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RESUMO

As estatinas sdo originalmente utilizadas para a reducdo da sintese do colesterol. Além de suas
propriedades de reduzir as concentragdes sé€ricas de colesterol no sangue, estudos anteriores
mostraram que as estatinas estimulam a formagdo dssea. No entanto, a concentra¢do de
sinvastatina (SIM) necessaria para promover a formacao dssea por meio de sistemas locais de
distribuicdo de farmacos ndo estd completamente elucidada na literatura. A aplicacdo de
arcaboucos tridimensionais ¢ o método mais utilizado de liberacdo de farmacos para
regeneragdo Ossea . Assim, esta revisao sistematica teve como objetivo analisar as doses de SIM
incorporada em arcaboucos a base de poli(acido latico-co-glicolico) (PLGA) para promover a
formagdo Ossea em defeitos Osseos criticos em estudos pré-clinicos. Os estudos foram
selecionados em um processo de duas fases. Bancos de dados eletronicos (Embase, Latin
American and Caribbean Health Sciences, LIVIVO, PubMed, SCOPUS e Web of Science) e
bancos de dados da literatura cinzenta (Google Scholar, Open Gray e ProQuest) foram
pesquisados até abril de 2021. O risco de viés foi avaliado por meio da ferramenta SYRCLE.
Sete estudos foram incluidos avaliando modelos de ratos, coelhos e camundongos. SIM
incorporada em arcabougos a base de PLGA promoveu a maior formagao 6ssea em defeitos
Osseos criticos em seis estudos pré-clinicos. A dose de SIM variou de 8 a 200 pg/arcabougo.
Em um estudo, a SIM incorporada nos arcabougos nao levou a neoformagdo 6ssea. Nao foi
possivel realizar meta-analise devido a heterogeneidade entre os estudos. O risco de viés foi
considerado baixo para a maioria dos itens avaliados nos estudos incluidos. Em conclusao, a
concentragao de SIM incorporada em arcaboucos a base de PLGA necessaria para promover a
formacao 6ssea variou de 8-50 pg/arcabougo para modelos de rato e camundongo e 100

pg/arcabouco para defeitos 6sseos em modelos de coelho.

Palavras-chave: Sistemase de liberagio de farmacos. Regeneragdo dssea. Acido Polilatico-

co-glicolico. Revisdo Sistematica.



ABSTRACT

Statins have been used clinically to reduce cholesterol synthesis. Besides their lipid-lowering
properties, previous preclinical studies have shown that some statins stimulate bone formation,
with promising results focused on simvastatin (SIM). However, the SIM concentration required
to promote bone formation through local delivery systems is not completely clear. The
application of three-dimensional scaffolds is the most widely used method of drug delivery for
bone regeneration. Thus, this systematic review aimed to analyze the SIM doses embedded into
poly(lactic-co-glycolic acid) (PLGA)-based scaffolds to promote bone formation in critical
bone defects in preclinical studies. References were selected in a two-phase process. Electronic
databases (Embase, Literature of Latin American and Caribbean Health Sciences, LIVIVO,
PubMed, SCOPUS and Web of Science) and grey literature databases (Google Scholar, Open
Grey, and ProQuest) were searched up to April 2021. The risk of bias in individual studies was
assessed through SYRCLE tool. Seven studies were included evaluating rat, rabbit, and mouse
models. SIM loaded into PLGA-based scaffolds promoted the highest bone formation in critical
bone defects in six preclinical studies. The SIM dose ranged from 8 to 200 ug/scaffold. In one
study, the SIM loaded into the scaffolds did not lead to bone neoformation. A meta-analysis
was not possible due to the heterogeneity among the studies. The risk of bias was considered
low for most items evaluated in the included studies. In conclusion, the SIM concentration
embedded into PLGA-based scaffolds required to promote bone formation ranged from 8-50

pg/scaffold for rat and mouse model and 100 pg/scaffold for rabbit model bone defects.

Keywords: Drug delivery systems. Simvastatin. Bone regeneration. Polylactic Acid-
Polyglycolic Acid Copolymer. Systematic Review
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1 INTRODUCAO

As extragdes dentais representam procedimentos comuns devido a doenga periodontal
avancada e as lesdes cariosas cujas restauragoes sao inexecutaveis (TAN et al., 2012). Apds a
exodontia, o osso alveolar sofre um processo de atrofia, levando a alteracdes dimensionais e
remodelagio dos tecidos moles (ARAUJO et al., 2015). Diante da perda dentaria, ocorre a
reabsor¢ao de osso alveolar por atividade osteocléastica continua, provocando primeiramente a
diminui¢cdo da espessura do rebordo por meio de reabsor¢cdo da tdbua Ossea vestibular e
posteriormente em altura, com diferentes padrdes nas regides de maxila e mandibula
(ARAUJO; LINDHE, 2005).

As consequéncias clinicas das alteragdes fisiologicas dos tecidos Osseos e moles
podem afetar o resultado da terapia reabilitadora e dificultar, ou mesmo inviabilizar, o adequado
posicionamento do implante dentario (MEZZOMO et al., 2011). Portanto, a procura de
biomateriais e/ou técnicas que impulsione o processo de regeneracdo para maximizar a
previsibilidade, bem como o volume de osso regenerado ¢ constante (WANG; YEUNG, 2017).
Assim, diferentes estratégias vém sendo desenvolvidas para a estimulacdo da regeneragdo do
tecido Osseo e recuperagdo da funcdo do tecido lesionado. Essas estratégias variam entre o uso
dos biomateriais até a aplicagdo da engenharia tecidual (ANITUA et al., 2015). Entretanto,
encontrar um substituto 6sseo ideal tem sido o objetivo dos pesquisadores ha muitos anos.
Idealmente, esse biomaterial deve apresentar capacidade de osteodiferenciacdo, osteoindugao e
osteocondu¢ao (PRECHEUR, 2007; RUHAIMI, 2001).

Apesar da utilizagdo de enxertos autégenos e alogenos melhorarem o reparo de
defeitos 06sseos em diversos aspectos, nenhum desses materiais apresenta a exceléncia biologica
aliada a baixa morbidade, auséncia de restricdo da quantidade e custo razodvel. Recentemente,
visando melhorar a regeneragdo 6ssea, os biomateriais vém recebendo células e/ou substancias
bioativas (OLIVEIRA et al., 2009). A escolha do arcabouco ¢ fundamental para o sucesso da
regeneracdo Ossea, pois por meio dele € possivel obter um ambiente adequado para as células
osteogénicas migrarem, proliferarem, diferenciarem e promoverem a formagao de novo 0sso,
além de proporcionar fungdo mecanica durante a regeneracao dssea. Assim, o arcabougo deve
apresentar biocompatibilidade, ser poroso e permeavel para as relagdes celulares e o transporte
de nutrientes, crescimento de tecido e vascularizagdo. Além de que, um substituto 0sseo ideal

também deve ser osteocondutor (para recrutar células 6sseas do receptor), osteoindutor (para
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diferenciar células-tronco em células formadoras de osso) e osteointegrativo (para fornecer
fixacdo permanente e funcional ao osso nativo) (FROHLICH et al., 2008).

Diversas pesquisas foram realizadas sobre a administracdo de medicamentos por
polimeros biodegradaveis. O poli (acido latico-co-glicolico) (PLGA) ¢ um dos polimeros
biodegradaveis mais utilizados e apresentam grande taxa de sucesso. O PLGA ¢ aprovado pela
Food and Drug Administration dos EUA e pela Agéncia Europeia de Medicina (EMA) em
varios sistemas de administragdo (DANHIER et al., 2012). A biocompatibilidade,
biodegradabilidade, flexibilidade e minimos efeitos colaterais sdo as principais vantagens ao
usar este polimero para aplicacdes biomédicas (VIRLAN et al., 2015). Para aprimorar a
utilizagdo do PLGA como carreador de medicamentos, foram desenvolvidos microesferas ou
camadas de revestimento no arcabougo (SADIASA; KIM; LEE, 2013a).

As estatinas, farmacos inibidores da 3-hidroxi-3-metilglutaril-coenzima A (HMG-
CoA) redutase, sao originalmente utilizadas clinicamente a fim de reduzir o nivel de colesterol
no sangue (LITTUMA et al., 2020; TAI et al., 2013a). Adicionalmente, Mundy et al. (MUNDY
et al., 1999; TAI et al., 2013a) verificaram que além de reduzir as concentragdes séricas de
colesterol, as estatinas estimulam a expressdo do gene BMP-2 em osteoblastos € promovem a
formacao 6ssea. Descobrindo assim o seu potencial como estimuladores da formagao dssea
(LEE et al., 2008; MENDES et al., 2017). Logo, além de promovem a diferenciacdo dos
osteoblastos e estimular as proteinas morfogenéticas 0sseas (BMPs), ha evidéncias de que a
sinvastatina (SIN) mostrou aumento da atividade da fosfatase alcalina, dos niveis de expressao
da osteocalcina em células-tronco da medula 6ssea humana e também aumento na densidade
mineral 6ssea (LEE et al., 2008).

Assim diversos estudos tem sido feitos mostrando a eficdcia da sinvastatina
incorporada nos polimeros biodegradaveis, utilizados para transportar e administrar
medicamentos para a regeneracao de defeitos teciduais, porém a dose de sinvastatina necessaria
para promover esta formagdo Ossea por sistemas de liberagdo de farmacos ainda ndo esta
elucidada. De acordo com isso, esta revisao sistematica tem o objetivo de coletar informagdes
fundamentais na literatura sobre a dose de sinvastatina necessaria para promover a formacao

ossea em defeitos criticos in vivo.
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2 REVISAO DE LITERATURA

A alteragdo dimensional que ocorre na crista 6ssea alveolar apos a extragdo dentaria ja
esta elucidada na literatura, por meio de estudos experimentais e clinicos (SANZ et al., 2017).
Deste modo, a insuficiéncia 6ssea continua sendo um grande desafio (ELGALI et al., 2017),
tendo em vista que para um bom prognostico da terapia com implantes e para obtengdao de uma
reconstrucdo protética ideal, estética e funcional, ¢ necessario um volume 6sseo suficiente e
uma favoravel arquitetura da crista 6ssea alveolar (SCHROPP et al., 2003). Assim, diversas
estratégias regenerativas vém sendo desenvolvidas visando a preservagdo do processo alveolar
apos a extracao dental (MONTERO; MANZANO; ALBALADEJO, 2014).

Para procedimentos de reconstrugdo 6ssea, em muitas situagdes, o material eleito como
referéncia, € o osso autogeno (MCALLISTER; HAGHIGHAT, 2007; OLIVEIRA et al., 2009),
pois ele é capaz de promover osteogénese, osteoindug¢do e osteocondu¢do (MONTERO;
MANZANO; ALBALADEJO, 2014). Porém, o osso autdgeno apresenta desvantagens, como
disponibilidade 6ssea limitada, morbidade adicional no local doador e impossibilidade de
armazenamento (MONTERO; MANZANO; ALBALADEJO, 2014). Decorrente dessas
desvantagens, ¢ fundamental a busca por alternativas ao enxerto autdgeno. Como seu substituto,
tem-se os enxertos alégenos e xendgenos, que sdo muito utilizados, porém também podem
apresentar limitacdes, como alta variabilidade nas propriedades osteoindutoras e transmissao
de doengas (OLIVEIRA et al., 2009). Desse modo, a busca por biomateriais eficazes nos
procedimentos de regeneracdo Ossea se faz pertinente (LANDSBERG et al., 2021; MONTERO;
MANZANO; ALBALADEJO, 2014).

Héa cerca de trés décadas, diversas pesquisas vém sendo conduzidas sobre a
administracdo de medicamentos por polimeros biodegradaveis. Entre todos os biomateriais, o
PLGA apresentou um enorme potencial para atuar como veiculo para a liberacdo de
medicamentos (HIRENKUMAR K. MAKADIA; SIEGEL, 2011). O PLGA ¢é um copolimero
linear, composto de acido poli-lactico (PLA), que apresenta um carbono o assimétrico,
usualmente descrito na forma D ou L em termos esteroquimicos cldssicos, e de acido
poliglicolico (PGA) (HIRENKUMAR K. MAKADIA; SIEGEL, 2011). O PLGA apresenta
inimeras vantagens, como a alta biocompatibilidade, biodegradabilidade, flexibilidade,
minimos efeitos colaterais (VIRLAN et al., 2015), caracteristicas de degradacdo favoraveis,
possibilidades de administracdo controlada de substancias bioativas (MENDES et al., 2017),

além da possibilidade de ser facilmente processado e fabricado em diversas formas e tamanhos,
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se tornando o mais popular entre os vdarios polimeros biodegraddveis disponiveis
(HIRENKUMAR K. MAKADIA; SIEGEL, 2011). Durante a biodegradagao do polimero, pode
ocorrer mudangas nas propriedades do PLGA, podendo influenciar a taxa de liberagdo e
degradacao das moléculas bioativas incorporadas. Desse modo, € possivel realizar ajustes nas
propriedades fisicas gerais da matriz polimero-substancia bioativa para controlar parametros
relevantes, como a propor¢ao de lactideo para glicolideo, peso molecular do polimero e
concentracao da substancia bioativa para alcancgar a dosagem e o intervalo de liberagdo desejado
(HIRENKUMAR K. MAKADIA; SIEGEL, 2011; TAI et al., 2013b). A degradacao completa
do PLGA ocorre em um curto periodo de tempo, resultando na reducdo de efeitos adversos
comumente acontecidos em polimeros de degradagdo longa pela liberacdo de fragmentos
cristalinos (SILVA et al., 2015).

Contudo, o PLGA ndo apresenta bioatividade intrinseca nas células, necessitando a
associa¢do de outras substancias para aumentar sua bioatividade (SADIASA et al.,2013). E
importante destacar que este sistema de administragcdo de substancias bioativas deve ser capaz
de transportar agentes bioativos em locais especificos e libera-los em doses e taxas controlaveis.
Para aumentar as vantagens terap€uticas e diminuir os danos ao paciente, a dosagem e a duragao
do efeito da substancia bioativa devem ser regulados (SADIASA; KIM; LEE, 2013b).

As estatinas, inibidores da 3-hidroxi 3-metil glutaril coenzima A (HMG-CoA)
redutase, foram desenvolvidas para o tratamento da hipercolesterolemia, pois impede a sintese
de colesterol (MONTERO; MANZANO; ALBALADEJO, 2014; ORYAN; KAMALI,
MOSHIRI, 2015). Em 1999, Mundy et al, relataram que as estatinas, além de serem inibidores
da biossintese do colesterol, tinham a capacidade de estimular a formagao e regeneragcdo 0ssea
(MONTERO; MANZANO; ALBALADEJO, 2014; YAMASHITA et al., 2008). A partir disso,
diversas pesquisas tém sido desenvolvidas para a aplicagdo clinica da SIN nas mais diversas
areas, como a traumatologia, cirurgia oral e periodontia (MONTERO; MANZANO;
ALBALADEJO, 2014). Com base nessas pesquisas, foi relatado que as estatinas tém
capacidade de modular a inflamacao, melhorar a osteoinducdo, osteogénese e angiogénese,
além de inibir a apoptose osteoblastica e a osteoclastogénese. Logo, as estatinas apresentam
caracteristicas benéficas no reparo 6sseo por diferentes mecanismos (ORYAN; KAMALI;
MOSHIRI, 2015). Adicionalmente, foi relatado na literatura que a SIN atua diretamente na
ativacao dos osteoblastos, aumentando a expressao de BMP-2, e na inibi¢dao dos osteoclastos.

Do mesmo modo, atua indiretamente estimulando a neovascularizagao e levando a um aumento
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na liberacdo do fator de crescimento endotelial vascular (MONTERO; MANZANO;
ALBALADEIJO, 2014). A SIN aumenta também a atividade da fosfate alcalina, além de
aumentar a expressao de marcadores osteogénicos, como colageno tipo I, sialoproteina dssea e
osteocalcina (PARK, 2009).

Tradicionalmente, as estatinas eram administradas de forma sistémica. Estudos
clinicos e in vivo sugerem que a administragdo da sinvastatina por via oral degradada no figado,
resulta em pouco acimulo do farmaco no tecido 6sseo, necessitando de doses elevadas para
superar a degradacao hepatica, o que pode levar a efeitos colaterais (TAI et al., 2013b). Deste
modo, a administragdo topica de sinvastatina apresenta ser vantajosa devido a sua capacidade
de aplicagao local com concentragdes controladas e benéficas para a regeneracao ossea. Desde
a descoberta da relacdo da sinvastatina com o aumento da formacao 6ssea (MUNDY et al.,
1999), sabe-se que a dose das estatinas desempenham papel fundamental na formagao 6ssea in
vivo. Diversos estudos mostraram que a dose de sinvastatina modula a capacidade da droga de
aumentar o volume 6sseo (HO et al., 2009). Inclusive, foi relatado que a SIM levou ao aumento
da atividade da fosfatase alcalina em células-tronco mesenquimais da medula 6ssea de
camundongo de maneira dose-dependente (LIU et al., 2014).

A maior limitagdo para aplicagdo clinica da sinvastatina, visando a regeneragdo 0ssea,
¢ encontrar a dose ¢ o veiculo de administragdo ideal, que permita uma apropriada liberagao do
farmaco. A liberacdo de altas doses de sinvastatina in vivo estd associada a uma resposta
inflamatéria exacerbada, alta citotoxicidade e formagdo Ossea prejudicada. Por outro lado,
baixas doses de sinvastatina podem nao apresentar relevancia no processo de formagao dssea.

Frente aos estudos que mostram a eficdcia da sinvastatina incorporada em polimeros
biodegradaveis para regeneragao O0ssea em defeitos criticos, propde-se neste trabalho avaliar a

dose de sinvastatina necessaria para estimular a formagao 6ssea in vivo.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Esta revisdo sistematica tem como objetivo analisar as doses de sinvastatina (SIM) incorporada
em arcaboucos a base de poli(acido latico-co-glicodlico) (PLGA) para promover a formagao

Ossea em defeitos dsseos criticos em estudos pré-clinicos.

3.2 OBJETIVOS ESPECIFICOS

e Avaliar a capacidade da SIN em estimular a neoformacao 6ssea associada a
arcaboucos a base de PLGA.

e Identificar a dose minima necessdaria para estimular a formacao ossea in vivo.

e Verificar a formagao dssea em diferentes modelos animais, como rato, camundongo e
coelho.

e Avaliar a regeneragdo tecidual em defeitos criados em diferentes localizagdes dsseas.
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4 METODOLOGIA EXPANDIDA

4.1 PROTOCOLO E REGISTRO

Esta revisdo sistematica seguiu a lista de Principais Itens para Relatar Revisoes
sistematicas e Meta-andlises (PRISMA) [19]. O protocolo esta registrado no Registro
Prospectivo Internacional de Revisdes Sistematicas (PROSPERO) sob o numero de

identificagdo CRD42021206667.

4.2 CRITERIOS DE ELEGIBILIDADE

4.2.1 Critérios de inclusao:

A sigla PICOS (populagdo, intervencao, comparagdo, desfecho e tipo de estudos) foi
utilizada para criar a pergunta desta RS [20], onde:
Populacdo (P): Animais que receberam SIN incorporada em arcabougos a base de PLGA em
defeitos Osseos criticos.
Intervengao (I): Liberacao local de SIN incorporada em arcabougos a base de PLGA em defeitos
0sseos criticos in vivo.
Comparagao (C): Arcaboucos a base de PLGA sem incorporagao de SIN.

Resultado (O): Dose de SIN necessaria para a formacao Ossea.

Os estudos foram considerados elegiveis quando atenderam aos seguintes critérios de
inclusdo: Avaliar a formagdo dssea por meio da liberagao local de SIN incorporada em
arcaboucos a base de PLGA em defeitos Osseos criticos in vivo, em comparagdo com
arcaboucos a base de PLGA sem SIN. Nao foram incluidas restrigdes referentes ao periodo de

publicacio.

4.2.2 Critérios de Exclusao

Foram considerados os seguintes critérios de exclusao: 1) Estudos in vitro; 2) Estudos
que avaliam pacientes humanos (ensaios clinicos); 3) Estudos avaliando defeitos 6sseos nao
criticos in vivo; 4) Estudos que avaliam a administragao sist€émica de SIN; 5) Estudos avaliando

arcabougos com composic¢ao diferente 8 PLGA; 6) Estudos com dados insuficientes quanto a



22

formagdo oOssea ou efeito citotoxico; 7) Estudos com menos de quatro semanas de
acompanhamento; 8) Estudos nao publicados no alfabeto latino-romano; 9) Artigos de revisao,
relatos de casos, protocolos, opinides pessoais, cartas, posteres, resumos de conferéncias ou
capitulos de livros; 10) Texto completo ndo disponivel; 11) Dados duplicados (por exemplo,

dissertacdes/teses em que os correspondentes artigos publicados estavam disponiveis).

4.3 FONTES DE DADOS

Uma estratégia de busca detalhada foi desenvolvida para cada uma das seguintes
bases de dados eletronicas: Embase, Latin American and Caribbean Health Sciences (LILACS),
Leibniz Information Centre for Life Sciences (LIVIVO), PubMed, SCOPUS, The Cochrane
Library e Web of Science. Como literatura adicional, uma estratégia de busca foi desenvolvida
para a Google Scholar (primeiras 100 referéncias), Open Grey e ProQuest (Dissertacdes e
Teses). Além disso, listas de referéncias de artigos potencialmente relevantes foram
pesquisadas manualmente para identificar quaisquer estudos que poderiam ter sido perdidos na
etapa anterior. Nao foram estabelecidas limitagdes quanto a data de publicacdo. As pesquisas
em todas as bases de dados foram realizadas em 24 de abril de 2021. A estratégia de busca
detalhada esta disponivel no Apéndice 1. Listas de referéncia dos artigos incluidos foram
pesquisadas manualmente, conforme recomendado por Greenhalgh e Peacock [20]. Um

software (EndNote X7, Thomson Reuters, Canadd) foi usado para gerenciar as referéncias.

4.4 SELECAO DOS ESTUDOS

Um processo de selegdo de duas fases foi realizado usando um software online
(Rayyan, Qatar Computing Research Institute, Qatar). Na fase 1, dois revisores (E.B.M. e
L.0O.M) conduziram de forma independente a analise por titulo e resumo para identificar estudos
potencialmente elegiveis. Na fase 2, os mesmos revisores realizaram a leitura do texto completo
dos artigos selecionados. Em ambas as fases de selecdo, as divergéncias foram resolvidas em
uma discussdo de consenso. Se o consenso nao fosse alcancado, um terceiro revisor (R.B.C.)
com experiéncia era envolvido para tomar a decisdo final. Se dados importantes para a revisao
estivessem faltando ou ndo fossem claros, seria feita a tentativa de entrar em contato com 0s

autores do estudo correspondentes para resolver ou esclarecer o problema.
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4.5 PROCESSO DE COLETA DE DADOS E ITENS DE DADOS

Um autor (E.B.M) realizou a coleta de dados dos estudos incluidos e um segundo autor
(L.O.M) verificou todas as informagdes coletadas. Discordancias foram resolvidas com
discussdo. Se necessario, um terceiro autor (R.B.C.) foi envolvido para tomar a decisao final.
Os seguintes dados referentes aos estudos incluidos foram registrados: caracteristicas do estudo
(autor, ano e pais de publicacdo), caracteristicas da populagao (total de animais/defeitos, grupo
controle, grupo teste, espécie do animal, area do defeito 6sseo e dimensdo do defeito dsseo),
propriedades do arcabouco (dose de SIM, sistema de liberacdo de droga utilizado e relacao

PLA/PGA) e avaliacdo dos resultados (métodos de andlise, principais resultados e valor de p).

4.6 QUALIDADE E AVALIACAO DO RISCO DE VIES

O risco de viés (RoB) dos artigos incluidos foi avaliado independentemente por dois
revisores (E.B.M. e L.O.M.) usando a ferramenta do Centro de Revisdo Sistematica para
Experimentos com Animais de Laboratorio (SYRCLE) [21]. Esta ferramenta ¢ baseada na
Cochrane Collaboration RoB Tool ¢ foi adaptada para avaliar os aspectos de viés em
experimentos com animais com o objetivo de avaliar a qualidade metodoldgica dos estudos. As
respostas possiveis para cada uma das perguntas do RoB eram "Sim", "Nao" ou "Nao claro".
Resumidamente, os seguintes pontos e questdes foram considerados: viés de selecdo (geragdo
de sequéncia, caracteristicas de linha de base e ocultacdo de alocagdo), viés de desempenho
(alojamento aleatorio e cegamento), viés de detec¢ao (aleatoriedade e cegamento dos

avaliadores de resultados), viés de atrito (dados de resultados incompletos), viés de relatdrio e

outras fontes de vieses.

4.7 MEDIDAS RESUMIDAS

A analise qualitativa dos resultados foi realizada com base na formagdo dssea em
defeitos criticos in vivo com a SIN incorporada em arcabougos a base de PLGA. A capacidade
de formagdo Ossea foi avaliada por meio de analises histologicas, microscopia eletronica de
varredura, p-tomografia computadorizada (puCT), imunoistoquimica e/ou andlises de

densitometria.
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4. 8 SINTESE DE RESULTADOS

Uma andlise qualitativa dos resultados foi realizada com base na dose necessaria de
SIN incorporada em arcaboucos a base de PLGA para promover a formacao 6ssea em defeitos
criticos in vivo (relatados ou calculados). O agrupamento estatistico de dados usando meta-
andlise era planejado se os estudos fossem considerados suficientemente homogéneos no que

diz respeito a metodologia e disponibilidade de dados.
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SIMVASTATIN CONCENTRATION EMBEDDED INTO POLY(LACTIC-CO-
GLYCOLIC ACID)-BASED SCAFFOLDS ON PROMOTING BONE FORMATION
IN CRITICAL IN VIVO BONE DEFECTS: A SYSTEMATIC REVIEW

ABSTRACT

Statins have been used clinically to reduce cholesterol synthesis. Besides their lipid-
lowering properties, previous preclinical studies have shown that some statins stimulate bone
formation, with promising results focused on simvastatin (SIM). However, the SIM
concentration required to promote bone formation through local delivery systems is not
completely clear. The application of three-dimensional scaffolds is the most widely used
method of drug delivery for bone regeneration. Thus, this systematic review aimed to analyze
the SIM doses embedded into poly(lactic-co-glycolic acid) (PLGA)-based scaffolds to promote
bone formation in critical bone defects in preclinical studies. References were selected in a two-
phase process. Electronic databases (Embase, Literature of Latin American and Caribbean
Health Sciences, LIVIVO, PubMed, SCOPUS, The Cochrane Library, and Web of Science)
and grey literature databases (Google Scholar, Open Grey, and ProQuest) were searched up to
April 2021. The risk of bias in individual studies was assessed through SYRCLE tool. Seven
studies were included evaluating rat, rabbit, and mouse models. SIM loaded into PLGA-based
scaffolds promoted the highest bone formation in critical bone defects in six preclinical studies.
The SIM dose ranged from 8 to 200 pg/scaffold. A meta-analysis was not possible due to the
heterogeneity among the studies. In one study, the SIM loaded into the scaffolds did not lead
to bone neoformation. The risk of bias was considered low for most items evaluated in the
included studies. In conclusion, the SIM concentration embedded into PLGA-based scaffolds
required to promote bone formation ranged from 8-50 pg/scaffold for rat and mouse model and

100 pg/scaffold for rabbit model bone defects.

Statement of significance: The release of high concentrations of simvastatin in vivo
is associated with exacerbated inflammatory responses and impairment of bone formation.
Conversely, simvastatin at lower concentrations may not reach a minimum dosage capable of
stimulating bone formation in vivo. Furthermore, the simvastatin dosage to promote of bone

formation in vivo is dependent on the animal model and anatomical region of implantation.
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Therefore, determining the optimal simvastatin concentration embedded into PLGA-based
scaffolds required to promote bone formation in critical bone defects will contribute to the

experimental design of translational studies in bone tissue engineering.

Keywords Drug delivery systems. Simvastatin. Bone regeneration. Polylactic Acid-

Polyglycolic Acid Copolymer. Systematic Review
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1. Introduction

Since the alveolar process depends on tooth function, this bone will undergo atrophy
following the tooth extraction [1]. Consequently, the loss of tissue dimension can lead to clinical
aspects that difficult, or even prevent, prosthetic rehabilitation due to the esthetic impairment
and/or the limitation to install the dental implant in the correct position [2]. Therefore, since
vertical bone augmentation in craniomaxillofacial areas is challenging, biomaterials and
predictable techniques that enhance bone regeneration are still lacking in clinical applications
[3-5].

Among the biodegradable polymers for drug delivery, the poly(lactic-co-glycolic acid)
(PLGA) has shown great potential due to the biocompatibility, biodegradability, flexibility,
minimal side effects [6], favorable degradation characteristics, and the ability for sustained drug
delivery [7,8]. Additionally, the US Food and Drugs Administration (FDA) and European
Medicine Agency (EMA) approved the use of PLGA in various drug delivery systems [9,10].
Changes in PLGA proprieties also influence the release and degradation rate of the embedded
substances. Therefore, it is possible to tune the overall physical properties of the polymer-
substance matrix by controlling relevant parameters, such as the ratio of lactide to glycolide,
the polymer molecular weight, and substance concentration to achieve the desired dosage and
release interval [7,11].

Simvastatin (SIM), a 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor, is
used initially to reduce blood cholesterol levels [11,12]. Moreover, this medicament has been
extensively investigated due to its pleiotropic effects, such as angiogenic, immunomodulatory,
and anti-inflammatory properties [12—14]. Also, the osteoinductive potential of SIM has been
reported to promote osteogenic differentiation and increase bone formation [8,15,16].
Furthermore, it is relevant to emphasize that SIM in-site applications require a suitable carrier
to allow its controlled release, thus preventing burst release, medicament degradation, and
exacerbated inflammatory responses [14,17].

Despite several studies that have been reported the efficacy of SIM embedded into
PLGA-based scaffolds for bone formation, the concentration of SIM required to promote bone
formation through local drug delivery systems is not fully elucidated. Consequently, this
systematic review (SR) aimed to critically discuss the available scientific evidence to answer
the following focused question: “What is the appropriate concentration of SIM embedded into

PLGA-based scaffolds required to promote bone formation in critical in vivo bone defects?”
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2. Methods

2.1 Protocol and registration

This SR followed the checklist Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA)[18]. The protocol is registered in the International Prospective
Register of Systematic Reviews (PROSPERO) under the identification number
CRD42021206667.

2.2 Eligibility criteria

2.2.1 Inclusion criteria

The PICOS acronym (population, intervention, comparison, outcome, and type of
studies) was used to create the question of this SR [20], where:

Population (P): Animals who received SIM loaded into PLGA-based scaffolds in
critical bone defects.

Intervention (I): Local delivery of SIM loaded into PLGA-based scaffolds in critical
in vivo bone defects.

Comparison (C): PLGA-based scaffolds without SIM.

Outcome (O): SIM dose required for bone formation.

Studies were considered eligible when they met the following inclusion criteria:
Evaluate the bone formation through local delivery of SIM embedded into PLGA-based
scaffolds in critical in vivo bone defects, comparing to PLGA-based scaffolds without SIM. No

publication period restrictions were applied.

2.2.2 Exclusion Criteria

The following exclusion criteria were considered: 1) In vitro studies; 2) Studies
evaluating human patients (clinical trials); 3) Studies evaluating non-critical in vivo bone
defects; 4) Studies evaluating SIM systemic administration; 5) Studies evaluating scaffolds with
a different composition than PLGA; 6) Studies with insufficient data regarding bone formation
or cytotoxic effect; 7) Studies with less than four weeks of follow-up; 8) Studies not published
in the Roman Latin alphabet; 9) Review articles, case reports, protocols, short communications,

personal opinions, letters, posters, conference abstracts, or book chapters; 10) Full text not
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available; 11) Duplicate data (e.g. dissertations/thesis in which correspondent published articles

were available).

2.3 Information sources

A detailed research strategy was developed for each following electronic databases:
Embase, Latin American and Caribbean Health Sciences (LILACS), Leibniz Information
Centre for Life Sciences (LIVIVO), PubMed, SCOPUS, The Cochrane Library, and Web of
Science. As additional literature, a search strategy was developed for Google Scholar web
search (first 100 references), Open Grey, and ProQuest (Dissertations and Thesis). Besides that,
reference lists of potentially relevant articles were hand-searched to identify any studies that
could have been missed in the previous step. No limitations were established regarding the
publication date. Searches in all databases were conducted on April 24, 2021. Detailed search
strategies are available in Appendix 1. Reference lists of included studies were manually
searched, as recommended by Greenhalgh and Peacock [19]. A software (EndNote X7,

Thomson Reuters, Canada) was used to manage references.

2.4 Study Selection

A two-phase selection process was performed using online software (Rayyan, Qatar
Computing Research Institute, Qatar). In phasel, two reviewers (E.B.M. and L.O.M)
independently conducted title and abstract reading to identify potentially eligible studies. The
same reviewers performed the full-text reading of eligible articles in phase 2. In both selection
phases, any disagreements were solved in a consensus discussion. A third reviewer (R.B.C.)
with experience was involved in making the final decision if the consensus was not reached. If
important data for the review are missing or unclear, an attempt will be made to contact the

corresponding authors to resolve or clarify the issue.

2.5 Data collection process and data items

One author (E.B.M) performed data collection from included studies and a second
author (L.O.M) cross-checked all the collected information. Disagreements were resolved by
discussion. If needed, a third author (R.B.C.) was involved in making the final decision. The
following data regarding included studies were recorded: study characteristics (author, year,

country of publication), population characteristics (total animals/defects, control group, test
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group, animal species, bone defect area, bone defect dimension), scaffold properties (SIM
dosage, PLA/PGA ratio), and outcome measures (analyses methods, main findings, p-value).
In case of uncertainty concerning the methodological details of the included studies, the authors

were contacted by email.

2.6 Quality and risk of bias assessment

The risk of bias (RoB) of the included articles was assessed independently by two
reviewers (E.B.M. and L.0.M.) using the Systematic Review Centre for Laboratory Animal
Experiments (SYRCLE) tool [20]. This tool is based on the Cochrane Collaboration RoB Tool.
It has been adapted to evaluate the bias aspects in animal experiments aiming to assess the
methodological quality of the studies. The possible answers to each of the RoB questions were
“Yes”, “No” or ‘‘Unclear’. Briefly, the following points and questions were considered:
selection bias (sequence generation, baseline characteristics, and allocation concealment),
performance bias (random housing and blinding of study personnel), detection bias (random
and blinding of outcome assessors), attrition bias (incomplete outcome data), reporting bias,

and other sources of biases.

2.6 Summary measures

A qualitative analysis of results was performed based on bone formation in critical
defects in vivo due to the SIM loaded into PLGA-based scaffolds. The bone formation capacity
was measurement using histologic data, scanning electron microscopy, p-computed

tomography (LCT), immunohistochemical analyses, and/or densitometry analyses.

2.7 Synthesis of results

A qualitative analysis of results was performed based on the SIM dose loaded into
PLGA-based scaffolds required to promote bone formation in critical defects in vivo (reported
or calculated). Statistical pooling of data using meta-analysis was planned if studies were

considered sufficiently homogeneous regarding methodology and data availability.

3. Results

3.1 Study selection
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At phase 1, 715 references were electronically retrieved in the following databases:
EMBASE (169), LILACS (03), LIVIVO (71), PubMed (125), SCOPUS (96), Web of Science
(67), ProQuest (43), Google Scholar (140), and Open Grey (01). No additional references were
identified manually. After the duplicated papers removal, 259 references remained. After
evaluating the title and abstract, 18 articles were included in phase 2 for full-text reading.
Finally, after full-text analyses, seven studies matched the inclusion criteria and were included
for further analyses (see Appendix 2). Figure 1 shows a flowchart describing the complete

process of identification, inclusion, and exclusion of studies.

3.2 Study characteristics

The characteristics of the selected studies are shown in Table 1 and Figure 2. The
included studies were published in the English language from 2013 up to 2017. The studies
were conducted in China (3) and Brazil (4). Different experimental animal models were tested,
including rats (5), rabbits (1), and mice (1). In total, 399 animals were analyzed. As expected,
due to the selection criteria, all the included studies evaluated critical-size defects to assess the
in vivo biocompatibility and osteogenic capacity of the implanted drug delivery systems. The
bone defects were made in the parietal [21-23], calvaria [8,17,24], and femur [25] bones.
PLGA-based scaffolds, PLGA-based scaffolds loading SIM, and no treatment were used in the
bone defects.

Different strategies were used to analyze the bone formation capacity, such as
histology, scanning electron microscopy, UCT, immunohistochemistry, and densitometry

analyses. All included articles used different SIM concentrations.

3.3 Risk of bias (RoB) in individual studies

The RoB was assessed using the SYRCLE tool [20]. In summary, the RoB was
considered low for most items evaluated in the studies (Table 2). However, all the included
studies failed to report if the allocation sequence was adequately generated and applied, as well
as if the caregivers/investigators and outcome assessors were blinded to knowledge the received
intervention of each animal during the experiment [8,17,21-25]. Also, the question related to
the animals selected at random for outcome assessment was unclear for all the studies [8,17,21—

25].
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3.4 Results of individual studies

Assaf et al. (2013) [22] evaluated 32 male Wistar rats (250-300 g) divided in two
groups (n = 16 each). In each rat, two critical-size defects of 5.25 mm in diameter were created
in the dorsal part of the parietal bone. The defect on the right side was always the experimental
group, while the left side was the control (no treatment). In the first group, the right-side defect
was filled with PLGA scaffold and the second group received a PLGA -based scaffold with SIM
(20 pg/scaffold). The ratio of lactide to glycolic used to produce the PLGA scaffold was 50:50.
To evaluate the material biocompatibility and tissue regeneration, histological analysis was
performed after 4 and 8 weeks. The results demonstrated more bone formation promoted by
scaffolds loading SIM than scaffolds alone or control group (p <0.05).

Encarnagao et al. (2015) [21] created two defects of 5 mm in diameter in the calvaria
of 180 Wistar rats (180 g). Six groups were evaluated: naive (incision and detachment of the
periosteum); sham (negative control); vehicle (ethyl alcohol + phosphate-buffered saline
(PBS)); PLGA+HA+BTCP; PLGA+HA+BTCP+SIM (200 pg/scaffold); and 200 pg SIM only.
The ratio of lactide to glycolic used to produce the PLGA scaffold was 82:18. To evaluate bone
mineralization, tissue samples were collected at 1, 7, 15, 30, and 60 days after surgery.
Radiographs were carried out, and bone densitometry was determined. SIM and
PLGA+HA+BTCP scaffold, associated or not, led to similar bone formation compared to
control groups on day 60 after surgery (p >0.05).

Ferreira et al. (2014) [23] evaluated the potential of SIM loaded into PLGA
microspheres to heal critical-size defects on parietal bones of 66 male Wistar rats (280-300 g).
For this, PLGA scaffolds were synthesized as pure membranes or as microspheres loaded with
SIM (50 pg/scaffold). The created defects were filled by blood clot in the control (C) group,
covered with PLGA membrane (M) group, filled with SIM-loaded PLGA microspheres and
covered with PLGA membrane (MSI) group, or treated only with PLGA microspheres without
SIM and covered with membrane (MM) group. The ratio of lactide to glycolic used to produce
the PLGA scaffold was 50:50. The defects were evaluated after 30 or 60 days by conventional
and scanning electron microscopies, immunohistochemistry for osteopontin (OPN), bone
sialoprotein (BSP), and osteoadherin (OSAD), and immunocytochemistry for OPN. PLGA
microspheres loaded with SIM demonstrated osteoinductive capacity. PLGA microspheres
loading SIM and covered with PLGA membrane (MSI) showed the highest newly formed bone
(p <0.05).
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In the Jiang et al. (2013) [17] study, critical-size defects were created in the calvaria
bone of 34 female Wistar rats (6 weeks old), randomly divided into three groups: PLGA+HA;
PLGA+HA+SIM (8 pg/scaffold); and a control group that did not receive any material. The
ratio of lactide to glycolic used to produce the PLGA scaffold was 85:15. On 4 and 8-weeks
post-implantation, H&E staining and pCT analyses were performed to quantify the bone
formation. PLGA+HA+SIM group stimulated the highest new bone formation (p <0.05). 14.8%
of SIM was released in the first 2 days, 20% of SIM was released over the first fifteen days and
over 8 weeks, when the experiment was terminated, 23.2% of SIM loaded was released from
the scaffold.

Liu et al. (2014) [24] evaluated 4-mm diameter critical-sized defect created at the left
side of the calvarium of 32 ICR mice (4 weeks old), divided into four groups: PLGA scaffold;
PLGA+SIM (35 pg/scaffold); PLGA+Stromal cell-derived factor-la (SDF-la); and
PLGA+SIM+SDF-1a. The ratio of lactide to glycolic used to produce the PLGA scaffold was
75:25. According to the unCT, H&E staining, and immunohistochemistry analyses performed
six weeks after the implantation, PLGA+SIM+ SDF-1a increased non-collagenous protein
expression in the bone matrix the highest newly formed bone tissue (p <0.05).

Mendes et al. (2017) [8] evaluated 8-mm bone defect in the calvaria of 35 Wistar rats
(3 months old) divided into five groups: control (blank default); PLGA-based scaffold;
PLGA+SIM (40 pg/scaffold); PLGA+Mesenchymal stem cells (MSC); and
PLGA+SIM+MSC. The ratio of lactide to glycolic used to produce the PLGA was not reported.
After eight weeks, the histological and histomorphometric analyses were performed.
PLGA+SIM group promoted the highest bone formation (p <0.05). Control (empty defect),
PLGA, PLGA+MSC, and PLGA+SIM-+MSC groups promoted similar new bone formation (p
>0.05). The SIM release occurred slowly, 4% in 24 hours. The cumulative release was
approximately 30% in 30 days.

Zhang et al. (2015) [25] created critical defects (6 mm x 10 mm) on the lateral femoral
condyle of 30 New Zealand rabbits weighing about 1000 g that were divided into three groups
as follows: Sham-operation; PLGA+Calcium phosphate composite (CPC); PLGA+CPC+SIM
(100 pg/scaffold). The ratio of lactide to glycolic used to produce the PLGA scaffold was 50:50.
After 6- and 12-weeks post-implantation, pCT and histomorphology analyses were performed.
SIM+PLGA+CPC+SIM group showed the highest bone tissue formation (p <0.05), and the

defects were almost repaired as early as 12 weeks after implantation. SIM-loaded PLGA
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microspheres exhibited a significant initial burst of SIM, >60% was released within the first 7

days. The SIM release was almost completed in 21 days.

3.5 Synthesis of results
It was impossible to carry out a meta-analysis due to the heterogeneity among the studies
concerning the biomaterial composition, animal model, and SIM concentration.
Six studies demonstrated that SIM embedded into PLGA-based scaffolds promoted bone
formation in critical-size defects in vivo [8,17,22-25]. One study evaluated PLGA scaffold
loading SIM [22], one study evaluated SIM loaded into PLGA microspheres and covered with
the PLGA membrane [23]. In contrast, four studies analyzed a combination of SIM, PLGA, and
other substances, such as HA [17], SDF-1a [24], MSC [8], and CPC [25]. The concentrations
of SIM analyzed on these studies ranged from 8 to 200 ug/scaffold with the follow-up periods
from 4 to 12 weeks. All seven studies evaluated new bone formation by histological analyses.
In addition to this method, pCT analyses were performed [17,24,25].
In only one study [21] the loaded SIM into the scaffold did not lead to bone neoformation. Other
studies showed more significant bone formation in the PLGA-based scaffolds embedding SIM
[8,17,22-25].

4. Discussion

Considering that bone regeneration is still a challenge in several approaches to oral
and maxillofacial surgeries, the search for biomaterials and predictable techniques that enhance
the bone regeneration process continues [26]. Additionally, since SIM has been described for
promoting osteogenic differentiation and increasing bone formation, drug delivery systems
SIM-based have been evaluated [23,27]. Thus, it is appropriate to determine the SIM
concentration required to promote bone formation through local delivery systems. This SR
aimed to critically evaluate available literature concerning the SIM dose loaded into PLGA-
based scaffolds necessary to stimulate bone formation in critical in vivo bone defects. In
summary, we observed that, from the seven included studies evaluating rat, mouse, and rabbit
models, six studies demonstrated the enhanced capacity of SIM loaded into PLGA-based
scaffolds to promoted bone formation in critical bone defects. The required SIM concentration
ranged from 8 to 50 pg/scaffold in rat and mouse models, and 100 pg/scaffold in rabbit models.
In one of the included studies, SIM loaded into the PLGA scaffold did not lead to bone

neoformation. It is important to highlight that determining the SIM concentration loaded into
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PLGA-based scaffolds required to promote bone formation in critical defects in different animal
models may contribute to the experimental design of future translational studies in bone tissue
engineering.

SIM stimulates BMP expression levels in bone cells and promotes bone formation
[21,29-32]. Interestingly, the clinical use of SIM presents a reduced risk of side-effects
compared to growth factors or gene therapies [33] and lower costs [21]. However, the success
of SIM application in bone regeneration is related to a slow and controlled release process since
high SIM concentrations in vivo are associated with an exacerbated inflammatory responses
and impaired bone formation [24,32,34] due to the cytotoxicity and the reduction of cholesterol
production in cell membranes [31,35]. On the other hand, low-dose of SIM may not reach the
minimum concentration necessary to stimulate bone formation.

Commonly, the materials used as bone grafts demonstrate osteoconduction capacity
only [27,36]. The addition of bioactive substances into the scaffolding materials is intended to
lead to osteoinduction, thus stimulating the differentiation of bone-forming cells and
stimulating the angiogenesis, which is essential for integrating the implanted system [27,36,37].
In this sense, efforts to find an appropriate delivery system to increase the SIM circulating
concentrations are continuous since the bone formation in vivo enhanced by SIM depends on
an adequate local concentration [38]. In our findings, three of the included articles evaluated
SIM release [8,17,25], showing an initial release varying from 4% (1 day) [8], 14.8% (2 days)
[17], and >60% (7 days) [25], and reaching SIM release of approximately 30% in 30 days [8],
23% in 56 days [17], and 100% in 21 days [25]. It is possible to control the bioactive substance
release rate from PLGA according to the molecular weight and the ratio of lactide to glycolide
[11]. Among the included studies, different ratios of lactide to glycolic were used to produce
the PLGA scaffolds. The proportion most employed was 50:50 [22,23,25], followed by 82:18
[21], 85:15 [17], and 75:25 [24]. Only one article did not report the lactide to glycolic ratio
applied [8].

This SR raises a question on which animal model most accurately represents human
alveolar bone conditions. A recent study [28] compared structural and functional characteristics
of alveolar bone among humans, mini pigs, rats, and mice. The same anatomic location was
analyzed in all species and the findings demonstrated that bone volume differed among the
species, while bone mineral density was equal. All species showed a similar density of alveolar

osteocytes, with a highly conserved pattern of collagen organization. Bone remodeling was also



39

morphologically similar among species, with comparable mineral apposition rates. No evidence
for the superiority of pig models over rodent models in representing human bone biology was
found. However, the size of the animal model may impact the SIM concentration applied to the
scaffold, as observed from the results obtained in this SR.

Concerning the RoB judgment, low RoB was attributed to most items evaluated in
included studies. It is important to mention that low RoB judgments denote that none or minor
methodological flaws occurred in the assessed studies. Consequently, none or small deviations
from the true effect estimation befallen, providing confidence in interpreting the results [39].
However, in an attempt to improve future studies, it is worth mentioning that all the included
studies failed to report if the allocation sequence was adequately generated and applied, as well
as if the caregivers/investigators and outcome assessors were blinded to knowledge the received
intervention of each animal during the experiment [8,17,21-25]. Also, the question related to
the animals selected at random for outcome assessment was unclear for all the studies [8,17,21—
25]. Therefore, future experiments concerning bone formation in vivo should be more careful
regarding these methodological details.

Regarding the limitations of this SR, only PLGA-based scaffolds were evaluated since
we aimed to evaluated the SIM dose loaded into PLGA-based scaffolds required to promote
bone formation in critical in vivo bone defects. Therefore, further studies assessing the dose of
SIM needed loaded into scaffolds based on different chemical compositions are indicated. The

extrapolation of this synthesis into human models is controversial.

5. Conclusion
Based on in vivo studies, the concentration of SIM embedded into PLGA-based
scaffolds required to promote bone formation ranged from 8 to 50 pg/scaffold in rat and mouse

models and 100 pg/scaffold in rabbit models in vivo bone defects.
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CONSIDERACOES FINAIS

A partir desta revisdo sistematica, foi possivel confirmar que a incorporagdo de
sinvastatina nos arcabougos impulsionou a regeneracao dssea na maioria dos artigos incluidos.
Foi concluido que a dose necessaria de sinvastatina incorporada em arcaboucos a base de PLGA
para promover a formagdo 6ssea em defeitos dsseos criticos in vivo, variou de 8-50 pg em

modelos de ratos e camundongos, e 100 ug em modelo de coelhos.
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Figure 1 - Flowchart of the literature search and selection criteria. Adapted from PRISMA.
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Figure 2 - Scheme of characteristics of included studies (n=7)
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APENDICES

Appendix | - Data search strategy

("Drug carriers"[MeSH Terms] OR "drug carriers" OR "drug carrier" OR "drug" OR "carrier" OR
"drugs" OR "carriers" OR "Drug delivery systems"[MeSH Terms] OR "Drug delivery systems" OR
"Drug delivery system" OR "Drug Targeting" OR "Delivery system, Drug" OR "Delivery systems,
Drug" OR "Bone Substitutes"[MeSH Terms] OR "Bone Substitutes”" OR "Bone Substitute" OR
"Substitute, Bone" OR "Substitutes, Bone" OR "Bone Replacement Material® OR "Bone
Replacement Materials" OR "Tissue Scaffolds"[MeSH Terms] OR "Tissue Scaffolds" OR "Scaffold,
Tissue" OR "Scaffolds, Tissue" OR "Tissue Scaffold" OR "Tissue Scaffolding" OR "Scaffolding, Tissue"
OR '"Tissue Scaffoldings") AND ("Simvastatin'[MeSH Terms] OR "Simvastatin" OR
"lovastatin/analogs and derivatives" OR "simvastatin/analogs and derivatives" OR "zocor" OR "mk
733" OR "mk733" OR "MK-733" OR "synvinolin" OR "Lovastatin"[MeSH Terms] OR "Lovastatin" OR
"Mevinolin" OR "Monacolin K" OR "MK-803" OR "MK 803" OR "MK803" OR "Mevacor") AND
("bone regeneration"[MeSH Terms] OR "bone regeneration" OR "Bone Regenerations" OR
"Regeneration, Bone" OR "Osteoconduction" OR "Bone Remodeling"[MeSH Terms] OR "Bone
Remodeling" OR "Remodeling, Bone" OR "Bone Turnover" OR "Bone Turnovers" OR "Turnover,
Bone" OR "Turnovers, Bone" OR "osteoinductive factor" OR "Osteogenesis"[MeSH Terms] OR
"Osteogenesis" OR "Bone Formation" OR "Ossification" OR "Ossifications" OR
"Biomineralization"[MeSH Terms] OR "Biomineralization” OR "Biomineralizations" OR
"Biocrystallization") AND ("Polylactic Acid-Polyglycolic Acid Copolymer"[MeSH Terms] OR
"Polylactic Acid-Polyglycolic Acid Copolymer" OR "PLGA" OR "Polylactic Acid Polyglycolic Acid
Copolymer" OR "Poly (Lactic-co-glycolic Acid)" OR "Poly(Lactic-co-glycolic Acid)" OR "Polylactic-co-
glycolic Acid Copolymer" OR "Copolymers, Polylactic-co-glycolic Acid" OR "Polylactic co glycolic
Acid Copolymer" OR "PLGA Compound" OR "PLGA Compounds" OR "Poly(Glycolide-co-lactide)"
OR "Poly (D,L-lactic-co-glycolic Acid)" OR "Poly(D,L-lactide-co-glycolide)" OR "Poly(DL-lactide-co-
glycolic Acid)" OR "Poly-L-lactic-polyglycolic Acid" OR "Poly L lactic polyglycolic Acid" OR "Poly(L-
lactide)-co-glycolide" OR "Polymers"[MeSH Terms] OR "Polymers" OR "Polymer" OR "Polyglycolic
Acid"[MeSH Terms] OR "Polyglycolic Acid" OR "PGA" OR "Polyglycolide" OR "Dexon" OR "Dexon-
S" OR "Dexon S" OR "DexonS" OR "Biofix" OR "poly(lactide)" OR "Polylactic Acid" OR "PLA" OR
"PLLA" OR "poly(DL-lactide)" OR "polylactide" OR "poly(D,L-lactide)" OR "poly(lactic acid)" OR
"polylactic acid" OR "poly(L-lactide-co-D,L-lactide)" OR "poly(L-lactide)" OR "poly-L-lactide" OR
"poly(rac-lactide)" OR "poly-96L 4D-lactide" OR "PLA96" OR "PolyMax" OR "Resomer R208" OR
"Resorb-X" OR "SR PLA96" OR "SR-PLA96" OR "poly-L-D-lactide" OR "ticron" OR "poly(L-lactide-co-
D-lactide)" OR "Atrisorb" OR "poly-d,I-lactic acid" OR "poly-L-lactic acid" OR "PLLA polymer" OR
"Resomer R104" OR "polylactate" OR "70-30 poly-L-lactide-Co-D,L-lactide" OR "hydrosorb")




Appendix 2 - Articles excluded and the reasons for exclusion (n=11)

Reference Author Reasons for Exclusion*
[1] CHANG et al., 2013 1
[2] CHANG et al., 2020 1
[3] FU et al., 2015 3
[4] LEE et al., 2018 2
[5] L.Cetal, 2010 <
[6] MASAELI et al., 2016 2
[7] NAITO et al., 2014 2
(8] SENON GUVEN et al., 2015 =
[9] TERUKINA et al., 2016 2
[10] VENKATESAN et al., 2019 1
[11] ZHANG; ZHANG; ZHANG, 2019 1
*Legend:

1. Studies that did not evaluate critical bone defect (4)
2. Studies that did not have PLGA-based scaffold without SIM group (4)

3. Studies that did not report the simvastatin concentration analyzed (1)

4. Conference abstracts (2)
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Tablel- Summary of descriptive characteristics of included studies
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STUDY POPULATION SCAFFOLD OUTCOME MEASURES
Author Total Animals Control Test Group Animal Bone SIM dose per PLA/PGA Analysis Main findings (p
(Year); / Defects (n/n)  Group (n) (n) Model / Defect scaffold ratio (m:m) Methods value)
Country Bone Dimension
Assafetal. | 32/64 Blank PLGA Wistar 5.25 mm 20 pg/scaffold 50:50 Histological PLGA+SIM promoted
(2013); control (n=16) Rats / diameter analysis to more bone formation
Brazil (n=32) Parietal assess the than PLGA or blank
PLGA+SIM bone biocompatibilit control groups on 4
(n=16) y, bone tissue  and 8 weeks (p<0.05).
regeneration,
and the
remained
defect size on
4 and 8 weeks.
Encarnagido | 180 /360 Naive PLGA+HA+BTC Wistar S mm 200 pg/scaffold 82:18 Densitometry  SIM incorporated into
etal. (n=6) P+SIM Rats / diameter PLGA+HA-BTCP
(2015); (n=6) Parietal Scanning scaffold did not
Brazil Blank Bone electron increase bone
control PLGA+HA+TC microscopy formation (p<0.05).
(n=6) P
(n=6)
SIM
(0=6)
Vehicle (ethyl
alcohol+PBS
(n=6)
Ferreira et 66 / 66 Blank Blank control Wistar 5 mm 50 pg/scaffold 50:50 Scanning PLGA+SIM with
al. (2014); control with PLGA Rats / diameter electron PLGA membrane
Brazil (n=10) membrane Parietal microscopy group showed more
(n=20) bone newformed bone
Light matrix inside the
PLGA-+SIM with microscopy defect than blank
PLGA membrane transmission control, blank control
(n=20) with PLGA
Transmission  membrane, PLGA or
PLGA electron PLGA with PLGA
(n=6) microscopy membrane groups
(Statistical analysis
PLGA with Immunohistoc ~ was not performed).
PLGA membrane hemistry
(n=10)
Jjangetal. | 24/24 Blank PLGA+HA ‘Wistar 5 mm 8 ng/scaffold 85:15 Micro- PLGA+HA+SIM
(2013); control (n=8) Rats / diameter computed group stimulated more
China (n=8) Calvaria tomography bone formation than
PLGA+HA+SIM  bone PLGA+HA or Blank
(n=8) Histological control on 8 weeks
analysis (p<0.05).
Liu et al. 32/32 PLGA PLGA+SIM Mice / 4 mm 35 pg/scaffold 75:25 Micro- PLGA+SDF-1a+SIM
(2014), (n=8) (n=8) Calvaria  diameter computed promoted more bone
China bone tomography formation than PLGA,

PLGA+SDF-1a
n=8)

HE staining
and

PLGA+SDE-1a, or
PLGA+SIM (p<0.05).
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PLGA+SDF- immunohistoc
1a+SIM hemistry
(n=8)
Mendes et | 35/35 Blank PLGA ‘Wistar 8 mm 40ug/scaffold Not Histomorphom PLGA+SIM promoted
al. (2017); control (n=7) Rats / diameter reported etric analysis more bone formation
Brazil (n=7) Calvaria than PLGA,
PLGA+SIM bone Histological PLGA+MSC, or
(n=T7) analysis PLGA+SIM+MSC
(p<0.05.
PLGA+MSC
(0=7)
PLGA+SIM+MS
C
=7
Zhang etal. | 30/30 Blank PLGA+CPC Rabbits/ 6mm 100 pgfscaffold  50:50 Micro- PLGA+CPC + SIM
(2015); Control (n=10) Femur diameter x radiograph scaffolds
China (n=10) 10 mm demonstrated more
PLGA+CPC+SI length Histological formed bone than
M PLGA+CPC or Blank
(n=10) Micro- control (p<0.05).
computed
tomography
3D- computed
tomography

Legend: BTCP: p-tricalcium phosphate; CPC: calcium phosphate composite; HA:
hydroxyapatite; HE: hematoxylin and eosin; MSC: mesenchymal stem cells; PLGA:
poly(lactic-co-glycolic) acid; SDF1: stromal cell-derived factor 1; SIM: Simvastatin; Blank
control: empty defect; Naive: Incision and detachment of the periosteum. PBS: phosphate-

buffered saline.
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Table 2 — Risk of bias summary assessed by Systematic Review Center for Laboratory Animal

Experiments (SYRCLE) tool

SYRCLE’S Quality Assessment of the Reviewed Papers Item
Item
STUDY 1 2 3 4 5 6 7 8 9 10
Assaf et al. : | |
(2013) No Y €8 Yes No No
Encarnacao
ol GO e No No No
Ferreira et _ B
al. 2014) | No | ves yes | No No
Jiang et . B
al. (2013) | No | Yes | Yes No -
Liu et al. .
(2014) No Y es No -
Mendes et _
al.2017) | No | Yes No No
Zhang et ..
al. (2015) No es No o
Legend:

(1) Sequence generation (Was the allocation sequence adequately generated and applied?).

(2) Baseline characteristics (Were all the animals similar at baseline [age, sex, weight]).

(3) Allocation concealment (Was the allocation adequately concealed?).

(4) Random housing (Were the animals randomly housed during the experiment?).

(5) Blinding (Were the caregivers and /or investigators blinded from knowledge which
intervention each animal received during the experiment?).

(6) Random outcome assessment (Were animals selected at random for outcome assessment?).
(7) Blinding (Was the outcome assessor blinded?).

(8) Incomplete outcome data (Were incomplete outcome data adequately addressed?).

(9) Selective outcome reporting (Are reports of the study free of selective outcome reporting?).
(10) Other sources of bias (Was the study apparently free of other problems that could result in
high risk of bias?).


Assaf et al. (2013)

Encarnação et al. (2015)

Ferreira et al. (2014)

Jiang et al. (2013)

Liu et al. (2014)

Mendes et al. (2017)

Zhang et al. (2015)
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