e pericitos (POST et al., 2001).

A angiogénese € um fendmeno essencial durante a embriogénese, mas também é
identificada no tecido adulto mediante algumas circunstancias fisiologicas, tal como,
ovulagdo, resposta imune, inflamacdo e reparo tecidual (FORMIGA et al.,, 2012).
Acompanhada da arteriogénese, a angiogénese é primordial na revascularizacdo de tecidos
subsupridos (DEVEZA; CHOI; YANG, 2012).

Angiogénese € um processo complicado envolvendo varios tipos de células,
numerosos fatores de crescimento, complexos controles e balangos orquestrados por fatores
inibitdrios e estimulatérios (HUANG et al., 2015). Em condicGes de homeostasia, células
endoteliais s&o mantidas em um estado estacionario por sinalizacGes autdcrinas. O estado
quiescente das celulas pode ser interrompido, em decorréncia de condi¢bes de baixo
suprimento de O,, tal como, inflamacdo, cicatrizacdo de feridas ou de desenvolvimento
tumoral (DEVEZA; CHOI; YANG, 2012). Estas condigdes promovem a liberacdo de sinais
angiogénicos, tal como, VEGF, ANG-2, FGF e quimiocinas, que desencadeiam a separacao
dos pericitos de vasos pré-existentes e posterior liberacdo da membrana basal por degradacéo

proteolitica, isto permite que as células endoteliais se soltem das juncGes intercelulares, como
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descrito na figura 6. O vaso nascente dilata, VEGF aumenta a permeabilidade vascular,
permitindo o extravasamento de proteinas plasméticas que passam a funcionar como uma
matriz extracelular provisoria para onde as células endoteliais migram, em resposta a
sinalizacdo de integrinas. Para controlar e orientar a migracdo das CE, uma CE, conhecida
como célula de ponta, é eleita para liderar a ponta do vaso em crescimento, as células
posteriores sdo responsaveis pelo alongamento do vaso em brotacdo em decorréncia da
proliferacdo celular. O fluxo sanguineo é estabelecido apds a fusdo de dois ramos de vasos.
Os mesmos tornam-se estaveis apds o recobrimento com pericitos e as juncdes intercelulares
sdo restabelecidas, permitindo que os vasos se tornem funcionais. Se 0S vasos néo
conseguirem perfundir eles regressam (CARMELIET; JAIN, 2011).

Os eventos de angiogénese, arteriogénese e vasculogénese que se inter-relacionam e
ocorrem em condicBes de hipdxia, e em até certo ponto fisiologicamente, sofrem influéncias
de fatores genéticos. Porém sdo também, objetivos da manipulacdo farmacoldgica e genética
na angiogénese terapéutica (ANNEX, 2013).
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Figura 6 — Base molecular do brotamento de um vaso. Os passos consecutivos do brotramento
de vasos sanguineos sdo demosntrados. a Inicio do brotamento do novo vaso pela sele¢do da
célula de ponta, separacdo dos pericitos, aumento da permeabilidade, todos eventos em
decorréncia do estimulo de fatores angiogénicos. b. A célula da ponta segue uma direcéo
orientada por sinais de moléculas como epinefrinas, enquanto as células posteriores
proliferam, alongam-se e formam o limen do vaso em formacédo. c¢. Apés a fusdo com um
ramo vizinho, a formacdo do lumem permite a perfusdo do novo vaso, que é possivel em
decorréncia da deposi¢do da membrana basal, maturacdo dos pericitos, e producdo de sinais
de manutencéo vascular. Fonte: Adaptado de Carmeliet; Jain (2011)
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O fornecimento de fatores de crescimento, células-tronco e células progenitoras, sdo as
ferramentas empregadas na angiogénese terapéutica. Na terapia celular, a resposta
angiogénica pode ser induzida pela liberacdo de fatores paracrinos. Varios estudos
demonstraram que o reparo cardiaco induzido apds implantacdo de células-tronco, na sua
maior parte, era consequéncia do efeito paracrino de fatores de crescimento secretados pelas
células administradas, do que pela acdo direta das prdprias células. Isso deu uma grande
importancia ao uso dos fatores de crescimento no contexto da terapia celular e angiogénica.
Para os fatores de crescimento, essa modalidade terapéutica pode ser estabelecida pela
administracdo da propria proteina, ou genes que a codificam (DEVEZA; CHOI; YANg et al.,
2012; REBOUCAS; SANTOS-MAGALHAES:; FORMIGA, 2016).

No que diz respeito ao miocardio isquémico, fatores de crescimento permitem
recuperar midcitos em situacao de risco de apoptose e/ou necrose, mediante hipdxia, através
da formacdo de novos vasos que passam a suprir o tecido, controlando assim, alteracbes na
estrutura e funcdo cardiaca que poderiam culminar em insuficiéncia cardiaca. De fato, a
angiogénese é o principal mecanismo de reparo cardiaco promovido por FC, desta forma, é
também o mais investigado em estudos experimentais e ensaios clinicos para esta aplicacdo
(REBOUCAS; SANTOS-MAGALHAES; FORMIGA, 2016).

Na angiogénese terapéutica, com proteinas exogenas, esses fatores sollveis sao
administrados individualmente ou em combinacdo objetivando interferir em processos
enddgenos, seja na reducdo da resposta inflamatdria, controle da renovacdo da matriz
extracelular, ou promovendo sobrevivéncia, proliferacdo, diferenciacdo e migracdo de células
(FORMIGA et al., 2012). Destaca-se, entre os fatores mais estudados quanto ao potencial
angiogénico, 0 VEGF e 0 FGF (REBOUCAS; SANTOS-MAGALHAES; FORMIGA, 2016).

2.2.2.1 Papel do FGF-2 na angiogénese terapéutica

FGF-2, também conhecido por bFGF (fator de crescimento de fibroblasto basico), uma
proteina de ligagdo a heparina, peso molecular de 16,5 kD e 146 aminoacidos, foi a primeira
molécula angiogénica a ser identificada (CROSS; CLAESSON-WELSH, 2001; LAHAM et
al., 2000).

Ao isolar células endoteliais in vitro, independente da sua heterogeneidade quanto ao
tipo de origem animal e das diferencas entre o endotélio microvascular e de vasos de grande
calibre, vérios estudos evidenciaram que FGF-2 e também FGF-1, induzem in vitro um

"complexo fendtipo angiogénico™ (Figura 7). Este fenotipo se assemelha a muitos aspectos de
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processos angiogénicos in vivo, incluindo, modulagdo da proliferagdo de células endoteliais,
migracdo, producdo de proteases, expressdo do receptor de caderinas e integrinas, e

comunicacdo das juncdes-gap intercelulares (PRESTA et al., 2005).
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Figura 7 — Fendtipo angiogénico dos FGF’s. Representa¢do esquematica dos eventos
desencadeados por FGFs em células endoteliais que contribuem para a aquisicdo do fendtipo
angiogeénico in vitro e para neovascularizagéo in vivo. Fonte: Adaptado de Presta et al. (2005)

Varios estudos pré-clinicos evidenciaram a atividade angiogénica do FGF-2. Yanagisawa-
Miwa e colaboradores (1992), por exemplo, demonstraram que a administracdo
intracoronariana de FGF-2 em um modelo experimental de IM em cées, aumentou 0 ndmero
de capilares e arteriolas na regido do infarto, o que colaborou com a melhora da funcéo
sistolica cardiaca e reducdo do tamanho do infarto nos grupos tratados com o fator de
crescimento.

Outro trabalho evidenciou o aumento da reperfusdo do miocardio isquémico em um
modelo de isquemia cardiaca crénica em porcos, 0 FGF-2 foi administrado por injecdo
intrapericardica, e ndo houve evidéncias de efeitos adversos (LAHAM et al., 2000).

2.2.2.2 Papel do FGF-2 sobre outros mecanismos de regeneracdo cardiaca

Em adicdo a angiogénese, FGF-2 também propicia outros beneficios terapéuticos,
incluindo o aumento da sobrevida dos midcitos cardiacos e inducdo de diferenciacdo de
células progenitoras cardiacas residentes em cardiomidcitos (CHU et al., 2013). Como no

estudo desenvolvido por Rosenblatt-Velin e colaboradores (2005), que isolaram precursores
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cardiacos indiferenciados, células progenitoras cardiacas residentes, expandiram e induziram
a diferenciacdo em cardiomidcitos funcionais. Ao estudar o papel de FGF-2 na diferenciagéo
celular in vitro, observaram que este FC regulou o processo de diferenciacdo. Assim, ainda
sugeriram que FGF-2 poderia facilitar a mobilizacdo e diferenciacdo desses precursores

celulares in vivo, atuando no tratamento de doencas cardiovasculares.

2.2.3 Estudos clinicos com fatores de crescimento

Em decorréncias dos beneficios da angiogénesse terapéutica utilizando FC, bastante
explorados em estudos pré-clinicos, em espacial com VEGF e FGF-2, muitos ensaios clinicos
foram desenvolvidos em pacientes com doencas isquémicas do coracdo. Os primeiros estudos
clinicos com FGF-2 parenteral foram realizados pelos Institutos Nacionais de Saude dos
EUA. A hipotensdo foi um efeito adverso identificado apds a administracdo em bolus do
FGF-2, na dose de 30 a 100 pg/kg, este efeito foi contornado por estudos subsequentes com a
reducdo da dose terapéutica, acompanhada da recomendacdo de pré-hidratacdo (AVILES;
ANNEX; LEDERMAN, 2003).

Em um ensaio de fase I, Laham e colaboradores (1999), demonstraram a viabilidade e
seguranca do tratamento de FGF-2 em pacientes submetidos a cirurgia de revascularizacdo
coronariana (bypass coronario), demonstrada pela tendéncia a reducdo do tamanho do infarto
e auséncia de angina, nos grupos que receberam 100 pg de FGF-2, maior dose testada, e
ainda, pela auséncia de efeitos adversos. O mesmo grupo, seguiu no ensaio de fase 11, onde o
FGF- 2 foi implantado concomitantemente a realizagdo de cirurgia de revascularizagdo do
miocardio, o tratamento resultou em alivio completo da angina e melhoras funcionais ao
longo de trés meses de acompanhamento, sugerindo o beneficio da associacdo terapéutica
(RUEL et al., 2002). Outro estudo de fase | avaliou a seguranca e eficacia da administracdo
intracoronariana de FGF-2 em pacientes acometidos por doenca cardiaca isquémica, e que ndo
eram candidatos a cirurgias de revascularizacdo. Como concluséo, a administracdo de FGF-2,
iniciando na dose de 0,33 a 0,36 pg/kg pareceu ser segura e ndo apresentou efeitos adversos
(LAHAM et al., 2000). Todavia, no estudo de fase Il, a eficacia do tratamento se restringiu
aos primeiros 90 dias, quando avaliado com 180 dias ndo demonstrou diferencas quando
comparado com o grupo placebo (SIMONS, 2002).

Conforme os relatos acima, e segundo CHU e colaboradores (2013), os estudos clinicos
com FGF-2 parecem ser seguros, porém sua eficacia ainda ndo esta tdo bem comprovada, esse

quadro acompanha os demais ensaios com humanos para outros fatores angiogénicos, deste
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modo, ainda néo existe nenhum agente angiogénico aprovado pela FDA para uso humano. Os
autores acrescentam, que o conhecimento ainda insuficiente sobre a neovascularizagdo e
resposta endogena do ambiente isquémico, acompanhado da baixa bioatividade das proteinas
apos administracéo, sdo os principais fatores que contribuem para as frustracdes dos ensaios
clinicos.

Outra colocacgdo pertinente e que pode estar relacionada com a limitacdo dos efeitos da
terapia angiogénica, seja no ambito genético, celular ou com FC, é que a maioria dos estudos
pré-clinicos, foram realizados com animais jovens. No contexto clinico, deve-se considerar
que pacientes acometidos por doenca arterial coronariana, tem em sua maioria idade avancada
e sdo acometidos por outras patologias, como diabetes e hipertensdo arterial (LOSORDO;
DIMMELER, 2004).

2.2.4 Entrega de fatores de crescimento no tecido cardiaco

Conforme j& mencionado, uma série de fatores pode estar relacionados a resposta
clinica limitada na terapia angiogénica com fatores de crescimento. A maneira como essas
proteinas sdo entregues é um ponto que merece atengdo, visto que, geralmente, apds
administracdo, o FC sofre rapida difusdo, apresenta baixa biodisponibilidade e uma meia-vida
curta in vivo. Concomitantemente, por muitas vezes em decorréncia dos problemas
farmacocinéticos citados, faz-se necessario, o uso de doses suprafisiologicas ou a
administracdo de mudltiplas injecGes, deixando uma margem para a ocorréncia de efeitos
toxicos, como o estimulo a angiogénese em locais indesejados. (DEVEZA et al., 2012). Sendo
assim, e devido o alto potencial angiogénico dessas moléculas, é conveniente e também
objetivo da terapia angiogénica, a manutencdo de niveis locais altos do FC, ao mesmo tempo,
que se almeja uma baixa distribuicdo sistémica. Para isso, as tecnologias emergentes de
entrega desses biofarmacos, devem ser submetidas a avaliagdes continuas (POST et al., 2001).

A administracdo dos FC como o FGF-2, pode ser realizada de forma sistémica ou
local. A administragdo sistémica apresenta como vantagem a facilidade do acesso a via
endovenosa, contudo esbarra na biodistribuicdo inespecifica 6bvia e que pode acarretar em
respostas toxicas ao FC, que € um agente biologico pluripotente. J& a administracdo local
promove um aumento da biodisponibilidade do FGF-2 no local de agéo, enquanto reduz a
exposicao ndo especifica (AVILES; ANNEX; LEDERMAN, 2003).

A figura 8 ilustra algumas das diferentes rotas de entrega de FC ja testadas, a

administragdo intravenosa, intracoronariana, intramiocardia e perivascular. Técnicas baseadas
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em cateter apresentam-se como uma alternativa viavel e féacil na entrega dos FC pela rota
intracoronariana, em contrapartida ocorre baixa deposi¢do da proteina no miocardio, fato
destacado, por exemplo, por Laham e colaboradores (1999), que avaliaram a absorcdo e
retencdo de FGF-2 no miocéardio, resultando de apenas 0,9% e 0,05%, apds 1 e 24 horas da
administragdo, respectivamente. Métodos de administragdo local, como a intramiocéardica,
possibilitam entregar o FC diretamente na regido isquémica, permitindo assim uma
disponibilidade maior do farmaco no local de acdo, bem como, uma retencdo mais
prolongada, desta forma, € uma das rotas preferidas (FORMIGA et al., 2012).

Entretanto, na maioria dos casos, nos estudos pré-clinicos que utilizaram esse método
e inclusive evidenciaram a eficacia do tratamento, faz-se necessario a exposi¢do do coracdo
através de toracotomia para administracdo intramiocardica, o que reflete na necessidade de
intervencdo cirdrgica, caracterizando a complexidade do método e também limitacdo sob
certas condigdes (DAVIS et al., 2006; FORMIGA et al., 2010, 2014). Alternativamente,
injecdo endocardica com um cateter intraventricular especializado pode entregar os FC dentro
do miocardio e as zonas do epicardio podem ser acessadas por toracoscopia, isentando a
necessidade de exposicao cardiaca cirurgica (FORMIGA et al., 2012).

As diferentes rotas de entrega dos fatores de crescimento visando o miocérdio
isquémico apresentam vantagens e desvantagens como mencionado acima, que de forma geral
podem vim influenciar no sucesso da resposta terapéutica. Todavia, independente da via de
administracdo, os fatores de crescimento na sua forma livre, ainda apresentam vida biol6gica
curta, baixa estabilidade em plasma, e pouca especificidade aos 6rgdos-alvo, que sdo em
partes, minimizados pela administracdo local, como ja mencionado. Assim, novas tecnologias
de formulagdo que sejam capazes de manter a bioatividade, aumentar a meia-vida e ainda
controlar a liberacdo local dos fatores de crescimento no musculo cardiaco, sdo essenciais
para utilizacdo clinica dessas proteinas. Sob essa perspectiva, plataformas de liberacdo de
moléculas bioativas, como sistemas micro e nanoestruturados, sdo descritos como estratégias
promissoras na terapia cardiaca regenerativa utilizando FC (REBOUCAS; SANTOS-
MAGALHAES; FORMIGA et al., 2016). Vérios estudos pré-clinicos, tem demonstrado a
restauracdo funcional e morfoldgica do coracéo através do uso de biomateriais como sistemas
de entrega de farmacos que encapsulam ou incorporam os fatores de crescimento, conferindo
aos mesmos, entre outras coisas, protecdo contra degradacdo in vivo (CHERAGHI et al.,
2017).
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Figura 8 — Rotas de entrega de fatores de crescimento para o miocardio. As proteinas podem
ser direcionadas para o miocérdio por varias rotas e cada uma apresenta suas vantagens e
desvantagens. Fonte: Adaptado de Formiga et al. (2012)

2.3 ESTRATEGIAS DE FORMULACAO PARA O DELIVERY CARDIACO DE
FATORES DE CRESCIMENTO: SISTEMAS MICRO E NANOESTRUTURADOS

2.3.1 Sistemas de liberacdo controlada de fArmacos e biomoléculas

O controle da cinética de liberacdo apresenta como um dos principais objetivos a
manutencdo dos niveis do farmaco no sangue dentro da faixa terapéutica, para isso, 0s niveis
devem ser mantidos entre a concentracdo efetiva minima (CEM) e a concentracdo tdxica
minima (CTM). MedicacBes convencionais sdo comumente administradas através de
maultiplas dosagens, mediante intervalos de tempo constantes. Contudo, a necessidade de
reposicOes periddicas da medicagdo, implica na elevacdo da concentracdo do farmaco acima
da CTM que pode ocasionar efeitos colaterais toxicos e ainda refletir na ndo adesdo do
paciente. Sendo assim, é desejavel o desenvolvimento de carreadores de farmacos que
condicionem ao mesmo uma liberacdo controlada, aliada a uma baixa frequéncia de
administragdo (Figura 9). Para isto, uma taxa de liberag&o constante do farmaco, caracterizada
pelo perfil de liberacdo de ordem zero, é muito aplicada. Adicionalmente, ainda existem
outros perfis de liberacdo de medicamentos prolongados, que se mostram oportunos em certas

circunstancias, como a liberagdo pulsatil ou a responsiva a estimulos (LEE;YEO, 2015).
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Figura 9 — Perfil da concentracdo do farmaco no plasma obtido com a administracdo de
medicamentos convencionais em uma Unica dosagem (linha pontilhada preta), multiplas
dosagens (linha pontilhada azul) e na liberagdo controlada (linha vermelha). A faixa entre a
CEM e CTM representa a janela terapéutica, quando o farmaco é efetivo sem causar
toxicidade. Fonte: Adaptado de Lee; Yeo (2015)

Os avancos significativos em sistemas de entrega de farmacos, ocorridos nas ultimas
décadas, proporcionaram uma administracdo de medicamentos mais eficaz (SHAIK;
KORSAPATI; PANATI, 2012). Dentre esses veiculos, merece destaque, 0s sistemas de
liberacdo controlada (SLC) de farmacos, que desde o inicio da década de 1970 atraem uma
crescente atencdo (SAFARI; ZARNEGAR, 2014). O emprego desses SLC implica no uso de
abordagens interdisciplinares que combinam produtos farmacéuticos, ciéncias de polimeros,
quimica de bioconjugados e biologia molecular (KULKARNI; YADAV; VAIDYA, 2011).

A liberacdo controlada implica na associacdo, quimica ou fisica, dos farmacos com
materiais biocompativeis em sistemas que, quando administrados, tenham a capacidade de
controlar, de forma pré-determinada, a taxa de liberacdo/entrega do farmaco a partir desse
mesmo sistema, e/ou conduzi-lo até o tecido em que este deve atuar. (KHAN, 2001). Assim
os farmacos se acoplam a um sistema transportador, tal como nanoparticulas (dispositivos do
tipo matrix), nanocapsulas (dispositivos do tipo reservatorio) e lipossomas, que modulam as
caracteristicas de liberacdo e de absorcdo do farmaco (VASIR; TAMBWEKAR; GARG,
2003; COUVREUR, 2013).

Os SLC de farmacos, micro e nanoestruturados, apresentam muitas vantagens em
comparacdo a apresentacdes farmacéuticas convencionais. Entre elas, visam o direcionamento
ativo para Orgdos ou estruturas-alvo, consequentemente, minimizam efeitos colaterais

indesejados e a atuacdo sobre tecidos vitais, ainda sobre essa mesma estratégia, aumentam a
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biodisponibilidade do farmaco, possibilitando assim, a redugdo da dose terapéutica.
Adicionalmente, oferecem protecdo contra rapida degradacdo e depuracdo do farmaco no
sangue e entrega controlada do mesmo no local de acdo, todas essas caracteristicas culminam
em uma melhor adesdo do paciente ao tratamento. (REBOUCAS; SANTOS-MAGALHAES;
FORMIGA, 2016; WILCZEWSKA et al., 2012).

Os nanocarreadores apresentam ainda propriedades fisico-quimicas e bioldgicas
otimizadas, que Ihe conferem algumas vantagens, como a internalizacdo celular facilitada em
comparacdo a moléculas grandes, assim esses sistemas sdo utilizados com sucesso na entrega
de compostos bioativos atualmente disponiveis. Muitos nanocarreadores ja foram testados
como sistemas de entrega de farmacos, tal como, nanoparticulas lipidicas sélidas,
nanoparticulas magnéticas, dendrimeros e lipossomas (WILCZEWSKA et al., 2012). Os
farmacos podem ser carreados de diferentes formas nos nanosistemas, sejam adsorvidos ou
conjugados na superficie da particula, encapsulados, ou dissolvidos na matriz polimérica.
Mediante estas conformacoes/interacdes, os nanocarreadores podem proteger os farmacos de
ambientes criticos, e ainda mascarar as propriedades biofarmacéuticas desfavoraveis do
composto ativo, de forma que elas passam a ser substituidas pelas propriedades dos
nanomateriais (BAMRUNGSAP et al., 2012).

2.3.2 Sistemas de liberacdo controlada associados a fatores de

crescimento na regeneracdo cardiaca

Os beneficios maximos alcancados pela angiogénese terapéutica, mediada por FC,
dependem do tempo de exposicdo e da capacidade de controlar a liberacdo temporal da
proteina (DEVEZA et al., 2012).

Os SLC apresentam-se como uma alternativa promissora frente aos desafios da
administracdo em bolus de proteinas para o reparo cardiaco apds IM. Esses sistemas podem
ser projetados para conferir protecdo, sustentacdo, controle e entrega local da proteina no
miocardio isquémico. Adicionalmente, certos biomateriais constituintes de alguns sistemas de
“delivery” sdo capazes de isoladamente promover beneficios terapéuticos, atuando como
suporte mecénico, assim minimizando a remodelacdo negativa do ventriculo esquerdo
(AWADA; HWANGA; WANG, 2016).

Tendo em vista, 0 surgimento de inimeros farmacos de natureza proteica e outros
destinados a atuar sobre muitos processos celulares, desencadeou-se uma demanda pelo

desenvolvimento de SLC de farmacos que possam agir diretamente sobre condicGes
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fisiopatologicas. Esses sistemas inteligentes se distribuem na escala micro e manomeétrica e,
apresentam a capacidade de identificar e responder rapidamente a patologias, com uma
atuacdo local, poupando células e tecidos saudaveis, assim oferecendo uma melhor qualidade
de vida ao paciente (SAFARI; ZARNEGAR, 2014).

Dentre os SLC, que possibilitam o “delivery” de FC para o coragdo, podem ser citados
os sistemas de natureza polimérica, os hidrogeis, “scaffolds”, nano e microcapsulas
poliméricas, nano e microesferas; e sistemas lipidicos, como lipossomas e nanoparticulas
lipidicas sélidas (Figura 10). Tais sistemas podem ser constituidos tanto por biomatariais (ex:
quitosana, colageno, gelatina, lipideos e fibrina), quanto por materiais sintéticos (ex: poliéster,
derivados de poliacrilamida) (REBOUCAS; SANTOS-MAGALHAES; FORMIGA, 2016).

o FC
Polimero

Fosfolipideo:

Cabeca polar
Cauda apolar

Lipossomas

Micro/nanoesferas Micro/nanocapsulas Scaffolds porosos
Poliméricas poliméricas

Figura 10 — Sistemas de liberacdo controlada de farmacos e fatores de crescimento.
Representacdo esquematica de diferentes abordagens de carreamento de farmacos utilizados
como plataformas para entrega de fatores de crescimento. Os pontos em vermelho
representam os FC dispostos nos compartimentos de natureza hidrofilica dos SLC. Fonte:
Adaptado de Formiga et al (2012)

Para Hastings e colaboradores (2015), os esforgos e pesquisas voltados para
regeneracdo do tecido cardiaco ao longo das Ultimas decadas, desencadearam inumeras e
potenciais estratégias de tratamento. Merecendo destaque para as estratégias de entrega

avancadas de agentes terapéuticos, entre elas pode-se citar:
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1.Terapia focada em biomateriais: Caracteriza a entrega de agentes terapéuticos, tais como
celulas e fatores de crescimento em veiculos constituidos por biomateriais, sendo os hidrogeis
injetaveis e scaffolds, os principais representantes dessa categoria. Estes sdo administrados no
miocardio ou epicardio e conferem uma liberacdo controlada ao FC, o que reflete na melhora
da sua eficécia terapéutica; e ainda no caso da terapia celular, os biomateriais agem dentre
outras maneiras, mimetizando a matriz extracelular, resultando no aumento da sobrevivéncia
das células pds-transplante.

2. Encapsulacdo em sistemas nanoparticulados: Diz respeito ao carreamento de farmacos em
sistemas nanoparticulados promovendo o aumento da biodisponibilidade do agenteterapéutico
no miocérdio isquémico, ao mesmo tempo, que reduz a distribuicdo para outros tecidos.

3. Abordagens multimodais: Envolvem a entrega de mais de um agente terapéutico, como a
associacdo de células e fatores de crescimento, aliados as abordagens com biomateriais e

sistemas nanoparticulados, para atingir eficacia sinérgica.

2.3.2.1 Micro e nanoparticulas poliméricas

Microparticulas poliméricas também vem sendo empregadas como SLC para
viabilizacdo da terapia com FC no reparo cardiaco. Esses sistemas se referem a particulas
poliméricas na forma de esferas sélidas ou capsulas, das quais, o farmaco € liberado por meio
da degradacéo do polimero ou por difusdo ( LEE; YEO, 2015).

Nesse sentido, e ainda utilizando como rota de entrega a injecdo intramiocardica,
pesquisas como a de Iwakura e colaboradores (2003), utilizaram microesferas de gelatina
(tamanho médio = 10 um) para encapsular FGF-2 (MicroG-FGF-2). Ratos receberam
MicroG-FGF-2 ou solucdo salina, 4 semanas apés inducdo cirargica de infarto. O tratamento
induziu significativa angiogénese nas regides isquémicas e melhorou a fungdo sistolica e
diastolica ventricular esquerda do miocéardio em comparacdo ao grupo controle. Formiga e
colaboradores (2010), encapsularam VEGF em microcapsulas de PLGA (micro-PLGA) e as
detectaram mais de um més ap6s a administracdo no miocardio dos animais infartados.
Adicionalmente, a administracdo de VEGF contido nas micro-PLGA resultou em
angiogénese, arteriogénese e remodelacéo positiva do coracdo caracterizada pelo aumento da
espessura da parede do ventriculo esquerdo. Nenhum desses achados foi observado nos
grupos que receberam VEGF livre e microparticulas vazias, concluindo que a veiculacdo do
FC em um SLC foi essencial para o sucesso terapéutico. Mais tarde, 0 mesmo grupo de

pesquisa avaliou a administracdo individual e concomitante de IGF-1 e neuroregulina,
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veiculados nas micro-PLGA. A terapia promoveu mitigacdo do ambiente hostil, recrutamento
de células progenitoras cardiacas e proliferacdo de cardiomidcitos nos grupos tratados com as
micro-PLGA contendo os FC (IGF-1, neurorregulina, 1GF-1/neurorregulina). Contudo, néo
foram observados efeitos sinérgicos consistentes nos experimentos in vitro e in vivo. Ainda, a
associacdo dos FC, demonstrou menor efeito do que a terapia individual com cada fator.
Acredita-se que ambos os FC atuem sobre as mesmas vias de sinalizacdo e assim podem
competir, o que limitou o efeito combinado. Esta observacdo deve ser levada em
consideracdo, quando forem planejados novos estudos com terapias combinadas de FC
(FORMIGA et al., 2014).

2.3.2.2 Hidrogéis

Hidrogéis sdo produzidos a partir da reticulagdo quimica ou fisica de polimeros,
criando assim, uma rede hidrofilica inchada (encharcada por 4gua) pela agua. Tais polimeros
podem ser de origem sintética ou natural, neste Gltimo caso, por exemplo, formados por
polissacarideos, proteinas e seus derivados. Apresentam um perfil de liberagao do tipo “burst”
para as proteinas incorporadas e sustentam sua liberacdo por um estreito periodo de tempo
(AWADA; HWANGA; WANG, 2016; RADHAKRISHNAN et al., 2014).

Visando a regeneracdo cardiaca, hidrogéis de diferentes origens vem sendo
comumente utilizados como veiculos de entrega de FC e implantados na superficie do
miocardio isquémico de animais. Assim, FUGITA e colaboradores (2005) incorporaram FGF-
2 em hidrogéis de quitosana e evidenciaram a atividade angiogénica do FC biologicamente
ativo liberado do hidrogel. Awada, Johnson e Wang (2015), utilizaram um hidrogel de fibrina
para a entrega de VEGF e PDGF (fator de crescimento derivado de plaquetas humanas), este
ultimo ainda associado a um coacervado a base de heparina, e seus beneficios foram
demonstrados em um modelo de IM de ratos. Os resultados demonstraram a melhora da
funcdo cardiaca ventricular esquerda e espessura da parede do ventriculo, estimulo a
angiogénese, reducdo de fibrose e inflamacgdo, quando comparado aos grupos controle, FC
livre e veiculo (hidrogel). Em outro estudo, foi hipotetizado que a associacao terapéutica de
dois FC, IGF-1 e HGF e a incorporagdo em um hidrogel de alginato maximizaria seus efeitos
terapéuticos. O tratamento demonstrou potencial para induzir regeneragdo enddégena no
miocérdio, evidenciado pela indugdo da reentrada de cardiomidcitos no ciclo celular, e ainda
estimulou angiogénese e reducdo de fibrose (RUVINOV; LEOR; COHEN, 2011). Um

hidrogel responsivo a temperatura e pH foi associado a FGF-2 e implantado no miocardio



50

infartado de ratos, essa estratégia promoveu, ao sétimo dia da administracdo, a reten¢do 10
vezes maior do FGF-2 em comparagdo a sua veiculagdo em salina. Como resultado, foi

evidenciado melhora da angiogénese e funcédo cardiaca (GARBERN et al., 2011).

2.3.2.3 Sistemas lipidicos

Awada, Hwanga, Wang, (2016), afirmam que além dos sistemas “delivery” citados
que buscam a entrega de proteinas biologicamente ativas ao coracdo isquémico, tém sido
utilizados também nanocarreadores lipidicos como os lipossomas.

Lipossomas foram descritos pela primeira vez a mais de 50 anos atrds por Bangham e
colaboradores, ainda na década de 1970, foram considerados potentes sistemas de liberacédo
de farmacos e atualmente, integram pesquisas e aplicacbes clinicas no campo da
nanomedicina (PATTNI; CHUPIN; TORCHILIN, 2015). Os lipossomas tém demonstrado
uma ampla variedade de aplicacbes em contextos clinicos, desde o tocante das areas de
diagnostico, terapéutica e teragndstica, essa ultima e mais recente aplicacdo, que €
caracterizada pela coencapsulacdo de agentes de imagem e terapéuticos em uma Unica
disperséo lipossomal (LILA; ISHIDA, 2017).

Lipossomas séo vesiculas constituidas de uma ou mais bicamada lipidica e um ndcleo
aquoso entre as bicamadas. Caracterizam-se como nanocarreadores versateis, pois sdo capazes
de encapsular, tanto moléculas hidrofilicas quanto lipofilicas, dentro do compartimento
aquoso e inserido ou adsorvido na membrana lipidica, respectivamente (BATISTA,
CARVALHO: MAGALHAES, 2007; LEVCHENKO; HARTNER; TORCHILIN, 2012).

Lipossomas sdo compostos principalmente de lipideos anfifilicos (fosfolipideos,
esfingolipideos e glicolipideos), juntamente com colesterol, além de proteinas de membrana e
polimeros. Os constituintes dos lipossomas influenciam no comportamento dos nanosistemas
em fluidos biol6gicos, como a presenca do colesterol, que interfere na fluidez e na
permeabilidade da membrana lipidica, bem como na estabilidade das vesiculas (ARIAS,
2013).

Os lipossomas sé@o classificados de acordo com seu tamanho, nimero de bicamadas
lipidicas e composicdo. Aqueles que apresentam apenas uma lamela (bicamada) s&o
chamados de unilamelares e ainda subdivididos, conforme o tamanho, em vesiculas
unilamelares pequenas (20-100 nm), vesiculas unilamelares largas (> 100 nm), vesiculas
unilamelares gigantes (> 1000 nm). A presenca de mais de uma lamela classifica 0s

lipossomas em vesiculas oligolamelares, para os tamanhos compreendidos entre 100-1000 nm
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e vesiculas multilamelares (> 500 nm). Conforme a composic¢éo, as vesiculas sdo identificadas
como lipossomas convencionais, lipossomas de longa circulacdo, lipossomas cationicos,
lipossomas sensiveis ao estimulo (pH, temperatura e campo magnético) e imunolipossomas
(PATTNI; CHUPIN; TORCHILIN, 2015).

Lipossomas convencionais sdo constituidos de fosfolipideos e colesterol, e ainda
podem ser compostos de lipideos de carga positiva ou negativa, 0 que confere aos mesmos
uma maior estabilidade em suspensdo (BATISTA et al.,, 2007). Apés a administracao
sistémica, os lipossomas sdo reconhecidos como particulas estranhas e, portanto, estdo
sujeitas a fagocitose por células dos sistemas reticulo endotelial (SRE) (LASIC, 1998). O
reconhecimento e a incorporacdo das vesiculas por macrofagos e proteinas plasmaticas
resultam em uma meia-vida muito curta dos lipossomas convencionais, e consequentemente a
reducdo da biodisponibilidade do farmaco. No entanto, a fagocitose de lipossomas pelo SRE
pode ser uma abordagem interessante em algumas circunstancias, como nas doengas que
afetam os macréfagos (PATTNI; CHUPIN; TORCHILIN, 2015).

Os lipossomas de circulacdo prolongada tém a sua superficie funcionalizada com uma
cadeia de polimero hidrofilico (por exemplo, poli (etilenoglicol) (PEG)), que estabiliza
estericamente as vesiculas e evita a interagdo com proteinas do sangue, células endoteliais
vasculares e outras células (ARIAS, 2013). Moléculas de direcionamento podem ser utilizadas
para aumentar o acumulo local dos lipossomas ou promover a internalizacdo por células-alvo.
A estratégia de “targeting ativo” resulta da modificacdo da superficie do lipossoma por
ligantes que se ligam e interagem com epitopos especificos de células ou tecidos (FORSSEN;
WILLIS, 1998; SAWANT; TORCHILIN, 2012). Quando anticorpos constituem o0s
lipossomas e assim agem como moléculas de direcionamento, esses sistemas séo classificados
como imunolipossomas. (MASTROBATTISTA; KONING; STORM, 1999).

Ao longo dos anos, varias maneiras de formular lipossomas foram desenvolvidas e
otimizadas. De forma geral, podem ser agrupadas em métodos de “massa”, consistindo na
formacéo dos lipossomas a partir da transferéncia dos fosfolipideos de uma fase orgénica para
uma fase aquosa; e métodos de filme, nos quais um filme lipidico é depositado em um
substrado e posteriormente hidratado (PATIL; JADHAYV, 2014). Nesse ultimo caso, a
hidratagdo do filme permite o inchago das folhas lipidicas e, o auto-fechamento das vesiculas
que culmina na formacdo de lipossomas multilamelares. O tamanho e a morfologia das
vesiculas podem ser posteriormente alterados pela aplicacdo de energia mecéanica ou sénica
(Figura 11) (GARG; GOYAL, 2014).
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As técnicas de preparo dos lipossomas, também podem ser classificadas de acordo
com a forma de encapsulacdo do agente terapéutico em: técnica de carreamento passivo, na
qual o agente encapsulado € adicionado antes ou durante a formacao dos lipossomas, e técnica
de carreamento ativo. Esta ultima ocorre da encapsulacdo do agente ap6s a formacdo das
vesiculas (GARG; GOYAL, 2014; DUA; RANA; BHANDARI, 2012).

Para caracterizar as populacfes de lipossomas alguns parametros fisico-quimicos sdo
essenciais. A determinacdo do tamanho médio das vesiculas é uma delas, e inclui varias
técnicas como a dispersao de luz estatica e dinamica, microscopia, cromatografia de exclusdo
de tamanho, fracionamento de fluxo de campo e centrifugacdo analitica (EDWARDS;
BAEUMNER, 2006). A carga superficial é outro pardmetro avaliado nos lipossomas e é
determinado pelo potencial zeta, o qual representa uma maneira simples e direta de medir o
potencial eletrocinético em sistemas coloidais. O potencial zeta pode ser medido por
microeletroforese, que apresenta como vantagem produzir uma imagem das particulas em
movimento ou por dispersdo da luz eletroforética, que se baseia na dispersdo de luz
dindmica(HONARY; ZAHIR, 2013).
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Figura 11- Auto-montagem dos fosfolipideos envolvidos na formacéo de lipossomas. Apos
hidratagdo do filme lipidico, as vesiculas sdo formadas conforme a forca de agitacdo
empregada, de forma mais lenta para as vesiculas multilamelares e mais rapida para vesiculas
unilamelares, estas ultimas geralmente se formam apds a quebra das vesiculas multilamelares
por energia mecanica ou sbnica. Fonte: Adaptada de Patil & Jadhav (2014)
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2.4 LIPOSSOMAS: POTENCIAIS CARREADORES DE FATORES DE
CRESCIMENTO

2.4.1 Lipossomas

Em decorréncia da versatilidade dos lipossomas e seus beneficios para os agentes
terapéuticos e de diagndsticos encapsulados, esses nanocarreadores estdo sendo amplamente
explorados no tratamento e diagndstico de doencas cardiovasculares, seja pela encapsulagédo
de farmacos, materiais genéticos ou agentes de contraste (BOWEY; TANGUAY;
TABRIZIAN, 2012).

Assim, utilizando esses nanosistemas, Scott e colaboradores (2009), desenvolveram
lipossomas conjugados com o anticorpo anti-P-selectina (Lipo-P) contendo VEGF para
administragdo na veia caudal de ratos submetidos a um modelo de infarto. A entrega
direcionada do VEGF contido nos lipossomas proporcionou uma melhora na fungéo cardiaca
acompanhada do aumento no nimero de vasos anatbmicos (21%) e de vasos reperfundidos
(74%), ndo ocorrendo melhoras significativas da funcdo cardiaca para o grupo de animais ndo
tratados, tratados com VEGF livre e sistémico, lipossomas sem direcionamento (sem anti-P-
selectina) e imunolipossomas vazios. Outro estudo foi realizado por Tang e colaboradores
(2014), que também utilizaram Lipo-P para carrear VEGF, porém neste caso, em combinacao
com o transplante de células-tronco mesenquimais (CTMs). A baixa sobrevivéncia de CTMs
transplantadas em modelos experimentais de IM é associada com um baixo suprimento
sanguineo. Assim, eles hipotetizaram que a entrega direcionada de VEGF lipossomal
induziria angiogénese e viabilizaria a terapia com CTMs. Como resultados, o tratamento
combinado de VEGF e CTMS aumentou a densidade dos vasos sanguineos (80%), reduziu a
deposicao de colageno (33%) e demonstrou maior atenuacdo da perda da funcéo cardiaca do
que a terapia isolada.

Em um estudo mais recente, Hwang e colaboradores (2016), encapsularam um
peptideo analogo a sequéncia de aminoacidos do epitopo funcional dominante do VEGF em
lipossomas, e avaliaram a eficicia do peptideo encapsulado em um modelo de IM de ratos.
Como resultado o tratamento proporcionou melhora nos defeitos de perfusdo miocéardica e

aumento da densidade vascular.
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2.4.2 Lipossomas no delivery cardiaco

Algumas pesquisas vém explorando o emprego de lipossomas para fins terapéuticos e
diagnosticos no IM. Assim, como exemplo, lipossomas convencionais e marcados foram
utilizados na identificacdo e quantificagdo de macréfagos/mondcitos em camundongos
infartados (NARESH et al., 2012); lipossomas contendo fostatidilserina moldaram a resposta
anti-inflamatoria pos-IM em roedores ao mimetizar células apoptéticas, minimizando o
tamanho da cicatriz de colageno e prevenindo a remodelacdo ventricular negativa (HAREL-
ADARET et al.,, 2010); também, imunolipossomas (IL) funcionalizados com o anticorpo
antimiosina de cdes, proporcionaram a sobrevivéncia ( > 50% do que o controle) de células
em um modelo in vitro de hipdxia de cardiomidcitos. Adicionalmente, ainda ofereceram
cardioprotecdo quando administrados, concomitantemente com a oclusao da artéria coronaria
em ratos. Estes resultados sugeriram que os IL promoveram um mecanismo de “Plugue e
selagem”, pois além de promover 0 "plugue™ diretamente nos pontos de lesdo celular, também
evitaram a morte dos cardiomidcitos ao selar as lesbes da membrana, gracas a uma possivel
fusdo dos lipossomas com a membrana celular. (KHAW; DA SILVA; HARTNER, 2007;
KHAW et al., 1998).

Com relacdo a encapsulacdo de agentes terapéuticos, imunolipossomas acoplados a um
ligante especifico para troponina I, outro alvo cardiaco, foram empregados no encapsulamento
de um oligonucleotideo antitese de um RNA de interferéncia (RNAI) e assim, promoveram o
silenciamento do RNAI, que levou ao alivio de arritmias em ratos infartados (LIU et al.,
2014). Em outro estudo, Okuda e colaboradores, (2016), investigaram a distribuicdo de
lipossomas contendo FK506 (Lipo-FK506), um farmaco imunossupressor, e seu efeito na
funcdo cardiaca em um modelo experimental de miocardite autoimune de ratos. Ocorreu
acumulo dos lipossomas nas regides de inflamacdo do miocérdio, enquanto ndao houve
retencdo nas porces do musculo saudavel. Ainda, o tratamento com Lipo-FK506 suprimiu a
expressao de citocinas inflamatdrias, e reduziu inflamagdo e fibrose no miocardio quando
comparados ao grupo tratado com FH506 livre.

Mediante 0 exposto, constata-se que os lipossomas configuram-se como SLC para o
delivery cardiaco, seja para fins diagndsticos ou terapéuticos, contudo ainda é pequeno o
numero de pesquisas abordando o seu uso como carreadores de fatores de crescimento para a
regeneracdo cardiaca, embora os estudos tenham obtido éxito em suas abordagens. Desta
forma, é encorajador e inovador explorar 0 uso desses nanocarreadores na veiculagdo de FGF-

2 em modelos experimentais de 1M.
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Abstract

Myocardial infarction (MI) one of most important manifestation of ischemic heart disease
worldwide. Emerging and innovative strategies for cardiac regeneration include
administration of biopharmaceuticals such as proteins and peptides, growth factors, genes,
RNA interference (RNAI), micro RNA (miRNA) and stem cells. However, issues associated
with myocardial drug delivery have been the limitation of these approaches. In addition, the
short biological half-life, low plasma stability and low specificity reduce the chance to deliver
biopharmaceuticals to the myocardium in an efficient and reliable manner. In turn, liposomes
are thought to be safe and useful carriers in the field of drug delivery systems. Liposomes are
nontoxic and biodegradable, but the potential of liposomes for cardiac targeting of
biopharmaceuticals has not been fully explored. This review details the strategies for the
targeting of liposomes to heart, more specifically to the infarcted myocardium, for both
passive and active drug delivery. This review also evidences the feasibility of liposomal

formulations for cardiac regeneration.

Keywords: Liposomes; myocardial infarction; biopharmaceuticals; cardiac repair; targeting;
cardiac delivery.
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1. Introduction

Cardiovascular diseases (CVD) have high rates of mortality and morbidity all around
the world. Among CVD, myocardial infarction (MI) is the most significant manifestation of
ischemic cardiomyopathy, accounting 15.6 million global deaths per year [1]. In order to
mitigate the damage caused by injury, current treatments for Ml including opioids, nitrates,
beta blockers, antiplatelet agents, angiotensin converting enzyme (ACE) inhibitors [2],
beyond revascularization treatments such as heart bypass and the percutaneous coronary
intervention called angioplasty [3]. Although conventional treatment regimens can, to a
certain extent, reduce the pathological burden of CVD, they not able to repair or regeneration
of damaged ischemic myocardial tissue [4].

Under this scenario, new therapeutic strategies for CVD has emerged, namely, cell
therapy, gene therapy and the use of growth factors. Despite their therapeutic potential,
critical issues related to short biological half-life, low tissue retention and lack of specificity
have been minimized by using drug delivery systems. These include polymeric micro- and
nanoparticles, nanofibers, hydrogels and others. Intensive research has been dedicated to
deliver genes and proteins into micro- and nanoparticles [5,6,7]. Hydrogels and other
biomaterials have also been investigated to delivery and recruitment of stem cells towards
cardiac regeneration [8,9,10]. Lipid-based drug delivery systems have been also considered
for CVD, including solid lipid nanoparticles [11]. and liposomes [12]., this latter being the
focus of this review.

The history research of liposomes for CVD begins with the pioneer work of Caride and
Zaret at the end of the 1970s, demonstrating the potential of liposomes as vehicles for drug
delivery to infarct zones [13].

Liposomes have demonstrated capacity to deliver several materials such as low

molecular weight drugs and biopharmaceuticals, including imaging agents, peptides, proteins,
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and nucleic acids. The versatility of lipid systems for size, their release kinetics and targeting
properties of liposomes can be refined and this ability seems to be essential to deliver
therapeutics precisely to the infarcted heart [14].

Therefore, this manuscript seeks to review strategies to target the myocardium using
liposomes, with focus on their safety and efficacy in biopharmaceutical-based cardiac

regeneration.

2. Global impact of ischemic disease

CVD are the leading cause of death in worldwide, accounting for 17.3 million deaths
per year, a number that is expected to grow to more than 23.6 million by 2030 [15,16]. The
global impact has increased during the past decade by 12.5% and now this public health
problem comprising for approximately 31% of all deaths [17].

According to WHO, CVD include a set of heart diseases and blood vessels disorders,
consisting of coronary heart diseases, cerebrovascular diseases and other circulatory diseases
[18]. In the US population, CVD account for nearly 801,000 deaths per year, i.e. one out of
every three deaths [19]. Due to the high impact, a report by the National Project on the Cost
and Use of Health Services (2012) showed expenditures related to CVD and stroke reaching
$316.6 billion, more than any major diagnostic group [20].

In Europe and European Union (EU), CVDs causes more than 3.9 million and over 1.8
million of deaths per year respectively, accounting for almost half (45%) of all deaths in
Europe and over more one-third (37%) in EU. In 2015, more than 85 million people in Europe
were living with CVDs and almost 49 million people were living with CVDs in the EU [21].

In 2006, CVDs-related expenditure in EU was estimated in €169 billion [22] and now

these costs increased to €210 billion a year [21].
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CVDs are also a major cause of death among men and women in Brazil, with impact
in all geographic regions. According to the Information Technology Department of the
Brazilian Health System, ischaemic heart disease (IHD) is the first cause of death accounting
100,000 deaths per year with specific mortality rate of 53.8 deaths for every 100,000
inhabitants [23]. This impact corresponds to healthcare costs about 1.74 % of Brazil’s GDP
[24]. These significant health and economic burden reflects the high cost of CVD treatment in
both developing and developed countries. Therefore, there is urgent need for the development
of new treatments based on safe, effective, affordable, and low-cost technologies from basic

to patient-oriented research.

3. Physiopathology of myocardial infarction

MI results from reduced blood supply to the heart muscle. According to the degree of
ischemia, this process can lead to the substantial death of cardiomyocytes [25,26]. Usually,
atherosclerosis process is the main cause of MI, triggering to the thrombosis stage and
obstruction of the blood flow [27]. Figure 1 shows the events related to physiopathology of
MI.

After an ischemic event, necrotic and apoptotic processes occur in cardiac cells and lead
to a contractile dysfunction [28]. In parallel, a quick migration of cytokine and chemokine
takes place besides high expression of adhesion molecules. An intense inflammatory response
reaches the infarcted zone and then proteases are activated leading to cardiac extracellular
matrix (ECM) degradation. Thereafter, the remaining necrotic cardiomyocytes and matrix are

removed by phagocytosis [29].
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Fig. 1 Physiopathology of myocardial infarction. Atherosclerotic and thrombosis trigger
ischemia and consequent local hypoxia. Consequently, apoptotic processes and necrosis lead
the death of cardiomyocytes. In parallel, an intense inflammatory response is initiated in the
infarct zone, proteases degrade the extracellular matrix that is subsequently phagocytosed by
macrophages, together with necrotic cardiomyocytes. After molecular and cellular changes,
heart initiates a ventricle remodeling process which conducts in wall thinning and ventricular
dilatation. Also, non-infarcted myocardium hypertrophy. Finally, occur the generation of a
collagen scar in the infarcted area, and the physiopathology process leads to risk of heart

failure and death.

After an ischemic event, necrotic and apoptotic processes occur in cardiac cells and lead
to a contractile dysfunction. An intense inflammatory response reaches the infarcted zone and
then proteases are activated leading to cardiac extracellular matrix (ECM) degradation.
Thereafter, the remaining necrotic cardiomyocytes and matrix are removed by phagocytosis

While the biochemical events and molecular alterations occur at ECM and cell level, the

myocardium triggers a left ventricle (LV) remodeling process. Structural changes conduct in
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wall thinning and ventricular dilatation. As consequence, ventricular architecture alterations
increase the wall stress, triggering the non-infarcted myocardium hypertrophy [30]. After this
stage, the healing and repair processes are activated with the generation of a collagen scar in
the infarcted area [3].

The modifications in ventricular geometry and structure promote the development of
mechanical complications and subsequent progressive ventricular remodeling with risk of

heart failure (HF) and death [31].

4. Therapies for myocardial infarction
4.1 Conventional therapies

Each day, patients with chest pain are admitted to hospitals and this scene is replayed
millions of times in different countries around the world. Most deaths caused by MI occurs in
first hours of disease appearance, being 40 to 65% in first hour and, approximately, 80% in
first 24 hours. In this way, prehospital care is adopted in order to reduce hospital mortality, as
medicines for pain, nitrates, anti-coagulants, beta-blockers, antiarrhythmic, in others [32]. The
emergence of these practices lead a decrease on symptoms onset until first medical contact,
leading to more timely access to reperfusion therapy [33].

Besides of pharmacologic therapies, angioplasty and surgical revascularization are
interventional approaches with important functional outcomes. Also, left ventricular assist
devices and therapeutic approaches to risk factors for atherosclerosis, late ventricular
remodeling and cardiac arrhythmias are adopted [3]. These approaches seek to restore cardiac
function or limit the progression of post-ischemic pathophysiological effects. However, they
do not produce long-term benefits.

For the most severe cases, heart transplantation is a complex procedure available for

patients that fit all immune compatibility criteria. In the last decade, between 3,600 and 3,850
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heart transplants have been registered every year worldwide [34]. Unfortunately, the demand
does not contemplate the availability of donors and complications resulting from
immunosuppressive treatment get worse the scenario [35,36].

Taken together, drugs, reperfusion procedures, and vascular and bypass surgeries
conduced to greater survival and prognosis in patients suffering MI. However, most patients
who are dependent of these therapies to survive presents substantial LV injury. This may
result on development of HF, which arouses concern due increased pool of MI survivors with
reduced quality of life [3].

Despite their benefits, the aforementioned treatments do not achieve myocardial
regeneration [37]. Therefore, the development of new therapies able to mitigate the adverse

LV remodeling post-MI is crucial to patient quality of life and survival [38].

4.2 Emerging therapies

Advances on biotechnology research and development have led to increased quality
and quantity of biopharmaceuticals for a wide range of diseases. For example, a great number
of peptide therapeutics are currently being evaluated in clinical trials [39]. Besides traditional
peptide design, a range of peptide technologies has been emerging that represent the
opportunities and future directions within the peptide field [40,41].

In particular, novel and emerging therapies using biopharmaceutics have been
investigated aiming repair and regeneration of diseased myocardium. These biodrugs might
be produced by secretome, which is a generalized term referring to the total byproduct
produced and secreted by cells, including proteins, growth factors, cytokines, chemokines,
microRNAs and similar soluble factors [42].

Intensive research has resulted in considerable advances in the discovery of

therapeutic targets related to non-invasive strategies for cardiac repair and regeneration. To
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date, a number of growth factors have been evaluated in clinical trials, which have
demonstrated safety and potential efficacy for the treatment of heart disease [5,43,44,45].

Improvements in cardiac function after MI have been achieved by the delivery of
growth factors that have restored cardiac function [46]. These proteins have been used in the
context of heart disease due to restorative functions and distinct mechanisms of cardiac repair,
such as angiogenesis [47] (Rodness et al.,, 2016), proliferation and migration [48]
(Lakshmanan et al., 2016), and regeneration [49] (Izadifar, Kelly and Chen, 2016).

Many growth factors play important roles in the protection of cardiomyocytes and
reduction of fibrosis in infarcted regions. Vascular endothelial growth factor (VEGF),
transforming growth factor beta (TGF-f), endothelin and epiregulin, neuregulin 1 (NRG-1),
basic fibroblast growth factor (bFGF), among others, have been reported [42,45,50,51].

Nguyen and co-workers [52] demonstrated reduced left ventricular ejection fraction
and collagen-rich scar formation in swine infarcted heart when treated with mesenchymal
stem cells (MSC)-derived growth factors. This MSC supernatant contained epiregulin,
endotheline, FGF-16, IL-1a, secreted frizzled related protein 1 and 4 (SFRP-1 and sFRP-4),
tissue inhibitor of matrix metalloprotease-2 (TIMP-2) and VEGF, which possess functional
and protective effects in heart post-Ml.

In other strategies, researches have demonstrated that thymosin B4, a peptide involved
in most biological functions, can promote cardiac cell migration, activate proliferation of
cardiac fibroblasts and endothelial cells, and promote neoangiogenesis in a rodent MI model
[53]. In another study now involving coenzyme Q10 encapsulated in nanoparticles, this
coenzyme led to improved heart function, and it might be attributed to its antioxidant nature,
ability to minimize inflammation and improve endothelial function [54].

Recently, the use nucleic acid, either by gene delivery or interference RNA (RNAI),

that encoding and block the translation of an interest protein, respectively, has achieved
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visibility. Gene therapy with gene delivery promotes a longer supply of therapeutic protein,
while shows versatility with RNAI delivery by upregulated or downregulated of proteins
aiming particular response [55].

Additionally, microRNAs (mirRNAs) such as miR-34, miR-210, miR-21, miR-15,
miR-214 and miR-1 have been identified as protective and regulatory players in the damaged
myocardial tissue with significant roles on cell viability, apoptosis, proliferation and
hypertrophy [56]. Huang and colleagues [57] reported the first evidence of insulin-like
growth factor-1 (IGF-1) encapsulated in synthetic chemically modified mRNA (modRNA).
This new approach could potentially target an early temporal window for cytoprotective
intervention in the setting of acute MI. Cytoprotective therapy using IGF-1 demonstrated in
vivo efficacy at 24 hours post-Ml [57].

Cardiac regenerative therapy using stem cells has also demonstrated significant
potential, especially preclinically [8,43,57]. Basic research and clinical trials suggest that cell-
based therapies can improve cardiac function, and the implications of this for heart
regeneration could result in clinical translation. Different cell types have been investigated,
including embryonic stem cells, induced pluripotent stem cells, bone marrow and other adult
tissue-derived mesenchymal stem cells, hematopoietic stem cells, endothelial progenitor cells
and other extracardiac cells. Thus, stem cells present great therapeutic value as result of
potential mechanisms of action, namely, differentiation into cardiomyocytes, endothelial cells
or smooth muscle cells, and paracrine effects [58,59]. Consequently, injection or mobilization

of stem cells could recover or improve cardiac function [37,60,61].

5. Cardiac delivery challenges of biopharmaceuticals
Mechanisms of growth factor biopharmaceutical-induced tissue regeneration are a great

advance for treatment of MI. However, the therapeutic potential of these agents is limited by
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their short in vivo half-life, low plasma stability and low specificity to target organs [5,6,7].
For example, while growth factors can stimulate many important cellular processes needed for
healing, their stability and bioavailability are compromised due to the enzymatic degradation
or rapid clearance [38].

Cardiac delivery of drugs or biopharmaceuticals by bolus injection requires either high
doses or multiple applications to be effective, which can lead to unwanted effects and low
patient compliance. Many clinical trials applying bolus delivery of angiogenic proteins
showed little or no significant therapeutic benefit [61]. In this sense, the limited success
achieved by protein-based angiogenic therapy may partially be related to the mode in which
growth factors are delivered. Several delivery routes have been evaluated to overcome these
challenges, including intravenous, intracoronary, intramyocardial, and perivascular
administration [5,62]. Indeed, the delivery route represents a critical factor in determining
protein deposition in the myocardium [5].

Intravenous infusions are appealing in light of practicality, but they can provide side
effect due to pluripotentiality of GF [63]. Already intracoronary delivery is easily performed
using catheter-based techniques, however can result in low levels of protein deposition in the
myocardium. This case was observed by Laham et al. [62], which FGF-2 intracononary
delivery resulted in myocardial retention only 0.9% and 0.05% after 1 and 24 hours of
administration, respectively [62]. While site-specific methods, such as intramyocardial
delivery can efficiently achieve desired areas in the myocardium and increase the therapeutic
agent bioavailability and, while decreasing non-specific exposure [63].

Besides the route of administration, the mode in which biopharmaceuticals are
formulated represents another critical aspect for cardiac delivery. Lessons from experimental
research and clinical trials indicate no availability of proteins on myocardium after bolus

injection [64,65]. This is a critical issue because an effective therapy requires local
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administration and continuous exposure of protein. Therefore, research on vehicles and carrier
systems for delivery of biopharmaceuticals into the myocardium is pursued. These approaches
might be able to maintain bioactivity, increase half-life, and control the local release of active
agents in the heart tissue.

The local bioavailability of proteic drugs and small molecules in the myocardium is
also related with a safe and tolerable therapy [5]. Cell function controll mediated by GF is
achieved through activation of specific signalling pathways that act on different biological
routes and organs [8]. Many biopharmaceuticals with pleiotropic activities can induce side
effects and hence endanger therapy success. For example, some angiogenic peptides cause
undesired vascularization in non-target sites when delivered in an uncontrolled manner [5].

Regarding gene therapy in the treatment of ischemic heart disease, there are problems
limiting its clinic application, such as the long-term safety of clinical trials, difficult in
standardizing groups of patients involved in the assays, beyond dose-related issues and gene
transfection efficiency [66].

A study development by Schawarz and colleagues [67] identified formation of
angiomas after intramyocardial delivery of plasmid DNA encoding vascular endothelial
growth factor (phVEGF165) in rats infarcted heart [67]. The choice of the appropriate dose is
very important and should be considered a key point of the therapeutic strategies adopted, in
this cited study the high dose of phVEGF165 (500mg) was administered. Such issue can be
circumvented by use of biomaterial systems which control release rate of the encapsulated
agent for an prolonged period of time, avoiding excessive high dose exposure by bolus
administration and consequent side effects [55].

Critical issue for cell-based therapy is determining the optimal mode and route of
delivery. Hou et al. [68], studied retention of peripheral blood mononuclear cells (PBMNCSs)

after delivery by different routes in an ischemic swine model. Intramyocardial (IM) delivery
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resulted in the highest retention rate (11%), while intracoronary (IC) or intravenosly (1V)
delivery were ~ 3%. High number of cells migrated to pulmonary circulation and accumulated
in the lungs, with rates of 26 % (IM), 47% (IC) and 43% (IV). In this case, for all delivery
modality the majority cells in not retained in the heart, which is a limitattion of cell therapy
and may have significant clinical implications in non-target organs [68].

Refined strategies of combining advanced biomaterials and drug delivery systems for
cytokines and growth factors might allow control of the microenvironment of the cells. Still,
these approaches could improve cell retention, survival and functional integration of
transplanted cells in the hostile microenvironment of injured myocardium [8,6,9,69,70].
Therefore, the delivery of growth factors to heart has been experimentally mediated by
systems of polymeric nature, hydrogels, scaffolds, nano and polymeric microcapsules, nano
and microspheres; and lipid systems such as liposomes and solid lipid nanoparticles [44].

Therefore, novel technologies able to efficiently deliver biopharmaceuticals in the
heart tissue may increase the translational value of peptides, growth factors, genes, nucleic
acids and stem cells in the setting of cardiac regeneration. In the field of nanomedine, nano-
sized drug carriers can offer distinct pharmacokinetic properties, such as specific drug
delivery, controlled release, high metabolic stability and long-lasting action [71,72].
Collectively, these attributes can improve the bioavailability and therapeutic index of drugs

and biopharmaceuticals in a myriad of diseases, including CVD.

6. Liposomes as cardiac carriers for biopharmaceutical

The endothelial barrier ensures vascular homeostasis by flow control of
macromolecules, acting as immune surveillance, in addition to promoting mechanisms to
control local infections by fibrin deposition. On the other hand, uncontrolled vascular
permeability can be initiated by many stimuli, such as inflammatory and ischemic processes

in the heart, which leads an uncontrolled or prolonged vascular leakage [73].
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Under this scenario, nano-sized carrier systems such as liposomes may exhibit
preferential accumulation in the leaky vasculature resulting from MI [74,75]. Also, these
systems can be designed to specifically target injured regions [76,77,78,79].

Particularly, liposomes has been explored in the treatment and diagnosis of
cardiovascular diseases, either by encapsulation of drugs, genetic materials or contrast agents
[80]. Aiming the myocardial targeting of biopharmaceuticals, a number of studies assessing
liposomes have been considered in this review, which will be presented in the following

sessions.

6.1 Liposomes properties for infarcted myocardium targeting

Liposomes are lipidic vesicles constituted of a single or more lipid bilayers and an
aqueous core between the bilayer. They can incorporate both hydrophilic and lipophilic
molecules, located in the aqueous compartment and inserted or adsorbed into the membrane
lipidic, respectively [81]. Lipids used as component of liposomal formulations are mostly
made of amphiphilic lipid (phospholipids, sphingolipids and glycolipids) along with
cholesterol, membrane proteins or polymers. The constituents influence the behavior of
nanosystems in biological fluids, such as the presence of cholesterol, which interfere with
fluidity and permeability of lipid membrane, as well as the stability of the liposomal
dispersion [82].

Classification of liposomes is based on their size, number of bilayers and composition.
Liposomes having only one lamella are called unilamellar and are subdivided by size into
small unilamellar vesicles (SUV 20-100 nm), large unilamellar vesicles (LUV > 100 nm),
giant unilamellar vesicles (GUV > 1000 nm). The presence of more than one lamella
classifies liposomes in oligolamellar vesicles (OLV 100-1000 nm) and multi-lamellar vesicles

(MLV > 500 nm) (Figure 2) [83].



69

Liposomes size can be easily shaped by liposome size reduction techniques, such as
sonic or mechanical energy [84,85]. Particularly, in the targeting liposomes to cardiovascular
system, size is a characteristic to be considered in the improvement of these nanosystems for
delivery of bioactive molecules [80].

After systemic administration, liposomes are recognized as foreign particles and,
therefore, are subject to phagocytosis by cells of the reticulum-endothelial system (RES), liver
and spleen composed this system [86]. The recognition and incorporation of vesicles by
macrophages and plasma proteins, lead to a very short half-life and reduce drug distribution of
the sites of action. In addition, RES less recognizes small liposomes than larger liposomes.
However, liposome uptake by RES can be an interesting approach in some circumstances, as

in diseases affecting macrophages [83].

Hydrophilic protein Hydrophobic protein

D ® o<

Hydrophilic drug Hydrophobic drug ~ Nucleic acids

Unilamellar Liposome Multilamellar Liposome

Fig. 2 Liposome features based on their number of bilayers for delivery of drugs or

biopharmaceuticals

In view of the role of macrophages in the pathophysiology of MI, macrophage-
targeted liposomes have been developed aimed at therapeutic and diagnostic applications. In
the context, Naresh and colleagues [87] quantify and label macrophages and monocytes

infiltrate infarcted myocardial with larger liposomes by magnetic resonance imaging. Contrast
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agents labeled-liposomes (0.5 £ 0.25 um) size was selected for enhancecd spleen uptake. As
result, macrophages and monocytes recruited to infarct zone had maximum quantification on
day 4 compared on day 1 e 7 after Ml, corroborating with prior histologic studies.

Regarding still classification of liposomes, based on their composition, vesicles are
identified as conventional liposomes, long-circulating liposomes (stealthy liposomes),
cationic liposomes, stimuli-sensitive liposomes and immunoliposomes [83].

As opposed to conventional liposomes, long-circulation lipossomes have their surface
functionalized with a hydrophilic polymer chain, such as poly (ethylene glycol) (PEG), that
offer sterically stabilizes vesicles, repulsion between the nanosystem and blood componentes,
and avoids interaction with blood proteins, resulting in a smaller capture by the reticulum-
endothelial system (RES) and in a time delayed circulation [82,88].

In a pioneer work, Torchilin and colleagues [89] evaluated the factors influencing
targeted accumulation liposomes in the rabbits infarcted myocardium. Size, presence or
absence of PEG and infarct-specific antibody on the liposome biodistribution in vivo were
considered. Small liposomes (120-150 nm, SL) and larger liposomes (350-400 nm, LL)
prepared with cholesterol, phosphatidylcholine and stearylamine were injected intravenously.
There was no difference in the accumulation in the infarction zone for the different sizes
liposome tested (0.02% vs. 0.02%, expressed as %dose per g of the tissue). However, for SL
the addition of PEG and an infarct-specific antimyosin antibody (SL-PEG-A) reflected
maximum uptake in the infarct zone (0.25%). This result was correlated with the presence of
PEG on the liposomes surface since vesicles circulation time was increased (15% to = 65 to
injected dose, SL vs. SL-PEG-A). Beyond strong influence of the infarct-specific antibody,
showed by the increase uptake in the infarcted myocardium as compared PEG-liposomes

(without antibody, 0.13% to 0,25 %, SL-PEG vs. SL-PEG-A) [89].
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Antibody-targeted liposomes are reported to as immunoliposomes [90]. Besides
antibody [91,92], other moieties have been employeding to development of infarct-specific
targeting liposomes, such as proteins [76,77], carbohydrate [93] and lipids [12].

Dasa et al. [76], identified peptides specific for cardiomyocytes, endothelial cells,
myofibroblasts, and c-Kit + cells present in the microenvironment of post-MI. These peptides
were conjugated to liposomes and evaluated concerning to their biodistribution in infarcted
mice. Results indicated the higher accumulation for each type peptide-conjugated liposomes
in the infarct/border zone than unconjugated liposomes with the peptides. In addition, cardiac-
targeted peptide-conjugated liposomes were able to shift the liposomes away from
macrophages, differently from unconjugated liposomes with the peptides, which showed
significantly uptake by RES.

The resident and recruited macrophages on infarct area during the inflammatory
response induced by cardiac injury initially exhibit proinflammatory activity, followed by
inflammation resolution phase, which characterized by the action reparative macrophages.
Also, aspects such as duration and extent of the early inflammatory phase negatively affect
the size infarct and ventricle remodeling. Aiming modulation of cardiac macrophages, Harel-
Adar et al. [12] reported phosphatidyserine-presenting liposomes (PS-liposomes) able to
mimic the apoptic cells aiming their anti-inflammatory effects. This strategy based on
recognition of apoptotic cells by macrophages via surface ligands, which apoptic cells are
known to suppress inflammation by inhibiting the release of proinflammatory cytokines from
macrophages. Results demonstrated an upregulation of the anti-inflammatory response and
also preservation small infarct, and prevention ventricular dilatation and remodeling.

Torchilin et al. [94] described for the first time the development of modified liposomes
by covalent coupling to canine cardiac antimyosin and they shown experimentally the

accumulation of liposomes in the canine infarcted myocardium. Later, Khaw et al. [95] used
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antimyosin-immunoliposomes (IL) to reveal cell membrane lesions. In vitro experiments with
a hypoxic model of injury in rat embryonic cardiomyocytes revealed a high survival of
hypoxic cells in the presence of IL (up to 95%) when compared to controls (about 40%). The
authors suggested that IL besides promoting 'plug’ directly into the holes of damaged cells,
also prevent cell deaths by sealing membrane lesions evidenced by possible fusion of
liposomes with cell membrane. In addition, the intracellular delivery of a plasmid and
subsequent expression of its genetic products confirmed the fusion of IL with the cell
membrane of hypoxic cardiocytes. In order to evaluate the in vivo applicability of ILs, Khaw,
DaSilva, & Hartner [78] tested the "Plug and Sealing" approach of these immunoliposomes
in the protection of the myocardium in a rabbit model of acute MI. The results of absence of
necrosis in the IL-treated groups and reduction of 5 times the size of infarction compared to
controls (placebo and nonspecific liposomes) demonstrated that IL effectively offered
cardioprotection when administered concomitant with coronary artery occlusion in the
induction of experimental MI. The authors also suggested that the use of IL could be an
adjunct approach to reperfusion therapy, resulting in improved preservation of cardiac tissue

after MlI.

6.2 Strategies to target the myocardium using liposomes

The research on liposome has been demonstrated a wide variety of clinical
approaches. Their applications include therapeutics, diagnostic and theranostics, this latter
more recently described, and characterized by the co-encapsulation of therapeutic and
imaging agents in a single liposomal dispersion [96].

Nanocarriers modify drug kinetics in vivo, concerning the targeting of the
encapsulated agent to the site of action through of two strategies, namely, passive and active

targeting. When targeting depends on physiopathological mechanism such as enhanced
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permeability and retention effect (EPR) and incorporation by the RES this targeting is called
passive. On the contrary, if the targeting is linked to a specific nanosystem, which is designed
to bind to a target molecule that is specific for a certain disease process, in this case it’s an
active targeting [97]. Figure 3 illustrates liposomes characteristics mandatory for passive and
active targeting. Both strategies, passive and active targeting, are used to improve delivery of
drugs and biophamaceuticals encapsulated in liposomes to cardiovascular system.

Different controlled release systems have been used for growth factor therapy in the
setting of experimental M1 [5,98,99]. For liposomes, few studies have been dedicated to these
systems as carriers of peptide or small molecules for cardiac repair. However, due to their
properties and the search for safe and effective carriers, interest in utilizing liposomes as

cardiac carrier for biopharmaceuticals has been growing recently (Table 1).

STRATEGIES

| |

PASSIVE ACTIVE
TARGETING TARGETING

Depends on physiopathological mechanism
P physiop 8 Nanosystem is designed to bind to a target

molecule specificin disease condition

EPR effect
Incorporation by RES

‘ ‘ Targets on microenvironment of
Liposomes features Ligand-targeting liposomes infarcted areas

Lipids
Antibodies y i

Size
Charge 100-200 nm 500 nm*
Surface polymeric (Stealth)

Carbohydrate

“\\4
Proteins

Fig. 3 Targeting strategies of liposomes for infarcted heart. Liposomes can be
targeting to infarcted myocardium through of two strategies, named passive and active
targeting’s. Liposomes’ characteristics such as size, charge, and polymeric surface are
determinant for passive targeting that is related to physiopathological mechanisms, like
enhanced permeability and retention effect (EPR) and incorporation by the reticulum-
endothelial system (RES). While in the active targeting, the targeting is linked to a specific
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nanosystem, which is designed to bind to a target molecule that is specific for a certain
disease process. Ligand-targeting liposomes are designed with antibodies, proteins,
carbohydrate and lipids (e.g. phosphatidylserine) aimed infarct zone’s microenvironment

targets (e.g. cardiomyocytes, macrophage, myosin, troponin 1, P-selectin, AT1-receptor)

6.2.1 Passive targeting

Regarding the passive targeting, liposome’s characteristics such as size, charge, and
polymeric surface coatings affect their cellular uptake, distribution and blood clearance [80].
Thus, conventional liposomes, long-circulating liposomes, and cationic liposomes can be

employed by passive targeting strategies to infarcted heart.
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In a study developed by Caride, Zaret [13], the authors observed that the surface charge
of the liposome membrane influenced on the vesicles accumulation into dogs infarcted
myocardium. Dicetylphosphate and stearilamyne were used to prepare negatively and
positively charged liposomes, respectively, while liposomes uncharged were constituted of
cholesterol and lecithin only. After intravenosly administration of the radioactively labeled
convencional liposomes, 85SR-labeled carbonized microspheres were also administered,
which allowed to correlate the concentration of liposomes in the infarct areas with the
regional myocardial blood flow. As a result, positively charged and neutral liposomes were
concentrated in the infarct areas, while the negatively charged liposomes accumulated
preferentially in the myocardium non-infarcted regions.

Understanding the molecular basis of the EPR effect, Lipinski et al. (2016) [74]
demonstrated presence of long-circulation liposomes after intravenosly delivery in the mice
infarcted myocardial by different imaging techniques. Liposomes were preferentially
concentrated in the infarcted zone, so it was possible to identify the cardiac lesion. They also
suggested these liposomes may serve as vehicles for cardiac drug delivery.

Ye et al. [101] assessed the synergism of engraftment of stem cells with VEGF165
genes- loaded cationic liposomes (VEGF165-L) for regeneration cardiac in rats. Combined
therapy of human skeletal myoblasts (hSkM) and human VEGF165-L revealed reduced
apoptosis, improved angiogenesis, and better ejection fraction as compared with the results of
the groups of animals treated with DMEM or hSkM with empty cationic liposomes. In
addition, the transfection of VEGF165 gene contained liposomes into HSkM was enabled
expression of hVEGF165 sufficient to induce increased blood flow in the infarcted heart and

stimulate cytokinesis in hSkM, resulting in improved cardiac function.
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Recently, Hwang et al. [108] encapsulated a peptide analogous to the amino acid
sequence of the dominant functional epitope of VEGF. They evaluated the efficacy of
encapsulated peptide in a rat Ml model. This strategy provided a significant increase in vessel
density when compared to control groups, and also improved reperfusion defects in the
infarcted myocardium.

Another biopharmaceutical, adenosine, may have its safety and therapeutic efficiency in
preventing post-reperfusion myocardium injury conferred using controlled release systems,
such as liposomes. According this, Verma, Levchenko, Bernstein, & Torchilin [103]
encapsulated ATP into cationic and stealthy liposomes (ATP-L1) and evaluated the effect of
ATP-L on the cardiac mechanical function in the Langendorff isolated heart model submitted
ischemic/reperfusion. The administration of ATP-L1 (1 minute) before reperfusion (30
minutes) showed better preservation systolic and diastolic function compared to controls,
Krebs—Henseleit (KH) buffer, free ATP (F-ATP), and empty liposomes (EL). Additionality,
encapsulation of ATP in liposomes was effective in protecting ATP to hydrolysis in the
presence of ATPase. In another study performed by Takahama et al. [75], intravenosly
delivery of ATP-loaded stealthy liposomal (L-ATP2) led to reduction negative hemodynamic
effects on blood pressure and heart rate as compared with the same dose of free adenosine. In
addition, L-ATP2 acting as cardioprotector, promoting the reduction about 44.55% infarct
size compared with saline treated groups.

The same search group demonstrated increase intracellular delivery of coenzyme Q10
(CoQ10) encapsulated into cationic and stealth liposomes (CoQ10-L) in a rabbit myocardial
infarction model. Herein, CoQ10-L intracoronary delivery was performed in similar
conditions by Verma et al. [104], reported previously text. Additionally, resulted in final
irreversible damage lower in the animals treated with CoQ10-L (30%) of the total area at risk

compared with control groups, empty liposomes (60%) and buffer (70%). As conclusion,
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liposomes as ATP and CoQ10 carrier to evidenced approaches in the use direct or indirect
sources of exogenous energies to "myocardial reperfusion injury” prophylaxis resulting of

inadequate energy supply.

6.2.2 Active targeting

Targeting moieties can be used to increase local accumulation or promote cellular
internalization by target cells. The active targeting strategy arises from liposome surface
modification by ligands which bind and interact with specific cellular or tissue epitope
[109,110]. Several microenvironment of infarcted tissue have been explored as active
targeting strategies of liposomes, such as myosin [78], P-selectin [92], angiotensin Il receptor
type 1 [77], macrophage [12] and troponin | [102].

Recently, Ben-Mordechai et al. [107] tested a therapeutic strategy based on
macrophage modulation aiming to interfere in the LV adverse remodeling after MI. The
authors developed macrophage-targeted liposomes to deliver of hemin, a porphyrin activates
heme oxygenase-1 (HO-1) enzyme. It acts suppressing pro-inflammatory (M1) macrophage
and activating reparative (M2) macrophage, thus reducing the inflammation. Rhodamine-PE-
labeled liposomes were injected by tail vein in infarcted-mice, allowing confirmation of
targeting to infarct macrophages. This approach also preserved LV wall thickness, improved
angiogenesis and infarct-related regional function.

Scott et al. [79] developed anti-P-selectin-conjugated liposomes containing VEGF to
targeting in rat infarcted myocardium and it also assessed changes in cardiac function and
vasculature structure after MI1. Immunoliposomes targeted delivery containing growth factors
resulted in improvement of systolic function, increase in blood vessel density and perfusion.

Also, Tang et al. [100] used anti-P-selectin-conjugated liposomes to deliver VEGF in

combination with the graft mesenchymal stem cells (MSCs). The low survival of transplanted
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MSCs in experimental models of MI is associated with low blood supply. Then, they
hypothesized that targeted delivery of VEGF-liposomal would induce angiogenesis and
feasible MSCS therapy. As result, therapeutic association of VEGF and MSC increased
viability of engrafted cells, increased in 80% in the number of blood vessel, reduced in 33%
of collagen deposition, and better preservation of cardiac function than isolated therapy.

Erythropoietin (EPO) has been reported to present therapeutic effects upon M, but its
benefits after systemic administration are also accompanied by polycythemia [106]. Hence,
Yamada et al. [106] developed cardiac-targeting liposomes to deliver EPO (L-EPO) in the
infarcted myocardium. As a result, L-EPO selectively accumulated in the infarcted zone,
reducing the area of fibrosis, increased vessel density and improved the LV remodeling and
function.

In an elegant strategy, Liu et al. [102] encapsulated anti-MicroRNA-1 antisense
oligonucleotides (AMO-1) into troponin l-antigen specific immunoliposomes to specific
delivery to injured heart tissue and down-regulated MicroRNA-1 expression in ischemic
cardiomyocytes. The strategy was successful achieved with MicroRNA-1 silencing, leding
relief of arrhythmias, ST segment elevation attenuation and restoration of the depolarized

resting membrane potential in Ml rats.

7. Future directions

Reducing mortality rates due to acute myocardial infarction is currently a tangible
challenge, but one can still see strategic points for the implantation of a better prognosis. The
investigation of new intervention strategies continues to intensify, such as induction
myocardial regeneration, attenuation of lesions by reperfusion therapies and mitigation
inflammatory response. Such strategies have promising outcomes but have not yet their

proven benefits in the acute care setting of MI [111].
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Progress on biopharmaceutical research and development have led to increase the
quality and quantity of biopharmaceuticals such as peptides, growth factors, genes, nucleic
acids and stem cells. These biopharmaceuticals are endowed with distinct mechanisms able to
repair and regenerate the infarcted myocardium. However, novel technologies able to
efficiently deliver these biopharmaceuticals in the heart tissue may increase their translational
value.

As detailed in this review, liposomes can be targeted to heart by passive and active
targeting, the choice of how the encapsulated agent will be directed to the site of action
depends on the target in the pathophysiological process of the MI. This target can be
macrophages or, in the majority of cases, directily to injured myocardium. Modifications of
liposomes with hydrophilic chain polymers, such as PEG, present complementary strategies
that enhance therapeutic response.

The clinical potential of liposomes as versatile carriers for a myriad of old and
newfound biopharmaceuticals is provided thanks the ability to manipulate their characteristics
according to the application interest, including CVD. Additionally, the application of
nanosystems as teragnostic platforms is pointed as a new path, in view of the ability of
liposomes to co-encapsulate diagnostic and therapeutic agents [96].

In conclusion, we believe that in addition to investigating new specific targeting
molecules to post-infarction microenvironment, it would also be enlighted to conduct
comparative studies between the different myocardium targeting molecules to design
liposomes already explored individually in experimental studies. Also it’s encouraging to
study the behavior cardiac tissue following the administration of liposomes, as well as their
retention by administration routes not yet considered, such as local. Collectively, these studies

could generate important contributions in the field of cardiovascular regenerative therapy.
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Abstract

Different carrier systems have been investigated for myocardial delivery of
biopharmaceuticals for heart disease. Here, we aimed to evaluate the heart retention and tissue
response of liposomes for intracardiac drug delivery. Liposomes were produced by the
method of hydrating the lipid film. Cytocompatibility tests were performed in murine L929
fibroblast and H2c9 cardiomyocytes using the Alamar Blue assay. In vivo experiments were
assessed in infarcted mice with isoproterenol (s.c., 150 mg/kg). Intramyocardial delivery of
fluorescent liposomes (rhodamine B-labeled) with different mean sizes (165 nm, 468 nm,
1551 nm and 1954 nm) was performed by ultrasound-guided transthoracic injection. After
three days, mice were euthanized for histological evaluation using optical and fluorescence
microscopy. No cytotoxic lipid concentrations were determined in the range of 9.3-120 uM
for both cells lines tested. Large liposomes induced significant inflammation in myocardium
compared with the control group (p<0.0001). In contrast, heart mice injected with 468 nm-
sized liposomes exhibited a lower number of inflammatory cells and a greater tissue retention
72 h post-injection was found. These findings remarkably indicate the potential of liposomes
as versatile carriers of biopharmaceuticals for intracardiac delivery, supporting the

development of further research on lipidic delivery systems for heart disease.

Keywords: Myocardial infarction, liposomes, biocompatibility, cardiac delivery system,

microinjection.
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1. Introduction

Cardiovascular diseases (CVD) are recognized as the leading causes of death in the
world. In 2013, around 54 million deaths worldwide occurred and 32% of these deaths, or 17
million, were attributable to CVD. The majority of these CVD deaths were attributable to
either ischemic heart disease (IHD) or cerebrovascular disease [1]. Globally, IHD has become
the leading contributor to the burden of disease as assessed on the basis of disability-adjusted
life-years [2]. Myocardial infarction (MI) is the most important manifestation of IHD and is
associated with high morbidity and mortality worldwide [3]. Concurrently, the global burden
of CVD and acute MI has shifted to low- and middle-income countries, where more than 80%
of deaths from cardiovascular disease worldwide now occur [2, 4].

Despite of benefits with drugs, surgical reperfusion and revascularization procedures
after post infarct, these strategies are limited because a significant number of patients are not
candidates for coronary revascularization procedures or achieve incomplete revascularization
with these approaches [5]. In addition, heart failure is emerging as a prominent longer-term
illness, causing death of infarcted patients, and very high mortality rate (> 40%) among
patients with cardiogenic shock after acute M1 remains a particular challenge [6]. Therefore,
novel therapeutic strategies are mandatory to prevent the high morbidity and mortality rates
resulting from MI. In the past decade, growing investigation on new strategies for
regeneration of the injured myocardium, including gene therapy [7], cell therapy [8] and the
use of growth factors [9] are emerging. These innovative approaches have been challenged by
hindrance to achieve the heart tissue and promote therapeutic benefits. For example,
angiogenic growth factors clinically failed due to the short circulating half-life and high
instability of proteins when systemically administered [10]. In turn, stem cell-based therapies

still depend on delivery platforms and cytokine stimuli to maintain cell retention and viability


file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_1
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_2
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_3
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_2
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_4
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_5
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_6
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_7
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_8
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_9

95

after transplantation [11, 12]. Thus, the clinical translation of emerging therapies using
biopharmaceuticals such as plasmids or recombinant proteins or even stem cells depend on
new technologies for myocardial-targeted delivery.

Different biomaterials have been investigated as potential platforms for deliverying
biopharmaceuticals to the myocardium for the treatment of M1 [13, 14]. For example, the use
of hydrogels for cardiac delivery may favor positive tissue remodeling in association with
therapeutic proteins or growth factors [15]. In addition, polymeric micro- and nanoparticles
have shown great potential to deliver cytokines to the myocardium, administered via
intramyocardial injection in a rat MI model [ 16, 17 ]. In turn, liposomes are another example
of a promising biomaterial intended to target drugs, biopharmaceuticals and cells to heart [18-
20].

Also the emerging therapies for cardiac regeneration face on critical issue of myocardial
delivery. The intramyocardial route (IM) allows high availability and tissue retention [21] but
it is commonly performed by invasive procedures such as thoracotomy or sternotomy.
Alternatively, ultrasound-guidance percutaneous intramyocardial injection is a feasible
method able to access specific regions of the heart. Importantly, this approach eliminates the
inherent complications of thoracotomy and surgical morbidity besides to allow the use of
therapeutic regimens with multiples administration [22].

In particular, liposomes have been used as convenient delivery vehicle for biologically
active molecules, they can incorporate both hydrophilic and lipophilic molecules, located in
the aqueous compartment and inserted or adsorbed into the membrane lipidic, respectively
[23]. The versatility of lipid systems for size, their release kinetics and targeting properties of
liposomes can be refined and this ability seems to be essential to deliver therapeutics precisely
to the infarcted heart [24]. However, liposomes potential for myocardial-targeted delivery has

not been extensively explored.


file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_11
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_12
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_13
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_14
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_16
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_17
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_18
file:///C:/Users/thais/Downloads/TESE%20PARTE%202_ok-Fabio.docx%23_ENREF_18

96

Herein, we propose to administer liposomes through a minimally invasive method, the
ultrasound-guidance transthoracic intramyocardial injection. Importantly, this is the first
report of liposomes percutaneous delivery into myocardium. Through this approach, we
aimed to evaluate the heart retention and tissue response of liposomes for cardiac delivery in a
pharmacologically induced mice model of myocardial infarction.

Additionally, it is important to highlight that the liposomes were incorporated in a
cellulose-based hydrogel. Previous studies have shown that hydrogel used in the present work
is biocompatible with subcutaneous rabbit tissue and is capable to induce tissue remodeling
[25], non-cytotoxic, genotoxic or acutely toxic [26]. This association was designed for future
efficacy studies, when we intend to encapsulating a growth factor in the liposomes tested
here, thus also the hydrogel can be will evaluated for its ability to positively influence post-

infarction cardiac remodeling.

2. Material and methods

2.1. Material

Soybean phosphatidylcholine (Lipoid S 100®) was purchased from Lipoid GMBH
(Ludwigshafen, Germany). 7-Hydroxy-3H-phenoxazin-3-one-10-oxide  sodium  salt
(Resazurin sodium salt) (M,: 251.17) was supplied from Sigma-Aldrich (Oakville, Canada).
Dulbecco’s Modified Eagle Medium (DMEM) to cell culture was furnished by Gibco (Grand
Island, NY, USA). Cholesterol, Rhodamine B isothiocyanate, pararosaniline chloride and
isoproterenol hydrochloride were supplied by Sigma-Aldrich (Sigma-Aldrich, USA). The

hydrogel bacterial cellulose hydrogel (0.8%) was produced and provided by Polisa,
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Biopolymers for Health Ltd, linked to the Federal Rural University of Pernambuco (UFRPE).

All other chemicals were of analytical grade and used as received.

2.2. Preparation of liposomes

Fluorescence-labeled liposomes (Rhod-Lipo) were prepared using lipids at 120 mM
(soya phosphatidylcholine and cholesterol; 8:2) and rhodamine B (0.5 mg/mL) by the thin
film method [27]. Briefly, lipid constituents and rhodamine B were dissolved in a mixture of
chloroform and methanol (3:1 v/v) under magnetic stirring. The solvents were removed under
pressure (37 °C, 80 rpm) and the thin film formed was hydrated with 10 mL of trehalose
(10%) in phosphate buffer solution (pH 7.4) resulting in large multilamellar vesicles (MLVSs).

Liposome batches with different sizes at micro and nanoscale were prepared using an
ultrasound probe in order to evaluate their retention in myocardium and biocompatibility.
Therefore, liposomes were prepared according to sonication parameters which ranged in the
power (1-5) and time (10-150 seconds). Lastly, liposomes were frozen at -80 °C, lyophilized
and stored at 4 °C before use. Prior to in vivo studies, lyophilized liposomes were
reconstituted in pH 7.4 phosphate buffer solution and incorporated in a cellulose-based
hydrogel (1:1, v.v). The injectability [28] of liposomes incorporated in hydrogel was assessed

by their ability to pass through a 29-gauge needle used for heart injection [15].

2.3 Liposome characterization

Liophilized liposomes were reconstituted in phosphate buffer solution (pH 7.4) and

characterized in terms of particle size, polydispersity index (PDI) and surface charge (zeta

potential) using dynamic light scattering (DLS) and electrophoretic mobility techniques,
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respectively (Particle Analyzer™ Delsa Nano S, Beckman-Coulter, USA; ZetasizerNano-

ZS90, Malvern, Worcestershire, UK).

2.4. Cytotoxicity of liposomes

Murine L929 fibroblast and H9c2 cardiomyocytes were used for evaluating the
cytotoxicity of liposomes. Both cell lines were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (Cultilab, Campinas, Brazil)
and 50 pg/mL gentamicin (Novafarma, Anapolis-GO, Brazil). Fibroblasts and
cardiomyocytes were plated into 96-well culture plates at densities of 10* cells/well and 5x10°
cells/well, respectively. Cells were maintained in an incubator containing 5% CO, at 37 °C for
24 h. After incubation, Rhod-loaded liposomes with different sizes and lipid concentrations at
9.3, 15, 25.9, 43.2, 72, 120 uM were added to the cells and incubated for 72 h. DMEM was
used as positive control and pararosaniline chloride (p-RANIL,10 uM) as negative control.
The cell viability was analyzed using resazurin sodium salt reagent (10%) after incubation for
4 h. Metabolic activity of cells was determined by measurements of reaction products using a
multi-plate reader at 570 to 600 nm. In a separated set of experiments, the cytotoxicity of the
hydrogel was also assessed in H9c2 and L929 cells using the aforementioned conditions. For
that, cells were incubated with hydrogel at the concentrations ranging from 5.3 pg/mL to 170

pg/mL.



2.5. In vivo experiments

2.5.1. Myocardial infarction model
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The investigation was carried out in agreement with the recommendations of Ethical

Issues Guidelines and were approved by the Ethics Committee on Animal Use (CEUA) of the

Goncalo Moniz Institute, FIOCRUZ/BA (# 010/2015). A total of 17 male C57BL/6 mice (25—

30g) were supplied by the Center for Biotechnology and Cell Therapy Animal Facility,

Hospital Sdo Rafael (Salvador, Brazil). Animals were maintained with food and water

available ad libitum and experiments were carried out using a model of isoproterenol (IPN)

induced-myocardial infarction [29,30]. (Fig. 1). The induction of MI was performed through

subcutaneous administration of isoproterenol hydrochloride (IPN, Sigma, St. Louis, USA) at

150 mg/kg/day for two consecutive days according to the experimental design (Fig. 1).

2 1 0 1 2
days
Baseline ECG; .
MI induction: MI induction: ECG; Euthanasia;
1%t dose of IPN 22 dose of IPN Ultrasound-guided transthoracic injection of Histological assessment;
different-sized liposomes Fluorescent microscopy

Fig. 1. Experimental design of liposome administration in the mice infarcted myocardium.

The isoproterenol (IPN) induced-myocardial infarction (MI) model was used. Animals were

monitored by electrocardiogram (ECG).
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2.5.2. Electrocardiography

For electrocardiograms (ECG) recordings, mice were anesthetized with
inhaled isoflurane (0.5-2%). ECG acquisition was performed using a bipolar 1and Il lead,
obtained from the Bio Amp PowerLab System (PowerLab 2/20; ADInstruments, Castle Hill,
NSW, Australia), allowing for the recording of biological signals in animals with complete
electrical isolation. Recordings were bandpass-filtered (1-100 Hz) to minimize environmental
signal disturbances at a sampling rate of 1 kHz. The ECG parameters including heart rate, P
wave amplitude (mV), PR interval (ms), QRS duration (ms), QT interval (ms), frontal QRS
axis (AQRS), QR+S amplitude index and ST segment were analyzed using the Chart7
software (PowerLab). Mice with evident alterations in the ST segment were considered in the

study.

2.5.3. Intramyocardial delivery of liposomes in infarcted myocardium

Twenty-four hours after the last dose of I1SO, cardiac delivery of fluorescent liposomes
incorporated in hydrogel was performed by ultrasound-guided transthoracic injection (Vevo
770, VisualSonics, Toronto, Canada). For validation purposes, injection of Evan’s blue dye
was performed before liposome administration to visualize the local injection in epicardium.
Adequate sedation and ventilation of animals was performed (0.5-2% isoflurane, 0.5-0.8
L/min 100% oxygen) and they were placed onto animal platform. Next, syringes with 29G
needle were loaded with liposomes for transthoracic injection by a needle/transducer.

Animals were divided in the following groups receiving liposomes incorporated in
hydrogel (50 pl, 1:1, v.v) with different size (nm): Rhod-Lipo1es (n=3), Rhod-Liposss (n=3),
Rhod-Lipoiss: (n=3), Rhod-Lipoigsa (N=3) or only hydrogel (n=2). A control group of

infarcted animals without treatment (n=2) was also added in this study. Mice were euthanized
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after anesthesia with 5% ketamine (Vetanarcol; Konig, Santana de Parnaiba, Brazil) and 2%
xylazine (Sedomin; Konig), 72 h after injection of liposomes or hydrogel. Before being
harvested, the hearts of animals were perfused with PBS (5 minutes) and 10%
paraformaldehyde (15 minutes), respectively. After perfusion, the hearts were harvested and
maintained in 10% paraformaldehyde at 4 °C for 24 h. Next, hearts were sliced in three 4-
mm-thick segments from apex to base and dehydrated with 70% ethanol at 4 °C for 24 h

before histological analysis.

2.5.4. Histological assessment for myocardial response and retention of liposomes

Heart slices were embedded in paraffin, cutted 6 pum-sections and stained in sections
alternating with hematoxylin—eosin (HE) and picrosirius red (PSR) to visualize tissue
structure, potential inflammation and fibrosis, by optical microscopy. Images were digitized
using a color digital video camera (CoolSnap, Photometrics, Montreal, QC, Canada) adapted
to a BX41 microscope (Olympus, Tokyo, Japan). Morphometric analyses were performed
using the software Image-Pro Plus v.7.0 (Media Cybernetics, San Diego, CA, USA). The
inflammatory cells were counted on 10 fields captured per heart (40x magnification). The
retention of liposomes in the myocardium tissue was evaluated using fluorescence

microscopy. All microscopic analyses were carried out as a blind test.

2.6. Statistical analysis

Data are presented as mean + S.D. Statistical analysis of data was performed with Prism
5.0 software (Graphpad Software Inc., San Diego, CA, USA). For cytotoxicity and in vivo

assays, differences were assessed by ANOVA with a Tukey post-hoc correction. Shapiro—
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Wilk test was used to justify the use of a parametric test. A value of p<0.05 was considered

statistically significant.

3. Results and discussion

3.1. Liposome characterization

Aiming to assess the optimal size for tissue retention in infarcted hearts, liposomes with

different sizes were prepared and characterized according to their mean diameter, PDI and

surface charge (zeta potential) (Table 1). Rhod-Lipo presented mean particle size and PDI

ranging from 165 to 1954 nm and 0.289 to 0.643, respectively. Liposomes presented surface

charge varying from -1.09 + 0.2 t0 -8.47 £ 0.6 mV.

Table 1. Physicochemical characterization of fluorescent-labeled liposomes with different

size.
Sonication
Physicochemical parameters
Liposome Parameters
formulations Power Time Size £ SD {£SD
PDI

(W) (sec) (nm) (mV)
Rhod-Lipoies 5 150 165 + 01 0.289 -8.47 £ 0.6
Rhod-Liposs 5 20-30 468 + 16 0.323 -9.06 £1.3
Rhod-Lipoiss; 1 50 1551 + 26 0.515 -2.70£0.3
Rhod-Lipoigsa 1 10 1954 + 60 0.643 -1.09+£0.2

Rhod-Lipo016s 468 1551,1954 = rhodamine-loaded liposomes with different mean size of vesicles

(nm). SD = standard deviation; { = zeta potential.
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3.2. Cytotoxicity of liposomes

The effect of liposomes with different sizes (165, 468 and 1954 nm) on viability of
murine L929 fibroblasts and H9c2 cardiomyocytes was evaluated. According to the ISO
#10993-5, materials can be considered cytotoxic when they reduce the cell viability by more
than 30% [31]. In these assays, liposomes did not alter cell viability of fibroblast and
cardiomyocyte cell lines (Fig. 3) at the lipid concentrations ranging from 9.3 to 120 puM.
Hardiansyah and colleagues [32] and Guzman-Villanueva and colleagues [33] evaluated the
cytoxicity of stealthy (0.1-1 mg/ml, 100 nm) and conventional liposomes (10-300 pg/ml, 80
nm) on L929 and H9c2 cells, respectively, and also no significant cytotoxicity was found.
The stealthy liposomes consisted of DPPC, cholesterol, PEG-2000 at a composition of
80:20:5 mol% [32], while conventional liposomes were prepared in the 10 mg/mL
concentration with ePC and cholesterol at a 70:30 ratio molar [33].

In the present study, the cytotoxicity of the cellulose-based hydrogel was also assessed
in H9c2 and L929 cells, and 100% of cell viability was found at concentrations of 5.3 pg/ml -
170 pg/ml for both cells lines (results not shown). Our results are in agreement with that
previously reported [26], in which no cytotoxicity of bacterial cellulose hydrogel evaluated on
C3A hepatoma cell line C3A (HepG2/C3A) was verified. All these findings corroborate that

bacterial cellulose is a nontoxic material for cells [34].
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Fig. 2. Cytotoxicity of Rhodamine-loaded liposomes (Rhod-Lipo 165, 468 and 1950 nm) with

(A) and H9c2 cardiomyocytes (B) at different

different sizes (Rhod-Lipo in L929 fibroblasts

lipid concentration using the Alamar Blue assay. p-RANIL (pararosaniline chloride,10 uM):

-RANIL.

p <0.0001 vs. p

positive control; DMEM: negative control. ***
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3.3. Tissue response and retention of liposomes in infarcted myocardium

The induction of experimental myocardial damage has been previously performed
through surgical procedures such as aortic attachment and coronary artery ligation [14].
Although the animal models of M1 following coronary artery ligation reproduce many aspects
of ischemic cardiomyopathy and heart failure in humans, they suffer from high early mortality
and low rate of success of MI [35]. Alternatively, the administration of high doses of
isoproterenol, a synthetic catecholamine, provides deleterious histological and biochemical
changes in the heart tissue. These effects make for a good infarct model since it recapitulates
much of the pathophysiology of left ventricular (LV) dysfunction after MI in humans [36]. In
the present study, mice treated with isoproterenol showed a significant ST elevation in ECG
(Fig. 4), an indicative finding of MI [37]. No deaths were related during isoproterenol

administration and MI was suitable induced in mice using a non-invasive and reproducible

method.
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Fig. 3. Representative ECG of a mouse subjected to the isoproterenol-induced myocardial
infarction (s.c. 150 mg/kg/day). Baseline ECG (A) and after infarction (B). A significant ST

elevation indicates Ml (black arrow). # QRS complex; * P wave.
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Emerging therapies for cardiac regeneration using biopharmaceuticals, genes or stem
cells face on critical issue of myocardial delivery. The intramyocardial route (IM) allows high
availability and tissue retention [23], but it is commonly performed by invasive procedures
such as thoracotomy or sternotomy. Alternatively, ultrasound-guidance percutaneous
intramyocardial injection is a feasible method able to access specific regions of the heart.
Importantly, this approach eliminates the inherent complications of thoracotomy and surgical
morbidity besides to allow the use of therapeutic regimens with multiples administration [22].

This is the first report describing an ultrasound-guided injection of liposomes in 1SO-
infarcted mice. The procedure provided a real-time visualized liposome delivery on heart
tissue in a minimally invasive manner (Fig. 5A). Prior to liposome injection, the procedure
was validated by transthoracic injection of Evan’s blue dye as previously reported [22]. Thus,
it was possible to identify the injection point at epicardium and the tissue distribution of
Evan’s blue dye content towards LV and aorta (Fig 5B).

It is well established that the particle size, the presence of hydrophilic polymer and
targeting moieties on surface of liposomes have influence on their retention in the injured
cardiac tissue after systemic administration [38, 39]. Although the relevance in the design of
liposomes as drug carriers for cardiac delivery, a few numbers of studies has been reported
the investigation of the retention and tissue response of liposomes in animal models of Ml

[19, 38-41].
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Fig. 4. Ultrasound-guided transthoracic injection of liposomes in ISO-infarcted mouse heart.
LV short-axis echocardiography view of injected myocardium with needle reaching the
anterior myocardial wall (A, red arrow). Injection point at epicardium (B, black arrow) and
tissue distribution of Evan’s blue dye towards aorta (B, white arrows). LV: left ventricle;

scale in cm.

In the present study, zones with inflammatory infiltrates at different levels as a
function of particle size of injected liposomes were observed in the heart of treated mice (Fig.
6C). Inflammatory cells were quantified in heart sections and no significant differences were
found between hydrogel vehicle, Rhod-Lipogs and Rhod-Lipossg groups compared with the
control group. On the other hand, the administration of large liposomes (Rhod-Lipo;ssi,
Rhod-Lipo;gs4) evidenced a statistically significant increase of inflammation (p<0.0001) (Fig.
7). For all liposome sizes, negligible fibrosis was visualized in tissue sections by PSR staining
(not shown). Thus, the levels of inflammation induced by liposomes with 165 or 468 nm turn

them suitable for safe intramyocardial delivery.
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Fig. 5. (A) Macroscopic view of hearts 3 days post-injection of hydrogel and liposomes with
different mean size diameter (165, 468, 1551 and 1954 nm) and control. (B, C).
Representative photomicrographs of H&E-stained heart sections for tissue structure and

inflammation assessment, respectively. White bars: 1 mm; black bars: 50 pm.
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Fig. 6. Analysis of total inflammatory cell infiltration on heart tissue quantified on 10

fields/heart (40x magnification). ***p < 0.001 vs. control.

Heart retention of rhodamine-labeled liposomes was confirmed by fluorescence
microscopy, indicating their ability to remain in the myocardium for 72 h. More intense
fluorescence was observed on heart tissue injected with 468 nm-sized liposomes (Fig. 8).
Correlating fluorescence microscopy findings with histological analysis, Rhod-Lipo-468 is a
promising candidate for cardiac delivery of biopharmaceuticals. Recently, Allijin and
colleagues showed a retention of pegylated liposomes (110 nm, i.v.) at 3 days after Ml in
mice, but a partial uptake of liposomes by macrophages was detected by fluorescence
microcopy [42]. In our study, the smallest liposomes (Rhod-Lipo 165) did not achieve a
satisfactory retention in the myocardium, suggesting an uptake by local macrophages.

In an elegant strategy, Dvir and colleagues [40] reported an accumulation of labeled
PEGylated and targeted-liposomes to angiotensin Il receptor (142 + 8 nm) after 24 h post i.v.
injection in infarcted mice. A few studies have investigated the retention of small liposomes

(< 200 nm) in infarcted myocardium by systemic administration [19, 38-42], limiting a more
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in-depth discussion with our results obtained with large liposomes administered by
intramyocardial route.

A different scenario is presented on the case of nano and micro polymeric delivery
systems to heart by intramyocardial route [16, 43]. 5 um-sized PLGA particles were
compatible with an intramyocardial administration in a rat model of cardiac acute ischemia-
reperfusion [28]. Recently, PLGA nanoparticles (190 £ 49 nm) were administered by a
minimally invasive procedure in the pericardial space in rabbits, reaching prolonged retention
(half-life of ~2.5 days) in the entire heart [44]. This technique of cardiac drug delivery is
advantageous because avoid surgery, amplifying the translational clinical trials. These
attributes were also provided by ultrasound-guided transthoracic injection of liposomes in our

study, which demonstrated a slightly longer retention time (3 days).

ey - -

Fig. 7. Myocardium retention of rhodamine-labeled liposomes of various sizes: 165 nm (A);

468 nm (B); 1551 nm (C) and 1954 nm (D,) by fluorescence microscopy; hydrogel (E) and

untreated control mice (F). Scale bars=200 um (20x magnification).
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Finally, the present work sought to investigate the potential of liposomes as potential
platforms for delivery of biopharmaceuticals into the injured myocardium. Using an
experimental model of MI induced by isoproterenol in mice, we set up an ultrasound-guided
injection of liposomes with different sizes into myocardium, which provided a minimally

invasive method to achieve successfully heart tissue.

4. Conclusions

Take into account the limitations of current methods for myocardial delivery, this study
demonstrates the feasibility of cardiac delivery of liposomes in a convenient and non-surgical
manner using an echocardiography apparatus. Our results demonstrate the in vitro
compatibility, heart retention and myocardial safety of 468 nm-sized liposomes. These
findings remarkably indicate the potential of liposomes as versatile carriers of
biopharmaceuticals for intracardiac delivery, supporting the development of further research

on lipidic delivery systems for heart disease.
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Abstract

Growth factor-based therapy has emerged as a novel approach for treatment of ischemic heart
disease (IHD). Basic fibroblast growth factor (FGF-2) has been identified as a potent
angiogenesis inducer besides to induce to differentiation of cardiac progenitor cells in
cardiomyocytes. Although administration of FGF-2 has been shown to be beneficial for
treating IHD, the clinical potential of FGF-2 is limited by its short half-life, low plasma
stability and low retention in the heart tissue. In this study, FGF-2-loaded liposomes were
developed as a formulation approach for improving cardiac delivery of FGF-2. For that, the
method of hydrating the lipid film was used to prepare liposomes, which were optimized by
extrusion. Liposomal formulations were characterized by particle size, zeta potential,
morphology and entrapment efficiency. Protein integrality and in vitro biological activity of
FGF-2 associated to liposomes were also determined. Reproducible batches of empty
liposomes with 700 nm were obtained. Next, FGF-2 was successfully encapsulated into
optimized liposomes (entrapment efficiency ca. 60%). TEM analysis revealed spherical
liposomes with uniform dispersion. Incorporation of FGF-2 into liposomes did not change
their particle size and surface charge. SDS-PAGE indicated maintenance of FGF-2 integrity
following its encapsulation into liposomes. Corroborating with this finding, FGF-2 released
from liposomes was biologically active, as determined by endothelial cell line proliferation
assay. Taken together, these data demonstrate the feasibility of formulating FGF-2 in
liposomes. This strategy can be considered as a significant step towards the pre-clinical
evaluation of FGF-2 delivered by liposomes in an animal model of myocardial injury.

Keywords: FGF-2; liposomes; protein delivery; nanotechnology
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1. Introduction

Cardiovascular diseases (CVD) remain the leading cause of death worldwide (Roth et
al. 2015). Among CVD, Ischemic heart disease (IHD) presenting high mortality rates, as well
as high economic impact (Thom et al. 2006) . The current therapies of myocardial ischemia
include interventions that reduce myocardial oxygen demand or increase blood supply to
compromised areas (Lerman et al. 2016). To increment the blood perfusion in the
myocardium at risk, therapeutic angiogenesis has emerged as a promising approach to the
treatment of myocardial injury (Henning 2016). The rationale behind the use of proangiogenic
growth factors is the complex process involving endothelial and smooth muscle cell
proliferation, migration and formation of new capillaries (Laham and Simons, 1999).
Consequently, tissue homeostasis and contractile pattern would be restored, leading to an
improvement of cardiac function.

A number of cytokines and growth factors modulate angiogenesis in vitro and in vivo
in a paracrine manner. Among these factors, basic fibroblast growth factor (FGF-2) has been
identified as a potent angiogenesis inducer, which has been implicated in cell proliferation,
survival, and differentiation (Chu et al. 2013; Presta et al. 2005; Rosenblatt-velin et al. 2005).
In the heart, the administration of FGF-2 showed to exert a protective effect on
cardiomyocytes. In addition, FGF-2 acts as survival factor on endothelial cells and vascular
smooth muscle cells (Murakami and Simons 2008). Besides its angiogenic activity, FGF-2
modulates mobilization and differentiation of resident cardiac precursors (Rosenblatt-velin et
al. 2005). Preda and colleagues also reported that FGF-2-stimulated mesenchymal stem cells
better engraft within myocardial cells after transplantation (Preda et al. 2015).

The pleiotropic effects of FGF-2 and its multifunctional role on cardiac repair have

positioned this biologic as promising factor for heart regeneration. Indeed, FGF-2 has been
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reported to confer cardioprotection in a variety of animal models (Laham et al. 2000; Li et al.
2010; Zhang et al. 2011) and has been shown to be beneficial for treating ischemic conditions
in clinical trials (Laham et al. 2000; Laham et al. 1999; Ruel et al. 2002). However, the
therapeutic value of FGF-2 is limited by its short half-life, low plasma stability and low
specificity to myocardium after bolus injection (Aviles, Annex, and Lederman 2003; Xiang et
al. 2011). Thus, the clinical use of FGF-2 depends on new formulation technologies able to
increase its half-life, maintain its bioactivity, and control its local delivery in the myocardium.

Among the targeting carriers, liposomes have attracted increasing attention as efficient
drug delivery systems for a variety of therapeutics (Jose et al. 2018; Moreno et al. 2015;
Pattni, Chupin, and Torchilin 2015), with ability to increase efficacy and reduce systemic side
effects. As spherical vesicles with a lipid bilayer membrane structure, liposomes can
incorporate and protect small molecule drugs, nucleotides, proteins, imaging agents, etc
(Cuomo et al. 2013; Moreno et al. 2015; He et al. 2018). Of note, the accumulation of
liposomes in the infarcted heart tissue has been demonstrated (Verma et al. 2005; Allijn et al.
2017). These studies established the feasibility of liposomes to overcome the low
bioavailability of therapeutics in the injured myocardium.

In this study, we present the data on the preparation, characterization and in vitro
biological activity of liposomes containing recombinant human FGF-2 intended for
myocardial delivery. This strategy can be considered as a significant step towards the pre-

clinical evaluation of FGF-2 delivered by liposomes in an animal model of myocardial injury.
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2. Material and Methods

2.1 Preparation and optimization of FGF-2 loaded liposomes

Liposomes were prepared by the method of hydrating the lipid film (Narayan et al.
2016) using the lipids soybean phosphatidylcholine (PC) Lipoid S 100® (Lipoid GmbH,
Ludwigshafen, Germany) and cholesterol (CH) (Sigma-Aldrich, S&o Paulo, Brazil) at 120 uM
and 8:2 ratio PC:CH. These constituents were solubilized in a mixture of chloroform:
methanol 3:1,, under magnetic stirring. For fluorescence-labeled liposomal formulations,
rhodamine B isothiocyanate (Sigma-Aldrich, 0.5 mg/mL) was added to the lipid composition.
Rhodamine B was added to the vesicles to future performs retention tests in vivo for a longer
period (between 7 and 30 days) than previously studied by our research group.

The solvents were removed by vacuum evaporation for 30 min at 37 + 1 °C, resulting
in a thin lipid film. Next, the film was hydrated with 2 mL of phosphate buffer solution (PBS)
pH 7.4 resulting in large multilamellar vesicles (MLV).

In order to produce liposomes in the size range 400 — 700 nm for better retention on
cardiac tissue (unpublished results), a study of optimization was performed. For that, MLVs
were subjected to repetitive extrusion using filter membranes with pore size of 0.6 and/or 1.0
um at 50 psi through a Lipex™ extruder (Northern Lipids Inc., Burnaby, Canada).

Liposomes containing FGF-2 (FGF-2-Lipo) were prepared by the thin lipid film
method as described above using optimized conditions. Prior to encapsulation, human
recombinant FGF-2 (17.3 kDa, 155 aa, Creative BioMart, Shirley, EUA) was reconstituted in
PBS containing 0.1% BSA. Next, an aliquot with 10 pg of FGF-2 was used to hydrate the thin
lipid film, resulting in FGF-2-loaded vesicles. The same procedure was used to prepare empty

liposomes.
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2.3 Liposome characterization

2.2.1 Analyses of Size, PDI and zeta potencial

Liposomes were characterized in terms of particle size by dynamic light scattering
(DLS) technique. Zeta potential was measured by electrophoretic mobility techniques. Both
measurements were performed on a Zetasizer Nano ZS90 (Malvern Instruments, UK) at fixed

detection angle of 90° and temperature of 25°C.

2.2.2 Liposome imaging

The morphology of liposomes was analyzed by transmission electron microscopy
(TEM) using a JEM 1230 microscope (Jeol LTD, Japan) operating at 80-100 kV. Briefly,
samples were prepared by applying an aliquot of liposomes (diluted 1:10) on copper-carbon
grids and allowed to dry for two minutes. After removing the excess dispersion in filter paper,
samples were stained with 2% uranyl acetate solution and dried overnight.
Liposomes were viewed under light microscope (DMi8 Leica, Manheim, Germany)

connected to a digital capture system.

2.3 FGF-2 encapsulation efficiency

Encapsulation efficiency was determined by ultrafiltration method according to Xiang
et al. (2011) with modifications. Using Vivaspin® tubes (300 K, Sartorius), the liposomal
suspension (diluted with PBS 1:10) was centrifuged at 5000 rpm for 20 min at 4 °C
(Megafuge 16R, Heraeus). The amount of FGF-2 in ultra-filtered portion representing the free
FGF-2 was assayed by ELISA. For quantifying the total amount of FGF-2, PBS diluted

liposomes (1:10) were mixed with 900 ml of chloroform (1:4) and centrifuged at 8000 rpm
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and 4 °C for 20 min. This procedure allowed breakage of liposomes for FGF-2 extraction,
which was determined by ELISA following the manufacture’s protocol. A specific ELISA kit
for FGF-2 (#DEIA156) with detection range 15.625-1,000 pg/ml was supplied by Creative
Diagnostics (Shirley, NY, EUA). The entrapment efficiency (EE%) was calculated using the
following equation:

EEY% = [Total amount of FGF2 — amount of free FGF2 ]

x 100
Total amount of FGF2

2.4 SDS-PAGE

FGF-2 encapsulated into liposomes were analyzed by SDS-PAGE followed by silver staining
under reducing conditions. For that, protein extraction was perfomed using the procedure for
quantifying the total amount of FGF-2 as described above, with previous separation of free
FGF-2 from the liposomal dispersion. Samples were charged into 18% polyacrylamide gels.

For protein ladder and FGF-2 standard, gels were stained with Coomasie Blue.

2.5 Bioactivity assay

Assessment of biological activity of FGF-2 released from liposomes was performed by
determining the proliferative capacity of a human umbilical vein endothelial cell (HUVEC).
Previously, cells were cultured in RPMI-1640 (LGC Biotecnologia, Cotia-SP, Brazil) with
10% fetal bovine serum (FBS) (Cultilab, Campinas-SP, Brazil) and 50 pg/ml gentamicin
(Novafarma, Anapolis-GO, Brazil) at 37°C and 5% CO, atmosphere.

HUVECs were plated into 96-well culture plates at a density of 3 x 10° cells/well and

maintained with 10% FBS. After 24 h, FBS was reduced to 5% and the cells were maintained
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for additional 24 hours. Then, cells were incubated with the following treatments: liposomal
dispersion containing FGF-2; Free FGF-2; standard FGF-2 in buffer solution. All samples
containing FGF-2 were normalized for 50 ng/ml (Bai et al., 2018). RPMI-1640 medium was
used as control. After incubation at 37°C and 5% CO, for 24 h, cell proliferation in each
group was measured spectrophotometrically at 570 and 600 nm using the Alamar Blue® Cell

Viability Assay. The assay was performed in duplicate.

2.6 Statistical analysis

For cell proliferation in the bioactivity assay, differences between data sets were determined
by ANOVA using GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego, CA,
USA). Values are given as mean + standard deviation. Normal distribution of values was
assessed by the Shapiro-Wilk test. Where differences were detected, a Tukey post-test was
used to test for significance between groups. For liposome characterization, differences
between data sets were determined by Student's t-test. A value of p<0.05 was considered

statistically significant.

3. Results and discussion

1.1 Optimization of liposomes and morphology

In this study, liposomes loaded with FGF-2 were developed using the thin lipid film method

as a formulation step towards in vivo evaluation. Previously, we investigated the

biocompatibility and retention of liposomes in a mice model myocardial infarction. From

these studies, 468 nm-sized liposomes exhibited lower inflammation and greater tissue
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retention 72 h post-injection (unpublished data). Then, liposomes with diameter around 500
nm were considered for FGF-2 encapsulation. In the optimization process, two protocols were
evaluated for its ability to produce reproducible batches with suitable particle size and size
distribution. The effect of rhodamine incorporation upon these parameters was also examined.
As shown in Table 1, liposomes underwent consecutive extrusions with membranes of 0.6
pum for 10 times, resulted in vesicles from 242 and 476 nm. Thus, non-reproducible batches
were obtained using the Protocol 1, which presented ~ 45% particle size variability among the
batches. On the other hand, liposomes were extruded with membrane of 1 um for 5 cycles,
resulting in vesicles around 700 nm. Although the liposome size had increased, reproducible
batches with much lower variability (ca. 13%) in particle size were produced, even containing
rhodamine. Hwang et al. reported preparation of 600 nm-sized liposomes by extrusion, which

presented high particle size distribution (622 + 249 nm) (Hwang et al. 2016).

Table 1. Results of liposome optimization by extrusion

Protocol 1
Membrane / .
Batch  Constitution ne S'Z(i;:)SD PDI
Cycles
1 PC:CH:Rhod 434.4+102.1 | 0.208
0.6 um/10x
2 PC:CH:Rhod 2419+6.5 0.178
Protocol 2
Membrane / ]
Batch  Constitution ne S'Z(iri;)SD PDI
Cycles
1 PC:CH 716.5 + 65.8 0.131
1 um/5x
2 PC:CH:Rhod 664.4 + 27.7 0.172

3 PC:CH:Rhod 768.3+15.8  0.257
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PC: soybean phosphatidylcholine; CH: cholesterol; Rhod: rhodamine; PDI:
polydispersity index. n=3

The morphology of optimized liposomes was observed by TEM which revealed spherical

with uniform dispersion (Fig. 1A-B). Before extrusion process, MLVs were nonuniform with
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several layers that are characteristic of multilamellar vesicles (Fig. 1-C) (Nallamothu et al.

2006).

Fig. 1. Morphology of liposomes and MLVs. TEM images of optimized liposomes (A, bar =
2 um; B, bar = 0.2 um). Light microscope image of MLVs (C, bar = 10 um, 100x

magnification).
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3.2 Characterization of FGF-2-loaded liposomes and SDS-PAGE

For the growth factor-loaded liposomes (FGF-2-Lipo), characterization results are
shown in Table 2. These data can be compared with empty liposomes (Lipo) or liposomes
containing rhodamine (Rhod-Lipo) for further in vivo studies. The results revealed that no
significant changes on sizes and surface charges were observed following the FGF-2
incorporation into liposomes. While Lipo presented 748 nm, FGF-2-Lipo had about 739 nm
(p>0.05). Of note, a lower PDI was determined FGF-2-Lipo. All liposomes showed neutral
charged, with zeta potential of — 4.23 + 0.38 and — 5.62 + 2.18 for empty and FGF-2
liposomes, respectively (p>0.05). These values indicate FGF-2 was not adsorbed to the
liposome surface, which can be assumed as probably encapsulated into liposomes. In fact, it
was confirmed with an encapsulation efficiency of 59.3+8.2%. This percent entrapment was
similar that reported by Xiang et al., who also used the ultrafiltration method to separate free
FGF-2 and liposomes (Xiang et al. 2011). This method allows complete separation between
the liposomes and free drug in comparison with other procedures such as gel column method
and dialysis method, which are limited due to low drug content determination (Xiang et al.
2011; Zhao et al., 2008).

Very few studies encapsulating FGF-2 into liposomes were reported, but they have not
been intended for myocardial ischemia. Yang et al. developed FGF-2-loaded liposomes for
inducing neuroprotective effects in Parkinson’s disease. An entrapment efficiency of 86% was
achieved by using the pH gradient method adding octadecylamine to improve stability of
liposomes (Yang et al. 2016). In other strategy, liposome with hydrogel core of silk fibroin
was developed as a FGF-2 formulation for wound healing. Variable encapsulation efficiencies

were achieved by reverse phase evaporation method (Xu et al. 2017). Regarding other
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nanocarriers, FGF-2 has been formulated in chitosan nanoparticles, but low encapsulation

efficiency ~ 27% was determined (Cetin et al. 2007).

Table 2.

Characterization data of empty, rhodamine and FGF-2 liposomes

Entrapment  Growth factor

Size £ SD (+SD

Formulation PDI efficiency loading capacity
(nm) (mV)
(%) (Hg/ml)

Lipo 748.1£100.8 0.202 —4.2+0.38 - -
Rhod-Lipo 716.4 £73.5 0.214 —-10.8£0.15 - -
FGF-2-Lipo 738.7 £164.8 0.146 -5.6+2.18 59.3+8.2 29604

Lipo: empty liposomes; Lipo Rhod: liposomes containing rhodamine; Lipo FGF-2: liposomes

loaded with FGF-2; (: zeta potential.

The quality of the protein formulation process in micro- and nanocarriers can be
investigated by SDS-PAGE (Formiga et al. 2014; Xu et al. 2017). In this work, FGF-2 after
liposome formulation was observed by SDS-PAGE, as shown in Fig. 2. A specific band
corresponding to FGF-2 extracted from liposomes appears at ~ 17 kDa (lane 2), indicating
maintenance of FGF-2 integrity following its encapsulation into liposomes. Notably, no
multiple bands were detected in lane 2, which indicates FGF-2 was successfully protected

from degradation or aggregation by liposomes.
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Fig. 2. Protein integrity assessment by SDS-PAGE of FGF-2. Lanes: 1- Protein ladder, 2-
FGF- extracted from liposomes, 3- FGF-2 standard. Gel stained with Silver Stain (Lane 2).

Arrow indicates BSA added during FGF-2 reconstitution.

1.2 Bioactivity assay

To assess whether FGF-2-loaded liposomes retained their bioactivity in vitro, their ability to
induce proliferation in HUVECs was determined. This cell line responds to bioactive FGF-2
by proliferating and assembling a tube-like pattern (Arnaoutova and Kleinman 2010).
Bioactivity of growth factor associated to a microformulation (microsphere and
microparticles) as previously investigating using the HUVEC proliferation assay (Bai et al.
2018; King and Patrick 2000; Simdn-Yarza et al. 2013).

In this study, HUVECSs responded to FGF-2-based treatments, namely, liposomal suspension

containing FGF-2, ultra-filtered portion/free FGF-2 and exogenous standard protein (50
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ng/ml). The results are expressed as fold-increase proliferation rate normalized to RPMI
medium control (no mitogen added) (Fig. 3). The cells exposed to exogenous FGF-2 or
liposomal suspension loaded with FGF-2 showed similar rate of proliferation. Interestingly,
free FGF-2 separated from liposomes induced an increase in proliferation of HUVEC > 1.5-
fold in comparison with control. The FGF-2 contained in liposomes was as potent as
exogenously added FGF-2. Despite this increment in proliferation by free-FGF-2, there were
no significant differences between all FGF-2-based treatments (p>0.05). But they induced
significant stimulation in HUVECs compared with medium alone (p<0.0001). It is note,
liposomes did not cause reduction on cell viability or toxicity, which demonstrates their in
vitro biocompatibility. These results demonstrated that the encapsulated FGF-2 was

biologically active.

2.0

kX

Fold increase

SL SL-FL FGF-2 RPMI

Fig. 3. Bioactivity assay. HUVECs were treated with liposomal suspension containing FGF-2
(FGF-2 Lipo), free FGF-2 and exogenous standard protein (FGF-2). All FGF-2 treatments at

50 ng/ml. RPMI medium served as control. ***p<0.0001 vs. RPMI.
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4. Conclusions

Liposomes prepared by the method of hydrating the lipid film were optimized to receive FGF-
2 as a formulation step for further therapeutic benefits in myocardial ischemia. FGF-2 was
successfully encapsulated into liposomes, which were spherical and uniform vesicles with
suitable physico-chemical properties. Entrapment efficiency around 60% was achieved.
Importantly, FGF-2 associated to liposomes conserved its integrity and biological activity.
This latter attribute was demonstrated by the capacity of liposome-derived FGF-2 samples to
induce proliferation of endothelial cells in vitro. Collectively, these findings represent an

important approach for FGF-2 delivery in the pre-clinical setting of IHD.
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4 CONCLUSAO

O progresso na pesquisa e no desenvolvimento de biofarmacos, como fatores de crescimento,

vem impulsionando os estudos voltados para terapias capazes de reparar e regenerar o
miocérdio infartado. Ainda assim, algumas barreiras precisam ser contornadas para aumentar
o0 potencial translacional dessas biomoléculas, de forma que possibilite sua entrega eficiente
ao coragdo e, consequentemente, sua atividade terapéutica. Para tanto, pesquisas pré-clinicas
com lipossomas no carreamento e direcionamento cardiaco de biofarmacos demonstram
resultados promissores. Entretanto, o potencial desses sistemas lipidicos para esta finalidade
ndo foi amplamente investigado.

No presente trabalho, foram desenvolvidos e caracterizados lipossomas convencionais
destinados ao delivery cardiaco de fatores de crescimento. Este é o primeiro relato da
administracdo transtorécica de lipossomas guiada por ultrassom em um modelo animal de
infarto do miocéardio. A influéncia do tamanho das vesiculas na retencdo cardiaca e resposta
tecidual apds administracdo transtoracica foram apresentados neste trabalho. Os resultados
demonstraram a compatibibilidade in vitro, retencdo cardiaca e biocompatibilidade de
lipossomas de tamanho aproximado de 500 nm.

O preparo dos lipossomas foi otimizado por extrusdo e lipossomas contendo FGF-2
foram produzidos com uma eficiéncia de encapsulacdo de ~ 60 %, dentro do esperado para
farmacos hidrofilicos encapsulados por carreamento passivo e preparados pelo método de
hidratacdo do filme lipidico. Os lipossomas mantiveram a integridade do FGF-2 bem como
sua atividade bioldgica, o que posiciona a formulacdo em um nivel de desenvolvimento
avancado para estudos in vivo.

Desta forma, o conjunto de resultados gerados nesta tese representa um passo
importante para futura avaliacdo da eficacia terapéutica do FGF-2 lipossomal em

camundongos submetidos a infarto do miocérdio.
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ANEXO A — CARTA DE APROVACAO DO COMITE DE ETICA

Ministério da Saude

FIOCRUZ
Fundagdo Oswaldo Cruz

Centro de Pesquisas Gongalo Munz |
I et g e 6 v o bt FIOCRGE T

Salvador, 13 de setembro de 2017

CL n® 006/2017

Para: Dr. Fabio Rocha Formiga
Pesquisador Responsdvel pelo protocolo 010/2016

Assunto: Resposta ao pedido de extensdo do protocolo 010/2015
Prezada Dr. Fabio,

Em resposta ao seu pedido de extensdo de prazo do protocolo 010/2015 intitulado
“NANOFORMULAGOES DE FATORES DE CRESCIMENTO PARA REGENERACAO
CARDIOVASCULAR", informamos que a CEUA analisou o referido pedido @ o aprovou.

Desta forma, a validade do referido protocolo serd até 13/09/2019.

* Atenciosamente,

9ot Dunsino Rpyrve-

Coordenador da CEUA
IGM/FIOCRUZ

ur. Danel P Bezera
Pesqusader - FIOCRUZ BA
Mal SIAPE - 1632082

“CEUA-CPaGMWFocna -Rus Waidemar Faiclo. n® 121 Brotas. Saivackr, Bahia_ CEP 40296.710 Brast
Tel (71) 31762285 R 285

e-mal ceua@ibania focnuz tr
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