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Imbriani MJM. Nanoemulsdo contendo hesperitina: Desenvolvimento, caracterizacao
e avaliacdo de seus efeitos anti-inflamatério e pro-osteogénico [dissertacdo de
mestrado]. Araraquara: Faculdade de Odontologia da UNESP; 2023.

RESUMO

Terapias alternativas associando produtos naturais e nanobiotecnologias abrem
novas perspectivas para liberacdo controlada das drogas. Dentro deste contexto,
nanoemulsdes (NE) apresentam resultados promissores devido ao seu desenho
estrutural e destacadas propriedades biolégicas. A hesperitina (HT) é um metabolito
da hesperidina, encontrado principalmente em frutas citricas, com diversas
propriedades biologicas tais como antioxidante, anti-inflamatdria, anticancerigena,
neuroprotetora, analgésica e com capacidade osteogénica. Em funcédo dos efeitos
terapéuticos da hesperitina, associado as carateristicas promissoras das NE, o
objetivo do presente estudo foi desenvolver uma nanoemulsao contendo hesperitina
(NE-HT) com a finalidade de melhorar suas propriedades farmacodinamicas e assim
obter um material biocompativel e bioativo. Por outro lado, o estimulo elétrico (EE)
tem mostrado efeitos promissores no comportamento celular, melhorando func¢des no
metabolismo dsseo. Desta forma, consideramos que uma associacdo entre a NE-HT
e EE pode sugerir uma melhora dos efeitos um do outro. Inicialmente, no estudo 1,
NE-HT foi sintetizada e caracterizada, sua eficiéncia de encapsulacdo e morfologia
foram avaliadas e seus efeitos sobre a osteogéneses foram determinados em
linhagem celular de osteoblastos humanos através da proliferacédo celular, formacéo
de nddulos mineralizados, expressao de genes reguladores do metabolismo 0sseo,
organizacdo e maturacao de colageno e atividade da fosfatase alcalina (FAL). No
estudo 2, foi avaliada a acdo da HT em sua forma livre e da NE-HT associadas ou
nao com estimulo elétrico (EE) no comportamento de osteoblastos humanos MG63,
através da andlise da adesédo celular, proliferacdo celular, atividade da fosfatase
alcalina e migracéo celular. Finalmente, no estudo 3, a acdo da NE-HT na expresséo
de mediadores inflamatérios e matirz metaloproteinases (MMPs), foi avaliada em
monaocitos/macréfagos humanos estimulados por Fusobacterium nucleatum. Os
dados numéricos, obtidos pela aplicagdo dos protocolos laboratoriais, foram
submetidos a analise estatistica especifica utilizando-se o software GraphPad Prism,
e todos os testes desse estudo serdo aplicados com nivel de significancia de 5 %
(p<0.05). Os resultados mostraram que a nossa NE-HT apresenta indices de
caracterizacao ideais e estaveis, além de uma eficiéncia de encapsulagdo de 74.07
5,33%. Além disso o0 seu efeito benéfico na osteogénese foi comprovado pelo
aumento dos parametros avaliados, ou aceleracdo dos mesmos. Ja a associacédo da
NE-HT com o EE mostra um melhor efeito do EE, ao permitir que uma alta voltagem
de EE possa ser usada em osteoblastos ndo interferindo na adesdo celular,
aumentando a proliferacdo e melhorando os indices de atividade da FAL, além de
mostrar um maior efeito da NE-HT na migracao celular quando comparada a HT na
forma livre. E por fim, a acdo da NE-HT contra a inflamacdo pode ser comprovada
pela reducgéo das taxas de expressao de mediadores inflamatorios e MMPs. Portanto,
podemos concluir que a NE-HT desenvolvida no presente estudo foi adequadamente
caraterizada e sua aplicacao direta ou associada a EE apresentam-se como potencial
tratamento para doencas inflamatorias que envolvem o 0sso, porém, mais estudos in
vitro e in vivo S&0 necessarios.

Palavras-chave: Doencas periodontais. Flavonoides. Nanoparticulas. Regeneracao
Ossea. Inflamagéo.



Imbriani MJM. Hesperetin loaded nanoemulsion: development, characterization and
evaluation of its anti-inflammatory and pro-osteogenic effects” [dissertacdo de
mestrado]. Araraquara: Faculdade de Odontologia da UNESP; 2023.

ABSTRACT

Alternative therapies combining natural products and nanobiotechnologies open new
perspectives to controlled drug release. In this context, nanoemulsions (NE) show
promising results due to their structural design and outstanding biological properties.
Hesperetin (HT) is a metabolite of hesperidin, found mainly in citrus fruits, with several
biological properties such as antioxidant, anti-inflammatory, anticancer,
neuroprotective, analgesic, and osteogenic capacity. Due to the therapeutic effects of
hesperetin, associated with the promising characteristics of NE, the present study
aimed to develop a hesperetin-loaded nanoemulsion (HT-NE) to improve its
pharmacodynamic properties and thus obtain a biocompatible and bioactive drug. On
the other hand, electrical stimulation (ES) has been shown promising effects on cell
behavior, enhancing bone metabolism functions. In this way, we consider that an
association between the HT-NE and ES provides the possibility that both can enhance
the effects of each other. At first, in study 1 the HT-NE was synthesized and
characterized, its encapsulation efficiency and morphology were evaluated, and its
effects on osteogenesis were determined, in human osteoblasts cell line, through cell
proliferation, formation of mineralized nodules, expression of regulator genes to bone
metabolism, collagen quantification, and alkaline phosphatase activity. In study 2, the
effects of HT in its free form and HT-NE associated or not with ES were evaluated in
human osteoblasts MG63 behavior, through the analysis of cell adhesion, cell
proliferation, alkaline phosphatase (ALP) activity, and cell migration. Finally, in study
3, the action of HT-NE on the expression of inflammatory mediators and matrix
metalloproteinases (MMPs) was evaluated in human monocytes/macrophages
stimulated by Fusobacterium nucleatum. The numerical data, obtained by applying the
laboratory protocols, was subjected to specific statistical analysis using the GraphPad
Prism software, and all tests in this study was applied with a significance level of 5%
(p <0.05). Our results shows ideal and stable indexes of charachterization, besides of
an encapsulation efficiency of 74.07 + 5,33%. Besides that, its benefic effect on
osteogenesis was proved by the increase of evaluated assays, or the acceleration of
them. The association of HT-NE with ES showed a better effect of ES, allowing high
voltage to be used in human osteoblasts, not interfering the cells adhesion, increasing
cell proliferation and enhancing ALP activity, besides of showing a higher effect of HT
-NE in cell migration when compared with free HT. Finally, the HT-NE effect against
inflammation can be proved by de reduction of inflammatory mediators and MMPs. For
this reason, we can conclude that the HT-NE developed in this study was properly
characterized and its direct application or its association with ES can be consider as a
potential treatment to inflammatory diseases affecting bone, although in vitro and in
vivo studies are necessary.

Keywords: Periodontal diseases. Flavonoids. Nanoparticles. Bone regeneration.
Inflammation.
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1 INTRODUCAO

A periodontite € uma doenca inflamatéria crénica multifatorial associada ao
biofilme disbidtico, e caracterizada por causar a destruicdo progressiva dos tecidos de
suporte dentariol. E identificada a partir da perda de insercdo clinica, perda 6ssea
radiograficamente visivel, bolsa periodontal e sangramento gengivall. Os
periodontopatégenos e seus componentes bacterianos tais como lipopolissacarideos,
proteases e toxinas encontradas no biofilme induzem a resposta imune do hospedeiro
ativando vias de defesa para a prevencdo do avanco da infeccdo nos tecidos
periodontais®. Bactérias periodontopatogénicas Gram-negativas tais como
Porphyromona gingivalis, Fusobacterium nucleatum, Aggregatibacter
actinomycetemcomitans e Tanerella forsythia, estdo fortemente envolvidas em diversas
etapas da doenca periodontal desde seu inicio®®.

Complexos eventos imunoinflamatorios estdo envolvidos na patogénese da
periodontite, como por exemplo, aumento na producéo de citocinas inflamatorias, como
as interleucinas IL-18, IL-6 e fator de necrose tumoral (TNF) assim como, a perda da
relacao entre metaloproteases de matriz (MMP) e o tecido inibidor de metaloproteinase
(TIMP), fazendo com que a MMP degrade colageno, elastina, matriz glicoproteica e
proteoglicanos®’. Além disso, o LPS das bactérias via receptores toll like (TLRs) e
marcadores inflamatérios como TNF (fator de necrose tumoral), levam a ativacdo de
receptor desencadeador expresso em células mieléides (STREM-1) por células de
defesa como neutréfilos e mondcitos ou macréfagos, acarretando a expressao de
citocinas pré inflamatérias, quimiocinas e receptores de superficie celular®®. Além disso,
0 sTREM ¢ detectado em altas concentracbes no fluido gengival de individuos com
doenca periodontal®®. Dessa forma, estes mediadores inflamatérios promovem,
indiretamente, degradacdo dos tecidos periodontais pela indugdo da producgéo de
metaloproteases de matriz, ativador do receptor nuclear Kappa-B ligante (RANKL) e
atividade de osteoclastos, resultando na reabsorcdo éssea alveolar'® que constitui a
principal caracteristica da periodontite e, eventualmente, resulta com a perda do
dente’ L,

O tratamento da periodontite tem como objetivo evitar a futura progressao da
doenca, minimizar os sintomas da mesma e muitas vezes possibilitando a restauracao

dos tecidos perdidos, evitando a perda do elemento dental e mantendo a saude do
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periodonto!?. A terapia de reducdo bacteriana por meio do controle mecéanico do
biofilme dentéario, assim como da terapia basica de raspagem e alisamento radicular
manual, sdo tratamentos que apresentam bons indices de sucesso e ainda é a terapia
mais indicada na pratica clinica'?. Contudo existem casos em que esta abordagem néo
€ suficiente, exigindo complementacdes a terapia tradicional, podendo-se utilizar
terapias coadjuvantes focada na tentativa de modular a resposta do hospedeiro e assim
tentar suprimir a destruicdo dos tecidos periodontais pela reacdo inflamatéria cronica?.

Novas drogas bioativas e de origem natural tém se tornado atraentes devido
aos seus efeitos benéficos na saude humana, principalmente no que diz respeito as
doencas infecciosas'®!4. Os flavonoides sdo compostos bioativos do grupo dos
polifendis, apresentam mais de 5000 tipos e possuem diferentes estruturas'®'4. Podem
ser encontrados em diversos tipos de plantas, frutas e vegetais, apresentando um
sistema de baixa citotoxicidade e propriedades biolégicas como anti-oxidante, anti-
inflamatoria, cardioprotetiva, vasodilatadora, anti-cancerigena, antibacteriana e efeitos
no metabolismo 6sseo'#18. Devido as suas complexas estruturas os flavonoides podem
ser divididos em flavonois, flavonas, flavononas, flavon-3-ol, isoflavononas e

antocianins?®.

A hesperitina (HT) é um metabdlito da hesperidina, pertencente ao subgrupo
flavanona, encontrado principalmente em frutas citricas como laranja e toranja®.
Diversos estudos tém utilizado a HT como uma estratégia alternativa de novos usos
terapéuticos, devido as suas diversas propriedades biolégicas, incluindo efeitos
analgésicos, anticancerigenas, anti-inflamatérias, antioxidantes, neuroprotetoras e
efeitos benéficos ao metabolismo 6sseo’*18, Estudos destacam sua propriedade anti-
inflamatoria, mostrando sua capacidade em reduzir a atividade de mieloperoxidase,
produgcdo de TNF-a, IL-6, IL-1B, MIP-2, ciclooxigenase-2 (COX-2), alanina
aminotransferase (AST) e enzimas ativas de aspartate transferase (ALT), além de inibir
a ativacdo da via de sinalizacdo NF-kB?1-23, Protocolos experimentais in vivo e in vitro
puderam demonstrar a capacidade da HT em inibir fortemente as expressdes proteicas
de TNF-a, NF-kB, COX-2, iINOS, IL-6 e IL-1B%*26. Por meio da sua atuacéo na ligacdo
MD2/TLR4, responsavel pela identificacdo de LPS na superficie celular, a HT é capaz
de atenuar lesbes agudas de pulmao, diminuindo a concentragdo total de proteinas,
nimero de neutréfilos e nivel de citocinas inflamatérias IL-6 e TNF-a?’. Chen et al.?®

(2017) mostraram em estudo in vivo, com inducédo de lesdo hepatica em ratos, e in vitro
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com a inducéo de inflamacdo em macrofagos RAW 264.7 por LPS, que a HT apresenta
efeito hepatoprotetivo e anti-inflamatorio através da inibigdo das citocinas inflamatoérias
TNF-q, IL-1B e IL-6.

Nos ultimos anos autores sugeriram que a HT esta envolvida no metabolismo
6sseo e mecanismos de acdo na osteogénese?®3°, Estudos mostraram que a HT alivia
os efeitos inibitorios da alta glicose na diferenciacdo osteoblastica de células-tronco do
ligamento periodontal3!:32, Além disso, a HT promove a diferenciacdo osteogénica de
células-tronco mesenquimais humanas através das vias de sinalizacdo ERK e
Smad1/5/834. A acdo benéfica da HT aos ossos, também se deve ao fato de a mesma
aumentar a expressao de importantes genes, como ALP, RUNX 2, osteocalcina (OCN),
Osterix, osteopontina (OPN), e COL1A1 em osteoblastos, células mesenquimais e
células do ligamento periodontal®®3233, Entretanto, os mecanismos de acdo da HT
sobre o metabolismo 6sseo ndo estdo completamente elucidados sendo de suma
importancia a busca de novas informagdes e constatacdes desse composto sobre estes

postulados.

A nanotecnologia é o desenvolvimento de novas tecnologias em nivel atdmico,
molecular e macromolecular para aplicac6es préticas, como dispositivos, moléculas e
estruturas em escalas de nanémetros®. A mesma contribui para quase todos os
campos da ciéncia, como por exemplo, fisica, ciéncia dos materiais, quimica, biologia,
ciéncia da computacao e engenharia, sendo recentemente aplicada na saude humana
com resultados altamente promissores34. Por outro lado, a biotecnologia se define como
uma area multidisciplinar de aplicacéo tecnoldgica que utiliza sistemas bioldgicos e
organismos vivos, para fabricar ou modificar produtos ou processos para utilizagao
especifica®®. Estas novas tecnologias estdo revolucionando o mundo da ciéncia e o
resultado dessa unido € a chamada “nanobiotecnologia”, ou seja, uma ciéncia
avancada e altamente interdisciplinar que vem sendo frequentemente utilizada para
varias aplicac6es®. Espera-se que a sociedade seja beneficiada pela fusdo dessas
duas tecnologias devido as potenciais aplicagbes em medicina, odontologia, agricultura,
meio ambiente dentre outras areas®.

O interesse na nanotecnologia cresce cada vez mais como sistema de entrega
de drogas com multiplas vantagens: sua relacao superficie/massa que é maior que de
outras particulas, suas propriedades quanticas®, conferindo numerosas vantagens

para a entrega de medicamentos, especialmente controlando o comportamento fisico-
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guimico do farmaco (solubilidade e liberacdo) e medicamentos visando o potencial do
sito ativo, diminuindo os efeitos adversos®’-°, Dentre as diferentes nanoparticulas,
sabe-se gque as nanoemulsdes s&o um tipo de carregador lipidico nanoestruturado*! e
podem ser formuladas de diversas formas, como liquidos, géis, cremes, aerossois,
dentre outras, e possibilitam diferentes formas de aplicacdo, além de poder apresentar
administracdo de forma nasal, intravenosa, pulmonar e ocular?. Além disso, as
goticulas de o6leo presentes sdo capazes de solubilizar compostos farmacéuticos
lipofilicos, além de protegé-los contra fatores externos, como pH, a oxidagcdo e a
hidrélise, sendo também mais resistentes a floculacdo e coalescéncia®®. Portanto as
nanoemulsdes permitem a reducdo da variabilidade do composto encapsulado,
destacando-se a sua capacidade de protegé-lo contra enzimas degenerativas e
controlando sua liberagdo no sitio ativo de escolha**. Além disso a mesma pode gerar
uma melhor biocompatibilidade do farmaco permitindo a utilizacdo do mesmo em altas
concentracdes*. Por tanto, ao incorporar um composto natural com baixa toxicidade
dentro de um sistema de liberagdo controlada como sdo as nanoemulsdes, ir4 permitir
de que a nova formulag¢do se torne mais biocompativel, permita a reducdo de seus
efeitos colaterais, aumente sua estabilidade e melhore os efeitos bioldégicos destes
compostos naturais®.

E por fim, a estimulacdo elétrica (EE) tem mostrado efeitos positivos nas
atividades celulares, como por exemplo, no transporte de ions, na expressao génica,
producdo de proteinas, espécies reativas de oxigénio intracelulares, secrecdo de
citocinas e quimiocinas e migracao celular*®. Um estudo mostrou que a EE é capaz de
gerar efeitos positivos na cicatrizacdo através da regulacdo de citocinas pro
inflamatérias e anti-inflamatoérias, fatores de crescimento e migragdo celular em
fibroblastos humanos de pacientes diabéticos*’. Por outro lado, Meng et al.*® (2011)
mostraram que a EE melhora a proliferacédo e adesdo de osteoblastos, aumenta a
formacdo de nodulos de mineralizacdo e a expressdo de genes relevantes para o
metabolismo ésseo. Estudos mais recentes tiveram como foco a melhora da aplicacéo
do EE e, por esta razdo, diferentes membranas foram usadas*’-*°. Dentre estas
membranas, as compostas por Polypirrole (PPy), um polimero que possui uma boa
compatibilidade, mostrou resultados promissores®. Apesar do PPy apresentar
caracteristicas positivas, 0 mesmo apresenta algumas limitacdes que levam a um
prejuizo de sua funcdo, como a fragilidade e insolubilidade. Assim, outro polimero o
poly(l-lactidio) (PLLA) foi associado na sintese da membrana para torna-la mais forte e
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resistente?®>1, Além disso, foi testada a adi¢do de heparina (HE) a formulacdo da
membrana, obtendo-se resultados positivos como um aumento significativo da
condutibilidade em meio aquoso e da adesédo e crescimento celular®?. Portanto com a
utilizacdo de uma membrana de PPy/HE/PLLA, a EE pode apresentar resultados
promissores.

Contudo tem-se a hipotese de que a encapsulagdo da HT a uma nanoemulséo
pode gerar uma melhora nos efeitos anti-inflamatorio e pro-osteogénico assim como
uma melhor estabilidade do flavonoide. Além disso, a associacdo entre a hanoemulsao
contendo hesperitina (NE-HT) e EE podem apresentar perspectivas de aumento dos
efeitos biolodgicos, uma da outra, sobre o metabolismo ésseo através da influéncia no

comportamento dos osteoblastos.
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2 PROPOSICAO

Desenvolver e caracterizar uma nanoemulsdo contendo hesperitina (NE-HT)
com a finalidade de melhorar as propriedades farmacodinamicas, a fim de obter um
material biocompativel e bioativo, associando-a ou ndo ao estimulo elétrico, e avaliar

in vitro o seu efeito anti-inflamatorio e pro-osteogénico.l.

2.1 Objetivos Especificos

A. Sintetizar, caracterizar morfologicamente e estruturalmente a NE-HT,
avaliando in vitro, sua biocompatibilidade e seu efeito sobre o metabolismo do
tecido Gsseo, verificando sua influéncia sobre a diferenciacdo e metabolismo
de osteoblastos através da analise da proliferacao celular, formacéo de nédulos
de mineralizacéo, expressédo dos genes RUNX2, ALPL e TGF-B, producao de
colageno e atividade da fosfatase alcalina.

B. Avaliar in vitro, o efeito da HT livre e da NE-HT associadas a estimulo elétrico
(EE) na adeséao e proliferacao de osteoblastos, além do seu efeito na atividade
da fosfatase alcalina e migracéo celular.

C. Avaliar in vitro, o efeito da NE-HT na ativacdo mediada por Fusobacterium
nucleatum na expressédo de mediadores pré-inflamatoérios TNF-a, IL-13, IL-6,
IL-8 e matirz metaloproteinases (MMP)-1, MMP-3 e MMP-9 por

monaocitos/macréfagos humanos.
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3 PUBLICACAO

Nas publicacBes a seguir serdo apresentados os resultados deste estudo. Na
Publicacdo 1 estéo os resultados sobre o desenvolvimento e caracterizagdo da NE-
HT, e seu efeito na osteogénese. A Publicacdo 2, mostra os resultados obtidos no
intercambio BEPE-FAPESP realizado na Faculté de médecine dentaire da Université
Laval em Quebec no Canada sob supervisdo do Prof. Dr Mahmoud Rouabhia. Nesta,
esta descrito o efeito da NE-HT e HT associadas ou ndo ao estimulo elétrico no
comportamento de osteoblastos. E, por fim, a Publicacao 3 traz os resultados da acao
NE-HT sobre a inflamacéao.

3.1 Publicagéao 1*

Formulation of a novel hesperetin-loaded nanoemulsion and its

promising effect on osteogenesis

Maria Jalia Mancim-Imbriani*?, Jonatas Lobato Duarte®, Leonardo Delello Di Filippo?, Leticia
Pereira Lima Dur&o?, Marlus Chorilli®, Denise Madalena Palomari Spolidorio?, Patricia Milagros

Maquera-Huacho®2"

1Department of Diagnosis and Surgery, School of Dentistry, Sdo Paulo State University (Unesp),

Araraquara, Sao Paulo, Brazil

2Department of Physiology and Pathology, School of Dentistry, Sdo Paulo State University (Unesp),

Araraquara, S&o Paulo, Brazil

3Department of Drugs and Medicines, School of Pharmaceutical Sciences, Sdo Paulo State University

(Unesp), Araraquara, Sao Paulo, Brazil
*Correspondence:

Patricia Milagros Maquera-Huacho, Department of Physiology and Pathology, School of Dentistry, S&o
Paulo State University (Unesp), Araraquara — SP, Humaita St, 1680, CEP 14801-903 Araraquara, S&o

Paulo, Brazil.

Email: patricia.maquera@unesp.br

* Artigo seguiu as normas da revista Pharmaceuticals para a qual sera submetido.
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Abstract: Alternative therapies associating natural products and nanobiotechnology
show new perspectives to controlled drug release. In this context, nanoemulsions (NE)
present promising results for their structural design and properties. Hesperetin (HT), a
flavonoid mainly found in citrus fruits, presents highlighted bone benefits. In this
context, we developed a hesperetin-loaded nanoemulsion (HT-NE) by sonication
method and characterized it by dynamic light scattering, analyzing its encapsulation
efficiency, and registering its particle size by transmission electron microscopy. The
biocompatibility in human osteoblasts Saos-2-like was evaluated by the cytotoxicity
assay and ICso. Then, the effects of the HT-NE on osteogenesis were evaluated by the
cellular proliferation, calcium nodule formation, bone regulators gene expression,
collagen quantification and alkaline phosphatase activity. The results showed that the
formulation presented ideal values of droplet size, polydispersity index and zeta
potential, and the encapsulation efficiency was 74.07 = 5,33%, showing good
morphology. Finally, HT-NE showed to be biocompatible and increased cellular
proliferation, calcium nodule formation, regulated the expression of Runx2, ALPL and
TGF-B genes, and increased the collagen formation and alkaline phosphatase activity.
Therefore, the formulation of this NE encapsulated the HT appropriately, allowing the
increasing of its effects on mechanisms to improve or accelerate the osteogenesis

process.

Keywords: Nanoparticles. Flavonoids. Materials Testing. Cytotoxicity Tests. Bone

Regeneration
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1. Introduction

Nowadays, we have a wide array of conditions presenting bone loss, including
periodontal diseases, osteoporosis, and fractures in the bone [1], so the search for
treatments to these diseases is growing. To the treatment of these diseases, several
treatments, medicines and biomaterials are proposed but in some cases is hot enough
to restore bone formation [2]. On the other hand, several disadvantages and side
effects have been observed, for example, bisphosphonate is used to the treatment of

osteoporosis, but its use can cause bone necrosis [3],

In recent years, drug discovery and development that presents a drug delivery
system is increasing. Among them, nanoparticles are formulations with benefits as its
relation surface mass/bigger and its diverse quantic properties [4,5]. Besides the drug
release, they can present others positive characteristics as increasing the solubility
and more selective distribution, and therefore decreasing its adverse effects [6-10].
Among the nanopatrticles, nanoemulsions (NE) are a mix of oil phase (non-polar) and
agueous phase (polar) with the presence of an emulsifier. They have a good potential
as drug delivery systems, controlling the release and directing it to its active site [11].
Furthermore, NE are capable to carry lipophilic pharmaceutical compounds, protecting
them against external factors, like pH, oxidation, and hydrolysis, and it has also been

more resistant to flocculation and coalescence when compared to emulsions [12].

Flavonoids are bioactive compounds that belong to the polyphenol group, they can
be classified in flavonols, flavones, flavonones, flavon-3-ol, isoflavonones and
anthocyanins [13]. Hesperetin (HT) is a metabolite of hesperidin, belonging to
flavonone subgroup [14]. It can be found mainly in citric fruits, like oranges and
grapefruit [14]. Several studies suggested the biological properties of hesperetin like
analgesic, anti-cancer, anti-inflammatory, antioxidant, and neuroprotector effects [15-
18]. Among these properties, benefic effects on bone metabolism are highlighted [15-
19].

HT presents characteristics that can improve bone mineral density through
different mechanisms [20]. Trzeciakiewicz et al. [21], 2010 suggested that this
flavonoid can stimulate the differentiation of primary osteoblasts in rats, by Smad-
dependent BMP (bone morphogenetic protein) and MAPK signaling pathways.
Hesperetin can enhance the expression of bone metabolism genes, like ALP, RUNX
2, OCN, Osterix, osteopontin (OPN) and COL1ALl in osteoblasts, mesenchymal and
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periodontal ligament stem cells [21-23]. Also, in high glucose conditions, hesperetin
can promote osteoblastic differentiation [24, 25]. In this context, HT suppress the
osteogenesis inhibitor factors through activation of PI3K/Akt pathway and suppression
of ROS [23]. Additionally, Liu et al [26] suggest that hesperetin is able to suppress
glucocorticoid effects through regulation of ERK signaling pathway.

Given that HT is a flavonoid with benefic and promising properties specifically on
bone metabolism, the aim of this study was to formulate a new hesperetin-loaded
nanoemulsion (HT-NE), evaluate its colloidal stability and the in vitro effect on
osteogenesis. To the best of our knowledge, this is the first manuscript on incorporating
HT in NE as a drug delivery system and investigating its effects for biomedical
applications including bone tissue regeneration.

2. Results

Droplet Size, Polydispersity Index, and Zeta Potential

The HT-NE showed a translucence or slight turbidity of its surface during all
periods under analysis (Figure 1), a common characteristic of this type of nanopatrticle
due to the small size of its droplets.

1D 7D 14D 21D 90D

Figure 1. Representative images of HT-NE in different analyzed period (1, 7, 14, 21
and 90 days).

Table 1 shows the results of HT-NE characterization by dynamic light scattering
(DLS). It is possible to observe that the droplet size was kept stable during the
evaluated periods, 1 to 90 days, presenting values around 89.41 + 5.81 nm. The
polydispersity index (PDI) presented a stable value around of 0.267 + 0.008 for the
periods until 21 days, and a value of 0.584 + 0.035 was obtained after 90 days. HT-NE
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zeta potential presented values higher than -20 mV and less than 20 mV for all the

periods.

Table 1. Droplet size, polydispersity index and zeta potential of HT-NE.

Time Droplet size Polydispersity Zeta Potential
(days) (nm) Index (mV)
1 88.79 £ 0.09 0.276 £ 0.003 -13.27 £ 2.7
7 88.26 £ 0.75 0.273 £ 0.006 -17.37+ 1.7
21 89.01 +£1.15 0.266 + 0.003 -14.97 + 0.6
90 82.11 + 3.89 0.584 + 0.035 -4.75+0.1

Table 2 showed values of droplet size, polydispersity index, and zeta potential of
the Blank NE analyzed for 1 day. The results showed that the Blank NE presents
droplet size value of 97.86 + 0.50 nm and polydispersity index of 0.278 + 0.003, similar
to HT-NE (results shown in Table 1). On the other hand, the Blank NE showed a zeta
potential value of -26.9 £ 2.4 mV.

Table 2. Droplet size, polydispersity index, and zeta potential of the Blank NE.

Time Droplet Size Polydispersity Zeta Potential
(days) (nm) Index (mV)
1 97.86 £ 0.50 0.278 £ 0.003 -26.9+2.4

Encapsulation efficiency

Table 3 shows the results of the encapsulation efficiency in percentage. It is
possible to observe that the average obtained was 74.07% with a standard deviation
of 5.33%.
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Table 3. Encapsulation efficiency (%) from values of 3 replications, based on the

analytic curve.

Formulation Encapsulation efficiency (%) + SD

HT-NE 74.07 +5.33

Transmission Electron Microscopy (TEM)

Figure 2 was obtained by transmission electronic microscopy. The images showed
that the droplets of HT-NE and droplets of Blank NE present similar characteristics,

with a circular format and sizes smaller than 100 nm.

Figure 2. Images obtained by transmission electron microscope (JEOL JEM-2100) at
250.000x magnification and scale bar of de 200 nm. a) Image of HT-NE and b) Image
of blank NE.

Cytotoxicity

Figure 3 shows the results of the cytotoxicity assay. The treatment with Free HT
and HT-NE in concentrations greater than 512 uM showed a statistically significant
decrease in osteoblasts cells after exposure for 7 days in comparison to the negative
control group (p<0.001). On the other hand, Blank NE showed a cytotoxic effect in
concentrations greater than 1025 pM in comparison to the negative control group
(p<0.001).
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Figure 3. Cell viability percentage of osteoblasts Saos-2 after 7 days of treatment with
different concentrations of Free HT (a), HT-NE (b), and Blank NE (c). *Difference
statistically significant compared with the negative control group (ANOVA, p<0.001).

ICs0 value

Figure 4 shows the ICso values of the treatments: Free HT and nanoemulsions
(HT-NE and Blank NE). The ICso values were 3.46 log, 2.82 log and 2.87 log
(concentrations) to Free HT, HT-NE and Blank NE, respectively.

Taking this into account, it is possible to note that Free HT presented an ICso value
higher than the NE tested.
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Figure 4. The ICso0 value of the Saos-2-like cell line treated with Free HT, HT-NE and
Blank NE (ANOVA, p<0.05).

Cell Proliferation Analysis

Figure 5 shows the cell proliferation results. It is possible to observe an increase
in all groups when they are compared between different periods, showing a statistically
significant difference (p<0.05). On the first day of evaluation the groups did not present
a statistical difference between them (p>0.05), however, in 3, 5, and 7 days of
evaluation the groups treated with HT-NE showed a statistically significant increase in
cell proliferation when compared to the control group (p<0,05). An interesting point was
that at 5 and 7 days, the HT-NE treated groups with 128 uM and 64 uM concentrations,
showed an increase in cell proliferation and showed a statistical difference compared
to the control and HT-NE 32 pM groups (p<0.05).
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Figure 5. HT-NE effect on osteoblasts Saos-2 proliferation after treatment with non-

cytotoxic concentrations (32 uM, 64 uM, and 128 uM) for 1, 3, 5, and 7 days. The same



25

letters represent no statistical difference, different letters indicate statistical difference.
The upper case indicates a comparison between periods and the lower case indicates

a comparison between groups in the same period. (Two-way ANOVA, p<0.05).
Mineralized Nodules Formation

Figure 6 described the results of mineralized nodules formation. HT-NE treated
groups at 32 uM and 64 uM showed a statistically significant increase in mineralized
nodule formation when compared with group treated with osteogenic medium only
(p<0.05, p<0.01). However, the HT-NE 128 uM did not present a statistically significant
difference (p>0,05). Although, we can observe that all groups treated with HT-NE,
showed an increase in mineralized nodule formation compared to the group that just

received a normal medium (p<0.0001).
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Figure 6. Calcium nodule formation quantification in human osteoblasts Saos-2 like
after treatment with non-cytotoxic HT-NE (128 uM, 64 uM, and 32 uM) concentrations
for 7 days. Measurement in the percentage of Alizarin red absorbance. (ANOVA,
0=0,05). — represents statistically significant difference compared to osteogenic
group (*p<0.05, *p<0.01, ****p<0.0001). NM = normal medium, OM = osteogenic

medium.
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Bone Metabolism Gene Expression Quantification

Figure 7 represents the gene expression quantification of TGF-f3, Runx2 and ALPL
by human osteoblasts Saos-2 treated with non-cytotoxic HT-NE concentrations after
1, 3, and 7 days. The TGF-B expression was significant increased after the treatment
with HT-NE 64 uM at 3 and 7 days (p<0.05, p<0.001). Runx2 gene expression showed
a statistically significant increase after all tested periods when treated with HT-NE 32
MM (p<0.05, p<0.001, p<0.0001). At 64 uM concentration of HT-NE, the increase in its
expression was observed at 3 and 7 days (p<0.05). The concentration of HT-NE 128
UM showed an increase effect of Runx2 gene expression in just after 7 days (p<0.01).
Finally, ALPL gene showed a statistically significant increase after the treatment with
HT-NE 32 uM at 1 and 7 days (p<0.01, p<0.0001). Additionally, after 7 days HT-NE 64
UM and 128 pM showed a statistically significant increase in the expression of this
gene (p<0.05, p<0.0001).
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Figure 7. Gene expression levels of TGF- (A), Runx2 (B) e ALPL (C) in human
osteoblasts Saos-2 treated with non-cytotoxic HT-NE (128 pM, 64 uM and 32 uM) after
1, 3 and 7 days. *Represents a statistically significant difference compared to the
control group (One-way ANOVA, *p<0.05, **p<0.01, *** p<0.001, ****p<0.0001).
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Collagen Production by Picrosirius Red

Figure 8 shows the collagen quantification after treatment with different HT-NE
concentrations (128 pM, 64 uM and 32 uM) for 3 and 7 days. The results showed that
at 3 days of treatment, HT-NE treated groups did not show statistical difference
compared to the control group (p>0.05). However, at 7 days of treatment the HT-NE
at 128 uM and 32 uM showed an increase in collagen production statistically significant
compared to the control group (p<0.05).
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Figure 8. Collagen production quantification after treatment with non-cytotoxic HT-NE
concentrations (128 uM, 64 uM and 32 pM) for 3 and 7 days. *Represents a statistically
significant difference compared to the control group (One-way ANOVA, *p<0.05,
**p<0.01, *** p<0.001, ****p<0.0001).

Alkaline Phosphatase Activity

Figure 9 shows the results of ALP activity analysis. It is possible to note that after
the treatment with all HT-NE concentrations, no statistical difference between groups
was observed at 3 days of treatment (p>0.0001). On the other hand, we can observe
that at 7-days the treatment with 128 uM of HT-NE showed a statistically significant

increase in ALP activity compared to the control group (p<0.0001).
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Figure 9. Alkaline Phosphatase activity at the periods of 3 and 7 days after the
treatment of osteoblasts Saos-2-like with HT-NE 128 pM, 64 pM and 32 pM. *
represents statistically significant difference compared to the control group (ANOVA,
*%n<0.0001).

3. Discussion

Bone diseases are a recurring problem in the general population, being
presented in diverse ways leading to mass bone loss [1]. New treatments are studied
to solve this problem with less collateral effect and good efficacy [27]. In this way, we
hypothesize that a new formulation of HT-NE may permit a controlled release of
hesperitin and provide safe treatment techniques, besides of enhance its
biocompatibility and biological activities. The focus of the present study was to develop
a new HT-NE and characterized through the evaluation of droplet size, polydispersity
index, and zeta potential to guarantee its colloidal stability and its correct function.
Additionally, we investigated its effects on bone metabolism through different analyses
in human osteoblasts Saos-2-like, such as cell proliferation, calcium nodule formation,
genes expression, collagen production and ALP activity.

A droplet size smaller than 100 nm can reduce the interfacial tension between
the oil phase and water, preventing the droplets' coalescence and maintaining their
disposition and distribution [26]. Additionally, nanoemulsions with small droplet size
present trans-lucence or slight turbidity [28] as observed in our formulations. Regarding
the PDI, values less than 0.5 are ideal to obtain a good dispersion [29]. Taking this into
account, the new HT-NE development in the present study showed excellent
parameters with mean values of PDI of 0.267 +- 0.008 during 21 days. In a previous
study by Bosly [30], in 2022, it was prepared a nanoemulsion using a high sonication

method to obtain nanoparticles, similar to our study. The authors confirmed the
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homogeneity, stability, and adequate particle distribution of the nanoemulsion with a
PDI of 0.342, that was optimized, acquiring a PDI of 0.263 [29]. Our result of 90 days
of characterization shows a PDI of 0.584, which did not mean an ideal index, but is
closer to the expected, besides that it can show the stability of the formulation in
smaller periods.

The zeta potential is another important characteristic to the development of a
new nanoemulsion because it will generate the necessary repulsive potential to
prevent the coalescence of the droplets [31]. Besides that, the zeta potential will affect
directly the nanoemulsion capacity of permeability in cell membranes, since these ones
are negatively charged, and request a specific cationic and anionic balance to allow
biocompatibility, in order to reach this biocompatibility as better as possible, the ideal
values of zeta potential should be kept between -30 mV and 30 mV [32]. Our HT-NE
presented values of zeta potential between 20 mV and -20 mV, showing this way an
interesting potential to stability of the formulation and promotion of the biocompatibility.

To evaluate the amount of the main compound present into the HT-NE, the
encapsulation efficiency was performed. Our results showed an encapsulation
efficiency of 74 + 5.33% demonstrating the great capacity of the nanoemulsion to carry
the HT. Similar results of encapsulation efficiency were shown by Duranoglu et al.,
2018 [33], who developed a nanoparticle system using HT and obtained an
encapsulation efficiency of 80 = 4.9%. Although, they obtained a minimum patrticle size
of 260.2 + 16.5 nm, showing that our HT-NE allowed optimization nanoparticle system,
maintaining a good encapsulation and droplet size. In addition, it was demonstrated
that the use of polysorbate 80 as a surfactant, enables an encapsulation efficiency of
80.7 + 7.15% and satisfactory results of characterization [34].

Transmission Electron Microscopy (TEM) is commonly used in nanoparticles
formulations to show the surface morphology of droplets, being able the observation
of droplet size [35]. The images obtained by TEM, show the morphology of HT-NE and
Blank NE droplets, making possible the comparison between them. The small size of
the droplets is an important parameter that can avoid their junction [35]. Opposite to
this, when they are bigger than they should be, it will prejudice the capacity of the
nanoemulsion to exercise its functions, losing its stability [35]. Therefore, it is possible
to observe in TEM images that our formulation kept a size around 100 nm, maintaining

its dispersion. Then, this can contribute to the preservation of its functions.
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In terms of possible clinical use, the cytotoxicity test is extremely important for
the evaluation of new therapeutic drug delivery systems. Thus, the cytotoxicity of our
new HT-NE was evaluated on osteoblasts Saos-2, which are important cells present
in bone metabolism. The cells exposed for 7 days to the HT-NE and Free HT, showed
a concentration-dependent effect. Our HT-NE has a similar biocompatibility compared
with Free HT, which is an important observation since the nanoemulsion kept the
biocompatibility having a more complex composition, responsible for bringing more
benefits as a differential delivery of drugs and a controlled release, avoiding compound
oxidation and other destructive processes [35,36].

Our formulation did not present cytotoxic effects in concentrations less than 256
KM, showing interesting enhancement of the biocompatibility when compared with Xue
et al. [37] in 2017, which showed an inhibition of pre-osteoblastic cell proliferation with
HT treatment at 100 puM. Also, Blank NE presents a non-cytotoxic effect in
concentrations less than 512 uM. In contrast, the Blank NE developed by Vaz et al.
[38], was formulated similarly to ours, using a high-energy method, but using castor oll
instead of capric/caprylic acid. The authors showed a reduction of nasal cavity cell
viability (around 80%) with the Blank NE at 131 uM [38]. Since there are not many
studies showing osteoblasts and nanoemulsions biocompatibility, we can suggest that
the new formulation and its chemicals’ combination developed in the present study
showed excellent parameters of biocompatibility.

Osteoblasts cells have a very important role in bone formation and
differentiation [39]. The evaluation of cell proliferation is an important marker to show
if our formulation has a good effect on the cells that are being treated and confirm its
biocompatibility [39]. An enhancement in osteoblast cell metabolism can offer the
possibility of the positive effect of HT-NE on bone metabolism. There are few studies
regarding encapsulating in a nanosystem and evaluation of the biological properties of
the HT using osteoblasts test models, and none of them evaluated the cell proliferation.
On the other hand, Trzeciakiewicz et al., in 2009 [21] showed in their study that the
Free HT did not affect the primary rat osteoblasts proliferation in the highest non-
cytotoxic concentration (10 puM). This study corroborates with the hypothesis that the
encapsulation of HT in a nanoemulsion, can enhance its properties.

In osteogenesis, many processes are involved from the beginning of formation
until the maturation of bone. Between them, an important step is the calcium nodule

mineralization by osteoblasts, which generates the production of hydroxyapatite, the
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inorganic compound responsible for bone formation [40]. Our formulation showed an
increase of the mineralization in all concentrations evaluated, which contrast with a
previous study that tested the HT in its free form and did not find this effect [21]. A
previous study, evaluated the influence of HT and a HT nanocrystal in calcium nodule
formation after 3 weeks of treatment [41]. The authors showed an increase on nodule
formation after the treatment with HT and a better effect by HT nanocrystals [41].
These previous results are in according with ours, because we demonstrated that HT-
NE was also able to promote this increase, but in a shorter period (14 days), giving the
hypothesis of the acceleration of this function.

On the other hand, the alkaline phosphatase (ALP) activity had correlation with
nodules mineralization [42], because the increase of alkaline phosphatase is essential
to the beginning of nodule formation. In the present study, at the period of 7 days, the
HT-NE presents a great effect in the increase of ALP activity and shows the nodule
formation increase. Trzeciakiewicz et al. [24] showed that the ALP activity of Free HT
was highly expressed at 14 days of treatment in primary rat osteoblasts. Our results
are in according with these authors, because Free HT and HT encapsulated in a NE
can express high levels of ALP in early periods of mineralization.

Bone-specific gene expression patterns are highly involved in bone formation
process, preceding the osteoblasts differentiation, or during the maturation and
proliferation of these cells. [43-46]. Runx2 is one of the first transcription factors
expressed in mesenchymal cell, leading to osteoblast formation and maturation
[43,44]. The ALPL (alkaline phosphatase) gene is responsible for bone maturation
keeping its density and avoiding dysplasia [45] and TGF-(3, is a gene responsible for
cell survivor, proliferation and differentiation, leading to bone growth through BMP9
signaling pathway [47]. Their roles in bone metabolism elucidate the understanding
about our formulation action. Similar to our results, Trzeciakiewicz et al. [21], showed
a time-dependent effect of HT in the expression of genes Runx2 and ALPL using
primary rat osteoblasts. On the other hand, it was shown that the deficiency of TGF-3
in mouses led to a reduction of bone growth and mineralization [48]. Regarding the
effect of HT or a new nanoemulsion associated to HT on TGF-B expression, we
demonstrate for the first time the positive effect of this flavonoid on this gene
expression.

Finally, collagen is an essential protein to bone composition. The collagen fiber

associated with the hydroxyapatite are responsible for bone formation, being capable
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of elevating bone mass [49]. For this reason, many biocompatible materials are being
developed aiming to enhance and increase collagen production [50]. As showed in the
results section, at 7 days our formulation showed an increase in collagen production,
corroborating the hypothesis that the HT-NE has a promising effect on osteogenesis,
mainly in the beginning of osteoblasts maturation, allowing the enhance of bone
density. Besides that, a study using the HT in its free form did not find an influence in
collagen production [24]. Taking these results into account, the encapsulation of HT in
our nanoemulsion improved its biological effect, specifically on collagen production.
Despite the limitations of the present study, new in vitro and in vivo models can
provide other answers and complement our results to future medical applications.
Besides that, we note that the HT-NE developed in the present study did not present
a dose-dependent effect in our results. Then, there are still numerous questions about

HT-NE and new studies are necessary to corroborate our findings.

4. Materials and Methods

Nanoemulsion (NE) Preparation

The formulations were prepared according to Bouchemal et al. [51] with
modifications. The oil phase was prepared with soy phosphatidylcholine (Lipoid,
Germany) (0.4% wl/v), capric/caprylic acid triglycerides (KLK, Brazil) (1.8% wi/v),
polysorbate 80 (Deg, Brazil) (2.1% w/v), and 100 mM of hesperetin (HT) (Sigma-
Aldrich, Brazil). The aqueous phase was composed of ultra-pure water that was added
dropwise to the oil phase, resulting in a pre-emulsion. In sequence, this pre-emulsion
was sonicated for 2 minutes in a sonicator (Qsonica, USA), with a pulse on of 1 min
and pulse off for 30 seconds, and an amplitude of 35. The blank formulation was
prepared as described, without the HT addition (Blank NE).

Droplet Size, Polydispersity Index, and Zeta Potential

The droplet size, polydispersity index, and zeta potential were obtained using the
dynamic light scattering (DLS) technique, which was performed on Zetasizer
equipment (Nano ZS, UK). The formulations were diluted in deionized water (1: 25),

and the analysis of stability was performed in triplicate for 1, 7, 14, 21, and 90 days to
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evaluate the hesperetin-loaded nanoemulsion (HT-NE). Additionally, an evaluation of

1 day was performed to the Blank NE.

Analytic Methodology for Hesperetin Quantification

The High-performance liquid chromatography (HPLC) analysis was performed in
an HPLC Agilent 1220 infinity system (Agilent, USA) equipped with a column Synergy
(150 x 4.6 mm, 4 um). The volume of injection was 20 pL with a 1.0 mL/min flow. The
mobile phase was constituted in acetonitrile/acidified water with acetic acid 0.1%
(50:50, v/v). The detector was fixed at 290 nm for chromatogram acquisition.

To obtention of the analytical curve, a standard solution (2000 pg/mL) of HT in
acetonitrile (J.T. Baker, USA) was prepared. The analytic curve was performed in
triplicate at the following concentrations: 25, 75, 125, 250, 375, 500, and 750 pg/mL of
HT in acetonitrile. Three independent analytic curves were created, and the linearity

was obtained by linear regression using the minimum squares method.

Encapsulation Efficiency

The encapsulation efficiency of HT on the nanoemulsion was calculated by the
difference between the mass of encapsulated HT and total HT mass. Briefly, 1 mL of
the formulation was submitted to centrifugation of 14000 rpm for 30 min. A supernatant
aliquot of 100 pL was added to a flask containing 900 pL of acetonitrile and sonicated
(amplitude 35, during 1 min). The HT quantification was performed by HPLC as
described previously.

Transmission Electron Microscopy (TEM)

The HT-NE was suspended in an aqueous solution and 3 pL were added to the
copper grids. After 30 sec, the excess amount was dried with paper and colored with
aqueous uranyl acetate (m/v) for 2 min. After that, the exceed of acetate was dried with
paper, and the grids were placed at room temperature to dry. Finally, the grids were
submitted to Transmission Electron Microscopy (JEOL JEM-2100, Japan) analysis
(emission equipment LaB6) at 100 kV.
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Cell Line Culture

Human Osteoblasts cell line Saos-2-like, purchased from American Type Culture
Collection (ATCC hTB-85), were cultured in DMEM medium supplemented with 10%
fetal bovine serum (FBS), 100 IU mL™* penicillin, and 100 pug/mL-* streptomycin (Gibco,
USA). The cell culture was incubated at 37 °C in a humidified incubator containing 5%
of COs..

Cytotoxicity Assay

Previously, HT = 98% (Sigma-Aldrich, Brazil) was dissolved in dimethylsulfoxide
(DMSO) at a concentration of 1 M and stored at -20 °C to the obtention of desired
concentrations. The final concentration of DMSO in the assay was less than 0,1% [52].

Human Osteoblasts cell line Saos-2-like were seeded in a 96-well plate (5x10*
cell/well) and incubated for 24 h. Thereafter, the culture medium of the confluent cell
monolayer was replaced by Free HT, HT-NE, Blank NE concentrations (8200 uM — 0.5
MM v/v), Camptothecin 10 uM (positive control group) and culture medium (negative
control group). The plate was incubated for 7 days at 37 °C in a humidified atmosphere
containing 5% of CO2 and the spent medium was refreshed every 48 h. After 7 days,
the cytotoxic effect was evaluated by methyl tetrazolium (MTT) (Sigma-Aldrich, EUA)
assay.

The colorimetric analysis with MTT evaluates the cell metabolism through the
cytochemical activity of the succinic dehydrogenase (SDH) enzyme, which represents
the mitochondrial breath rate of viable cells [53]. Each well of the experimental and
control groups received a solution containing 90 L of culture medium and 10 pL of
MTT solution, which was prepared with 5 mg of MTT powder and 1 mL of sterile
Phosphate-buffered saline (PBS). The cells were incubated for 4 hours at 37 °C and
5% COz2. Then, the culture medium with MTT was aspirated, and 100 L of acidified
isopropanol (HCI 0.04 N) was applied in each well. The cell viability was evaluated
considering that cells with normal mitochondrial activity were colored with an intense
violet. Optical density was read at 570 nm wavelength in a spectrophotometer (Synergy
H1 Multi-Mode Reader-BioTek, EUA).

Finally, 1Cso (half-maximum inhibitory concentration) is the concentration of the

treatments at an inhibition ratio of 50%. Considering this, the ICso values were
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measured using the software GraphPad Prism, where the X values are the logarithm
(log) of concentration and Y values are the log of C/CO x 100%, where C are each
concentrations’ optical densities and CO is the control group’s optical density obtained

by MTT assay.

Cell Proliferation Analysis

To analyze cell proliferation, osteoblasts Saos-2-like were seeded in 48 wells
plates at 1x10* cell/well. After 24 h the medium was refreshed with non-cytotoxic
concentrations of HT-NE. The plate was incubated at 37 °C and 5% CO:2 and the
proliferative effect was evaluated after 1, 3, 5 and 7 days by Alamar Blue assay®,
which is based on the capacity of metabolic active cells to convert the reagent in a
fluorescent and colorimetric indicator. So, at the end of each period evaluated, the
wells received the Alamar Blue® solution 10% diluted in culture medium and the plates
were incubated for 4 h in dark conditions. After this time, an aliquot of 100 pL of each
well was transferred to a new 96-well plate, to be read in a spectrophotometer (Synergy
H1 Multi-Mode Reader-BioTek, EUA) with wavelengths of 570 nm and 600 nm.

Mineralized Nodules Formation

To evaluate the mineralized nodules deposited by the cells it was performed the
alizarin red staining after 7 days of treatment. This way, the cells were seeded in 96-
well plates, at 1 x 10* cell/well. After 24 h the culture medium was refreshed for a new
one containing non-cytotoxic concentrations of HT-NE, previously prepared in
osteogenic medium. While the control group just received culture medium. The
medium was refreshed each 48 h. After 7 days, the attached cells were washed two
times with Phosphate Buffer Solution (PBS) with a pH 7.2 and fixed with 100 uL ethanol
70% for 30 min. Then, each well was washed with distilled water two times and stained
with 150 L of alizarin red stain solution (40 mM, pH 4,2 - Sigma-Aldrich, Brazil). The
plates were kept in contact with the stain solution for 20 min at room temperature and
slow agitation (300 rpm) (VDRL Shaker, Biomixer, Brazil). Then, the wells were
washed with distilled water until remove the excess of stain solution. The mineralized
nodules were dissolved with 200 uL de cetylpyridine 10 % (Sigma-Aldrich, Brazil) for
15 min under slow agitation (300 rpm) and room temperature conditions. Then, the
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absorbance was measured in a microplate reader (Synergy H1 Multi-Mode Reader-
BioTek, EUA) at 562 nm.

Bone Metabolism Gene Expression Quantification

Cells were seeded in a 12-well plate, at 9 x 10* cells/well and treated with non-
cytotoxic concentrations of HT-NE. After 1, 3, and 7 days, the cellular lysis and
purification were performed using the RNeasy mini kit (Qiagen GmbH, Germany)
following the manufacturer protocol. The RNAmM were quantified using the Synergy H1
equipment (Biotek, USA) and RNAmM of each sample (800 ng/mL) was transcript in
cDNA using a thermocycler and the High Capacity cDNA Reverse Transcriptions Kit
(Applied Biosystems, USA), following the manufacturer’s protocol.

The cDNAs obtained were used in real-time PCR reactions to determine the
relative amount of Runx2 (Hs00231692 m1), ALPL (Hs01029144 m1l), and TGF-
(Hs00248373_m1) genes. The relative abundance was measured by reverse
transcription in real-time PCR (RT-qPCR) using Tagman, primer and specific probe
(TagMan Gene Expression Assays, Applied Biosystems, USA) in a thermocycler
StepOne Plus Real-Time PCR System (Applied Biosystems, USA). The reactions
were performed in 96-well plates with a 20 uL final volume, including Tagman Universal
PCR Master Mix (Applied Biosystems, USA), Tagman Gene Expression Assay
(Applied Biosystems, USA) to gene and model cDNA. The optimized thermocycler
conditions were: 50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles at 95 °C for
15 s and 60 °C for 1 min. The normalization was accomplished by the GAPDH
(Hs02786624 g1) expression, which was not modified by experimental conditions. To
compare the expression levels between the samples, the relative gene expression

level was calculated using AACT comparative method with the thermocycler software.

Collagen Production by Picrosirius Red

After 3 and 7 days of treatment with non-cytotoxic concentrations of HT-NE, the
supernatants were collected to evaluate the collagen quantification. Picrosirius Red
was added to the samples in a 1:1 proportion, then they were kept in an Eppendorf
ThermoMixer equipment at 400 rpm and 25 °C for 1 h. After this period the samples
were centrifuged at 12000 rpm and 25 °C for 10 min. The supernatants were thrown
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away and HCI 0,01 M was added to each sample, a new centrifugation was performed
at 12000 rpm and 25 °C for 10 min. Finally, the supernatants were thrown away, and
the samples dissolved in NaOH 0,5 M. The absorbance was read in a
spectrophotometer (Synergy H1 Multi-Mode Reader-BioTek, EUA) at 555 nm

wavelength.

Alkaline Phosphatase Activity

After the periods of osteogenic induction, at 3 days and 7 days, the Alkaline
Phosphatase (ALP) activity was measured using the Alkaline Phosphatase kit
(ABCAM, USA) following the manufacturer’s instructions. Briefly, the samples and the
substrate of pNPP (p-nitrophenyl phosphate) were mixed and reacted for 60 min, then
the reaction was interrupted with the Stop solution. The absorbance was read in a
spectrophotometer (Synergy H1 Multi-Mode Reader-BioTek, EUA) with a wavelength
of 405 nm and the ALP activity was calculated based on the standard curve graph.

5. Conclusions

The results obtained indicate excellent parameters of characterization and promisor
biological performance of the novel HT-NE. The new biocompatible formulation
allowed the incorporation of HT without a cytotoxic effect. Besides that, the present
results shows that the HT-NE can enhancing the HT properties, allowing an increase
or acceleration of its effects on bone metabolism, through the increase of cell
proliferation, calcium nodule formation, regulation of important genes to bone
metabolism, ameliorate the collagen production and ALP activity. This way, we
consider that this new biomaterial can be used as a promising treatment for bone

diseases.
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ABSTRACT

The benefic effects of Hesperetin (HT) and the advantages of nanoemulsions proved
that a hesperetin-loaded nanoemulsion (HT-NE) could enhance the HT effects on bone
metabolism. The electrical stimulation (ES) showed positive effects on cellular
behavior. This way, an association between HT and HT-NE with ES can bring good
perspectives that can enhance the effects of each other. Then, the objective of this
study was to evaluate the effects of HT and HT-NE at concentrations of 32 uM, 64 uM
and 128 pM associated or not with ES at 50 mV/mm2 on osteoblasts behavior,
measuring cell proliferation, cell adhesion, alkaline phosphatase (ALP) activity, and
cell migration. The results showed that the HT and HT-NE presented the enhancement
of all analyzed parameters, being better the results provided from HT-NE, and bolt of
them didn't avoid cell adhesion on the membranes, generating a protective effect on
high levels of ES, and enhancing osteoblasts behavior. Our results showed positive
effects of this unprecedented association, being able new approaches to their
synergistic effect on bone, leading to the opportunity for the execution of new studies
in vitro, becoming deeper the investigations about the effect of HT and HT-NE with ES

in bone formation.

Keywords: Flavonoids. Nanoparticles. Electrical Stimulation. Osteoblasts.



47

INTRODUCTION

Hesperetin (HT) is a metabolite of hesperidin, belonging to the flavanone
subgroup, found mainly in citric fruits like orange and grapefruit (Muhammad et al.,
2019). Several studies suggested different biological properties of HT, including
analgesic, anti-cancer, anti-inflammatory, antioxidant, and neuroprotector effects
(Nones et al., 2011; Ahmad et al., 2016; Mamun et al., 2017; Nobakht et al., 2017,
Rothwell et al., 2017). Furthermore, available studies showed the benefic effects of
hesperetin on osteogenesis by regulating and increasing the expression of genes that
regulate bone metabolism, like runt-related transcription factor 2 (RUNX2), OCN,
COL1A1, and ALP activity (Cassidy et al., 2017; Xue et al., 2017). Although studies
support the hypothesis that hesperetin has positive effects on bone metabolism, its
mechanism of action is still poorly understood, and its effect on osteoblasts needs more
evidence. Indeed, gene activation may not lead to biological functions such as cell
growth, phosphatase alkaline secretion, etc. Thus, additional studies on the interaction
between HT and osteoblasts are needed. These studies can be performed by using
HT directly or through nanoemulsion.

Nanoemulsions are oil in water or water in oil dispersions of two immiscible
liquids stabilized through surfactants to form a single phase (Carvalho et al., 2019;
Sabjan et al., 2020; Singh et al., 2017). They can be presented in different forms, like
liquids, gel, creams, and aerosols, among others, enabling different application forms,
besides they can present nasal, intravenous, pulmonary, and ocular administration
(Singh et al., 2017). Nanoemulsion presents a good drug delivery system, controlling
the release and directing it to its active site (Pandey et al., 2020). Furthermore, oil
droplets can solubilize lipophilic pharmaceutical compounds, protecting them against
external factors like pH, oxidation, and hydrolysis. Nano-emulsion is resistant to
flocculation and coalescence (Chen et al., 2017). These factors and the biggest area
of active surface for droplets volume have allowed a longer life cycle and better
availability of the active ingredients incorporated (Chen et al., 2017).

A hesperetin-loaded nanoemulsion (HT-NE) showed colloidal stability and
excellent characteristics that allow good encapsulation efficiency and avoid its
coalescence and flocculation, besides present biocompatibility with osteoblasts
(Mancim-Imbriani et al., 2023 —). Our previous study showed that the HT-NE could

enhance the activity of hesperetin in bone metabolism, enhancing or accelerating its
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effects on osteoblasts proliferation, calcium nodule formation, the expression of
important genes to bone metabolism, collagen production, and alkaline phosphatase
activity (Mancim-Imbriani et al., 2023).

Electrical stimulation (ES) has been shown to have good effects on cellular
activities such as ion transportation, gene expression, production of proteins,
intracellular reactive oxygen species, secretion of chemokines and cytokines, neurite
growth, and cell migration (Meng et al., 2021). A previous study showed that ES could
positively affect wound healing, regulating pro-inflammatory and anti-inflammatory
cytokines and growth factors secretion in diabetics' human skin fibroblasts (Meng et al,
2011). Besides that, another study published by Rouabhia et al. (2020) showed that
ES could promote skin keratinocyte viability and proliferation, increase growth factors
secretion, and decrease pro-inflammatory cytokines secretion, like interleukin IL-6.
Furthermore, ES exposure enhanced osteoblast adhesion and proliferation, and
increased the mineral nodule formation and the expression of relevant genes in bone
metabolism (Meng et al., 2011).

To became possible ES conduction through the cells, different membranes have
been used (Rouabhia et al., 2020; Abedin-Do et al, 2021; Cui et al, 2021). Between
them, the membranes of Polypyrrole (PPy) are usually used due to their
biocompatibility (Cui et al., 2021). Using the PPy membrane another polymer can be
combined, for example the poly(l-lactic) (PLLA), which provides flexibility to the
membrane, becoming more resistant (Cui et al., 2021; Cui et al., 2021). Also, the use
and combination of heparin into these models can increase the conductivity in aqueous
environment as well as the cells adhesion (Meng et al., 2008).

Therefore, we have the hypothesis that the HT-NE associated with the ES can
enhance the effects of each other, being a promising treatment for bone disorders.

METHODS

1. Cell Culture
MGG63 (osteoblast-like cell line from human osteosarcoma - American Type
Culture Collection, Manassas, VA, USA) were subcultured in 75 cm? culture flasks in
Dulbecco's Modified Eagle's Medium with Ham's F-12 (Invitrogen, Burlington, ON,
Canada) supplemented with 100 U/mL of penicillin and 100 U/mL of streptomycin
(Schering, Pointe-Claire, QC, Canada), 250 mg/mL of amphotericin B (Sigma—Aldrich
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Canada Ltd., Oakville, ON, Canada) and 10% fetal bovine serum (FBS) (Gibco,
Burlington, ON, Canada). The medium was changed three times a week. When the
cultures reached 90% confluence, the cells were detached from the flasks using a
0.25% trypsin solution, resuspended in 10% FBS-supplemented DMEM medium, and

used for subsequent experiments.

2. Preparation of PPy/PLLA/HE Conductive Membranes

Polypyrrole (PPy) particles were formed in a water-in-oil emulsion containing
pyrrole, FeCls, H202 and heparin (HE). This emulsion was maintained under vigorous
stirring overnight at room temperature. The PPy/HE particles were collected, washed
with methanol to remove the emulsifier and impurities, and mixed with a PLLA solution
in chloroform at a 1:9 weight ratio (PPy:PLLA). The mixture was transferred into a glass
petri dish and kept at room temperature (RT) in a fume hood to evaporate the
chloroform, forming the PPy/HE/PLLA membranes. The membranes were then
washed 5 x 2 h with deionized water and dried overnight at RT. The conductivity of the
PPy/HE/PLLA membranes was assessed with a four-point probe, while the thickness
was measured with a digital thickness gauge model MTG-DX2 (Rex Gauge, Buffalo
Grove, IL, USA). The membranes were then cut into the appropriate size, mounted
onto a homemade electrical tissue culture device (Figure. 1), and sterilized with 75%
ethanol, followed by extensive washes with sterile PBS and culture medium before cell
culture. The device's PPy/HE/PLLA membranes were assessed for conductivity using
a digital multimeter (Keithley, Cleveland, OH, USA) (Abedin-Do et al., 2021).

Membranes cut into appropriate sizes.
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Figure 1. Electrical Stimulation homemade device.

3. Treatment and conditions

MG63 were seeded onto PPy/HE/PLLA membranes at 2x10° cells per
membrane and immediately treated and/or stimulated with 1) HT (32 uM, 64 uM, and
128 puM), 2) HT (32 pM, 64 pM, and 128 pM) and ES at 50 mV/mm, 3) HT-NE (32 pM,
64 uM, and 128 pM), 4) HT-NE (32 pM, 64 pM, and 128 uM) and ES at 50 mV/mm? ,
for 24 h to the evaluation of adhesion and the cell nucleus morphology in this period.

To cell proliferation and cell nucleus integrity evaluation the cells were seeded
onto PPy/HE/PLLA membranes at 2x10° cells per membrane for 24h, then they were
treated and/or stimulated in the same conditions cited above for 24h.

4. Cells Adhesion Quantification and Nucleus Morphology

After 24 h, the cells adhesion was quantified using the 3-(4,5-dimethylthiazol-2-
yI)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) (Sigma, St.
Louis, MO, USA) staining assay. This assay measures viable cells as a function of
mitochondrial activity (Kabakov et al., 2018). The culture medium of each membrane
was supplemented with 10% (v/v) of an MTS solution and incubated for 3 h at 37 °C in
dark conditions. Then aliquots of 125 uL of each well were transferred from a new 96-
well plate to be read in a spectrophotometer (Model 680, Bio-Rad Laboratories Inc.,
Hercules, CA, USA) with wavelengths of 490 nm.

To evaluate the nucleus morphology, the cells were fixed with 4%
paraformaldehyde, then washed 3 times with Phosphate Buffer Saline (PBS), and
finally stained with Hoechst 33342 (Sigma-Aldrich, Oakville, ON, Canada) in distilled
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water for 15 min at RT. After rinsing 3 times with PBS, the samples were observed
under an epifluorescence light microscope (Axiophot, Zeiss, Oberkochen, Germany)

and photographed.

5. Cell Proliferation Quantification
The proliferation of osteoblast cells was assessed using the MTS (Sigma, St.
Louis, MO, USA) staining assay. The culture medium of each membrane was
supplemented with 10% (v/v) of an MTS solution and incubated for 3 h at 37 °C in dark
conditions. Then aliquots of 125 pL of each well were transferred from a new 96-well
plate to be read in a spectrophotometer (Model 680, Bio-Rad Laboratories Inc.,
Hercules, CA, USA) with wavelengths of 490 nm.

6. Cell Nucleus Integrity Evaluation
After the proliferation assay by MTS, the osteoblasts were fixed with a 4%
paraformaldehyde, then washed 3 times with Phosphate Buffer Saline (PBS), and
finally stained with Hoechst 33342 (Sigma-Aldrich, Oakville, ON, Canada). in distilled
water for 15 min at RT. After rinsing 3 times with PBS, the samples were observed
under an epifluorescence light microscope (Axiophot, Zeiss, Oberkochen, Germany)

and photographed.

7. Cell Migration
To evaluate cell migration, osteoblasts were seeded at 3x10° in 6-well cell
culture plates. When the cells became confluent after 4 days, a sterile 20-200 pL
pipette tip was used vertically to scratch across each well, and the cells were treated
with different concentrations of HT (32 uM, 64 M, and 128 pM) or HT-NE (32 uM, 64
MM, and 128 uM) for 48 h. The images were acquired at 0, 6, 12, 18, 24, and 48 h. A
camera performed the pictures of each well, and analysis of the open wound area was
measured with the calculation of wound area (percentage) before and after 48h of
treatment. Additionally, the cell activity during cell migration was evaluated as
described above.
8. Alkaline Phosphatase (ALP) Activity
The supernatants of each well were collected from cell migration assay, and the
ALP activity was analyzed by an Alkaline Phosphatase kit (Abcam, ab83369,
Cambridge, UK) following the manufacturer's protocol. Briefly, the samples and pNPP
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(p-nitrophenol Phosphate) substrate were mixed and reacted for 60 min; then, the
reaction was interrupted with a stop solution. The plate was read at 405 nm of

absorbance, and ALP was calculated based on the standard curve graphic.

RESULTS

1. Cells Adhesion Quantification and Nucleous Morphology

Figure 2 shows the quantitative analysis of cell adhesion after the treatment of the
osteoblastic cells with HT or HT-NE (at 32 uM, 64 uM and 128 uM) and stimulated or
not by ES at 50 mV/mmz. The ES showed similar results to the control group, with a
slight increase in the viable cell percentage (5%). HT did not affect the cell adhesion,
enhancing this condition at 32 uM and 64 pM (increasing 7% the cell viability,
p<0.0001). All concentrations of HT-NE (32 uM, 64 uM, and 128 uM) enhanced the
adhesion of the cells to the PPy/HE/PLLA membranes, increasing the cell viability in
7%, 11% and 4%, respectively (p<0.0001 and p<0.01). The concentration of HT 32 uM
associated with ES at 50 mV/mm? represented a great significant enhancement in cell
adhesion, increasing the cell viability in 28 % (p<0.0001), while the interaction between
the HT at 128 uM and ES at 50 mV/mm2 presented a decrease of 5% (p<0.01) in cell
viability and the HT at 64 uM kept the adhesion similar to the control group that only
received ES. Finally, the interaction between ES and HT-NE at 32 yM and 64 pM
ameliorated the adhesion by 16% (p<0.0001) and 4% (p<0.001), respectively, while
the interaction with HT-NE at 128 uM, decrease this adhesion by 8% (p<0.0001).
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Figure 2. Quantitative analysis of adhesion by osteoblastic cells after the HT and HT-NE
treatment with different concentrations (32 uM, 64 uM, and 128 uM) and ES at 50 mV/mm?2
after 24h of stimulus and treatment. (A) represents the stimulus with ES at 50 mV/mmz2, (B)
represents the treatment with HT only, (C) represents the treatment with HT-NE only, (D)
represents the treatment with HT and ES at 50 mV/mm?, (E) represents the treatment with HT-
NE and ES at 50 mV/mm. * Differences statistically significant compared with the control group
(ANOVA, **p< 0.01 ***p < 0.001 ****p< 0.0001).

Figure 3 confirms the cell adhesion after treatment of the osteoblastic cells with
HT or HT-NE (at 32 uM, 64 uM and 128 uM) and stimulated or not by ES at 50 mV/mm2,
Proving that the association of HT or HT-NE with ES still allows the adhesion of the

cells to the membrane.
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Figure 3. Adhesion of osteoblastic cells after the HT and HT-NE treatment with different
concentrations (32 uM, 64 uM, and 128 pM) and ES at 50 mV/mmz, representation of the
gualitative analysis by images obtained on an epifluorescence light microscope with 10x

magnificence.

2. Cell Proliferation Quantification

In Figure 4 the effect of HT or HT-NE associated or not with ES in the
proliferation of osteoblastic cells seeded on PPy/HE/PLLA membranes is shown. The
exposition of osteoblastic cells to ES at 50mV/mm?2 presented the enhancement on the
cell proliferation, with percentages of increase 30% to ES at 50 mV/mm?2 (p<0.0001).
The HT in all concentrations (32 uM, 64 uM, and 128 puM) increased cell proliferation
in 28%, 32%, and 51%, respectively (p<0.0001). The effect of HT-NE in the
proliferation of the osteoblastic cells is represented a significant enhancement in all
concentrations, being them 64% to HT-NE at 32 uM, 45% to HT-NE at 64 uM and 74%
to HT-NE at 128 uM (p<0.0001). Presenting this way, a statistically significant increase
compared with the group that did not receive any treatment. The interaction between
HT and ES generated an increase of cell proliferation in the medium (64 uM) and
highest (128 puM) concentrations, the medium concentration led to an increase of 22%
in viable cells, while the highest concentration increased the cell viability by 28%
(p<0.05 and p<0.01). Finally, the interaction between HT-NE and ES also presented

an enhancement in ploriferation. When exposed to 50mV/mmz of ES we noticed that
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the lowest and medium concentrations of HT-NE (32 uM and 64 uM) increased 50%
and 40%. In contrast, the highest concentration did not differ from the control group
(p<0.0001).
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Figure 4. Quantitative analysis of osteoblasts MG63 proliferation after 24h with treatments of
HT or HT-NE (32 uM, 64 uM, or 128 uM) and ES at 50 mV/mmz2. (A) The proliferation of
osteoblasts stimulated with ES at 50 mV/mm?, (B) Proliferation of osteoblasts treated with HT
at 32 uM, 64 pM, or 128 pM, (C) Proliferation of osteoblasts treated with HT-NE at 32 uM, 64
UM, or 128 uM, (D) Proliferation of osteoblasts treated with HT at 32 uM, 64 uM, or 128 uM
and ES at 50 mV/mm2, (E) Proliferation of osteoblasts treated with HT-NE at 32 pM, 64 uM, or
128 uM and ES at 50 mV/mm?, *Differences statistically significant compared to the control
group. (ANOVA, *p<0.05, **p<0.01, **p<0.001 ****p<0.0001).
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In Figure 5 is the comparison of the proliferation between the groups. In Figures
5A and 5B, we can observe that the use of HT and HT-NE without association to ES
promoted higher proliferation than when associated to ES. Additionally, the HT-NE
presented a greater increase in cell proliferation than HT in its Free form (Figure 5C
and 5D). Finally, the use of HT and HT-NE promoted an increase in cell proliferation

compared with only ES.
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Figure 5. Comparison of the proliferation percentage between the groups treated with HT or HT-
NE (32uM, 64 puM, and 128 pM) and ES (50 mV/mm?2). (A) Comparison between the groups
treated with HT (32uM, 64 pM, and 128 pM) and HT + ES. (B) Comparison between the groups
treated with HT-NE (32uM, 64 uM, and 128 uM) and HT-NE + ES. (C) Comparison between the
groups treated with HT-NE (32uM, 64 uM, and 128 uM) + ES and HT (32uM, 64 uM, and 128 uM)
+ ES. (D) Comparison between the groups treated with HT (32uM, 64 uM, and 128 uM) and HT-
NE (32uM, 64 uM, and 128 uMm).
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3. Cell Nucleus Integrity after Proliferation
Figure 6 shows the cell nucleus integrity after the treatment with HT in different
concentrations (32 puM, 64 uM, and 128 uM), and it is possible to see that besides the
positive effect on cell proliferation, the original cell nucleus morphology was kept,

however, the association of HT and HT-NE with ES can protect the cells’ structures.
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Figure 6. Cell nucleus integrity after HT or HT-NE treatment (32 uM, 64 uM and 128 uM) and
ES at 50 mV/mm? for 24 h.

4. Cell Migration

Figure 7 shows the percentage area of wound after the beginning of cell
migration; as we can see, all the groups presented a progressive cell migration time-

dependent, being statistically significant compared with time Oh (p<0.001).
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Figure 7. Percentage of the wound area compared with time Oh after the treatment of MG63
cells with HT and HT-NE in different concentrations (32 uM, 64 pM, and 128 uM) for different
periods (Oh, 6h, 12h, 18h, 24h, and 48h). *Statistically significant differences related with time
Oh. (ANOVA, p<0.001)

Figure 8 shows the comparison between the percentage of wound area after
different treatments. In Figure 8A it is presented the comparison between the groups
treated with HT and the control group, the lowest concentrations (32 uM and 64 pM)
presented a statistically significant decrease better than the control group in all the time
points starting at 6h, and the same occurred with the highest concentration (128 uM)
since 18h of treatment. In Figure B we can see the same comparison with HT-NE,
where the highest concentration (64 uM and 128 pM) showed a statistically significant
decrease compared with the control group since 18h of treatment, and the lowest
concentration (32 uM) showed this decrease since 2h of treatment. Finally, when we
compare the effect of HT and HT-NE, we notice that at 32 uM, the HT presented a
greater decrease in the wound area until 18h (image C), but it was not significant in
this period (18h) and did not present difference since 24h. At 64 uM, the HT presented
a greater statistically significant decrease compared with the HT-NE, only until 6h
(image E). While at 128 uM the groups of HT and HT-NE, presented some statistical
difference, with more decrease provided from HT, just until 6h of treatment, and similar

results in the other time-points (image E).
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Figure 8. Comparison of the effect of different treated groups (Control, HT, and HT-NE) in the
percentage of wound area after different periods (Oh, 6h, 12h, 18h, 24h, and 48h).

5. ALP Activity During Cell Migration

Figure 9 shows the results of ALP activity after complete cell migration, a period
of 48h of treatment, and 6 days of cell seeding. It is possible to notice that the HT and
HT-NE showed an increase in ALP activity, being statistically significant to the highest
concentrations of HT (64 uM and 128 uM, p<0.05 and p<0.0001) in its free form and
all the concentrations of HT-NE (32 uM, 64 pM, and 128 pM, p<0.0001).
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Figure 9. ALP activity of MG63 cells, after migration assay, during 6 days of growth and
48h of treatment with HT and HT-NE at 32 uM, 64 uM, and 128 uM.

Figure 10 compares the results between HT and HT-NE effects in ALP activity
after cell migration, and it is clear to notice that the HT-NE presented a higher increase
in ALP activity than the HT in its free form, mainly in the groups with low concentrations
of treatment (32 uM and 64 pM).
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Figure 10. Comparison between the effect of HT and HT-NE at 32 uM, 64 pM, and
128 uM in the ALP activity of MG63 cells, after the treatment for 48h.
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DISCUSSION

Our study demonstrated an interesting association between ES and a flavonoid,
hesperetin, a natural compound with diverse biological properties such as analgesic,
anti-inflammatory, neuroprotector, hepatoprotective, and cardioprotective effects and
beneficial effects on bone metabolism (Nones et al., 2011; Ahmad et al., 2016; Mamun
et al., 2017; Nobakht et al., 2017; Rothwell et al., 2017). It has been reported the
positive effects of natural compounds, such as HT, in bone metabolism and that its
effects can be enhanced by its encapsulation in nanoemulsions, systems of
nanoparticles that can protect this compound against external factors, like pH,
oxidation, and hydrolysis (Chen et al., 2020). On the other hand, the ES showed good
effects on osteoblasts behavior, increasing important parameters to bone metabolism,
such as calcium nodule formation and protein levels, such as osteocalcin (Meng et al.,
2021, Meng et al., 2011). Then, an association between HT or HT-NE and ES brings

some synergistic and protective effects, facilitating their use.

The membranes used in this study showed ideal biocompatibility parameters
with cells, flexibility, and conductibility (Cui et al., 2021). When we reach a good cell
adhesion as our cells in the membranes, we allow the occurrence of a positive effect
of the electrical stimulation, enhancing the cell behavior and permitting the creation of
electric and biocompatible treatments (Xue et al., 2021). As was shown before, our
membrane allows the adhesion of different cells as diabetic fibroblasts, human
keratinocytes, and osteoblasts (Meng et al., 2021; Rouabhia et al., 2020; Abedin-Do
et al., 2021) in our study, we showed that the hesperetin does not avoid this adhesion
and can show an interesting effect in this membrane. Added to the fact our membranes
already present heparin in their composition, a compound that allows a better adhesion
and enhances the cells' growth (Meng et al., 2008), we can suggest a good synergistic

effect the HT, HT-NE, and the membrane, enhancing the proliferation in a quickly way.

In our study, we see statistically significant increases in proliferation when the
cells are treated with HT and HT-NE. Although this proliferation is higher when the HT
or HT-NE are applied alone, they can increase the proliferation effect of ES. Our results
show that this association increases cell proliferation more than ES stimulates the cells.
Besides that, in our study, we could use high level of ES (50 mV/mm?2) in a continued

period of 24h, differing from another study in osteoblasts that used small periods of 6h
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on different days (Meng et al., 2011). This comparison may suggest a protective effect
of HT and HT-NE to the cells receiving ES, which their nucleus integrity can confirm in
all groups stained by Hoechst. And corroborating the positive and synergistic effect of
HT or HT-NE and ES, we have their effect on ALP activity.

The Alkaline Phosphatase activity is an important parameter of osteogeneses
since it should be released at the correct time, around 7 to 14 days of cells cultivation,
to generate the correct effect (Trzeciakiewicz et al., 2010; Kim et al.,, 2013). The
evaluation of ALP activity after 6 days of culture with treatment with HT and HT-NE for
48h, demonstrated that our treatments can enhance ALP activity at the right moment,
presenting a better activity of HT when it is encapsulated in the nanoemulsion. Allowing
perspectives of new investigations about the effect of ES with HT and HT-NE in the
ALP activity around 7 days of cell culture to compare if the ES can also be enhanced

in this assay.

Finally, the migration of osteoblasts will be important to show us when the cells
can react better to repair damage and fractures in bone, being able to cover distances
in the millimeter range (Thiel et al., 2018). We saw important results from our study,
showing that in both cases, the HT and the HT-NE generated a higher cell migration
than the control group, which did not receive any treatment, allowing this way, a future
and interesting investigation of their combination with ES. Besides that, we can
interesting explore the effect of the nanoemulsions compared with HT in its free form
when we see that in the earlier periods, the HT presented a better effect. It can be due
to one of the main characteristics of nanoemulsions, that are the controlled release of
the encapsulated compounds (Sabjan et al., 2020; Duarte et al., 2020; Zhang et al.,
2018), which was shown with the increase in HT-NE effect in a time-dependent way.

Taking into account all our observations and the positive effect of this
unprecedented association, we expect new approaches to their synergistic effect on
bone, leading to the opportunity for the execution of new studies in vitro, becoming
deeper the investigations about the effect of HT and HT-NE with ES in osteoblasts
behavior, as the mineralized nodule formation, the expression of genes, proteins and

signaling pathways involved in bone metabolism.
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CONCLUSION

This study showed a important effect of HT in its free form and HT-NE,
enhancing the effects of ES through the increase of cell adhesion on the membranes
and proliferation when compared with the ES alone. Besides that, in cell migration the
controlled release of HT-NE allow its effect in a long period, showing better results in
ALP activity when compared with Free HT. This way the HT and the HT-NE allow future

studies about their effects to ameliorate the ES application.
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ABSTRACT

Hesperetin is a flavonoid, that have been studied in reason of its diverse biological
properties. The nanoemulsions are solutions that allow the encapsulation of drugs and
compounds, offering a controlled release, the direction of these compounds to a correct
active site, and the protection against oxidation, high temperatures, and pH variation.
A hesperetin-loaded nanoemulsion (HT-NE) has already shown beneficial effects on
bone metabolism , enhancing HT activity, through the increase of mineralized nodule
formation, regulation of bone genes, enhancement of Alkaline phosphatase activity
and collagen production . For this reason, the objective of this study was to evaluate
the effect of the HT-NE on inflammation, to complement the future possible effects on
osteoinflammatory diseases. The effects of HT-NE on inflammation were evaluated
through the treatment of monocytes/macrophages U937 with non-cytotoxic
concentrations of HT-NE and stimulation by Fusobacterium nucleatum. The evaluation
of inflammatory cytokines TNF-a, IL-1B, IL-6, IL-8 and matrix metalloproteinases
(MMPs) 1, MMP-3 and MMP-9 were assessed by ELISA. The HT-NE showed non-
cytotoxic effect in monocytes/macrophages at concentrations lower 256 pM, promoting
the decrease of all the cytokines and MMPs evaluated.

In conclusion, the results in this work corroborated our previous finds, showed
promising perspectives regarding the use of this hesperetin-loaded nanoemulsion to

the treatment of osteoinflammatory diseases.
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INTRODUCTION

Periodontal disease is a chronic multifactorial inflammatory disease whose
inflammation is resultant of polymicrobial colonization in the form of biofilm on the tooth
surfacel. A wide range of periodontopathogen bacteria are involved in periodontal
disease since the beginning of the pathological process?*. Between them we can
highlight Porphyromonas gingivalis, Fusobacterium nucleatum, Aggregatibacter
actinomycetemcomitans and Tanerella forsythia®>*. These bacteria generated
complexes immune inflammatory events such as the increase of cytokines production,
for example, interleukin (IL)-1B, IL-6, tumor necrosis factor (TNF) and the decrease in
the relation of metalloproteinases matrix and the tissue inhibitor of metalloproteinase
(TIMP), leading to collagen, elastin and proteoglycans degradation*®. Besides that, the
LPS produced by the bacteria may stimulate the immune system’s cells (macrophages,
monocytes, neutrophils) to activate the triggering receptor expressed on myeloid cells-
1 (STREM-1) secretion, an important receptor found in patients with periodontitis’-8.

The conventional treatment for periodontal disease includes the scaling and
planning root, and oral hygiene instructions for the bacteria reduction®. Additionally,
new alternatives therapies are rising as adjuvant treatment when just the conventional
treatment is not enough to suppress the inflammatory process and recovering the
periodontal health®. For this reason, new bioactive and natural drugs have been
attractive due to their benefic effects on human health, mainly against infectious
diseases®!,

Hesperetin (HT) is a metabolite of hesperidin, originating by citrus fruits as
orange a grapefruit, that presents diverse biological properties, such as anti-cancer,
analgesic, anti-inflammatory, antioxidant and benefic effects on bone metabolism?**-15,
Previous studies showed the capacity of HT in reducing TNF-a, IL-6, IL-1j,
macrophage inflammatory-2 (MIP-2), cyclooxygenase-2 (COX-2), besides of inhibiting
the nuclear factor kappa beta (NF-kB) signaling pathway!6-*8, Acting on MD2/TLR4,
whose role is the identification of LPS in cells surface, the HT is able to reduce acute
lung injury decreasing total protein, neutrophils quantity, and cytokines expression?®.
Finally, the HT can present hepatoprotective effect in acute liver injury caused by LPS-
stimulus, through the reduction of cytokines expresion?.

Nanoemulsions are solutions of oil in water or water in oil that present diverse
advantages to encapsulated compounds’ action, offering a controlled drug release, a

stability of the compound, protecting against high temperatures, pH variation and
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oxidation®-?4, When encapsulated in a nanoemulsion it is possible to direct the
compound to a required active site, decreasing adverse effects and allowing the
utilization of higher concentrations of a drug without toxic effects?>?4. Given that, we
formulated a hesperetin-loaded nanoemulsion (HT-NE) with positive results of
parameters of characterization and excellent biocompatibility with osteoblasts cells.
Our previous biological results showed promising and positive effects on bone
metabolism, where our formulation enhanced the beneficial properties of hesperetin
compared with its free form?>.

Therefore, the objective of the current study was to evaluate the effect of HT-
NE on cytokines expression and matrix metalloproteinases. Additionally, we evaluated

the ability of HT-NE to regulate the NF-kB signaling pathway.

METHODS

Cell culture

Human monocytes U937 (CRL-1593.2; American Type Culture Collection, EUA) were
cultivated in Roswell Park Memorial Institute 1640 medium (RPMI-1640; Life
Technologies Inc., Brazil) supplemented with 10% Fetal Bovine Serum (FBS) and 100
pg/mL of penicillin G/streptomycin at an atmosphere of 37 °C and 5% of COx.

Bacteria culture

Fusobacterium nucleatum (ATCC 25586) was cultivated in anaerobiosis conditions
(80% N2, 10% COz2, 10% H2) for 48 h at 37° C in Brucella Agar (Brucella Agar, Neogen,
Brazil) supplemented with 5% of sheep blood (Microlab, Brazil), 0.1% of hemin, 0.01%
of menadione and 2 mg/mL of yeast extract. Then, colonies of F. nucleatum were
grown for 24 h at 37 °C in Brain Heart Infusion Broth (BHI; Sigma-Aldrich, Brazil)
supplemented with 0.001% of hemin, 0.0001% of menadione and 6 mg/mL of yeast

extract. The bacteria was applied in the cells in a multiplicity of infection (MOI) of 100.

Cytotoxicity assay

Monocytes were cultivated in 96-well plates (2 x 10° cell/well) in RPMI medium
with 10% FBS containing 20 ng/mL of phorbol myristic acid (PMA, Sigma-Aldrich,
Brazil). The cells were incubated for 24 h for differentiation induction to macrophage-
like adherent cell. After this period, the medium was refreshed by RPMI medium with
10% FBS for 48h. Immediately, the medium was changed by RPMI medium with 1%
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FBS and the cells maintained for 24 h at 37 °C in an atmosphere of 5% CO.. Then, the
macrophage-like adherent cells were treated with concentrations of HT-NE 8200 pM—
0,5 UM (v/v) and their respective positive (Camptotecinl0 yM) e negative (culture
medium) control groups. After 24 h the cytotoxic effects were evaluated by methyl
tetrazolium (MTT) (Sigma-Aldrich, EUA) assay.

The colorimetric analysis with MTT evaluates the cell metabolism through the
cytochemical activity of the succinic dehydrogenase (SDH) enzyme, which represents
the mitochondrial breath rate of viable cells. Each well of the experimental and control
groups received a solution containing 90 pL of culture medium and 10 pL of MTT
solution, which was prepared with 5 mg of MTT powder and 1 mL of sterile Phosphate-
buffered saline (PBS). The cells were incubated for 4 hours at 37 °C and 5% CO..
Then, the culture medium with MTT was aspirated, and 100 pL of acidified isopropanol
(HCI1 0.04 N) was applied in each well. The cell viability was evaluated considering that
cells with normal mitochondrial activity were colored with an intense violet. Optical
density was read at 570 nm wavelength in a spectrophotometer (Synergy H1 Multi-
Mode Reader-BioTek, EUA).

Cytokines and MMPs Production by Macrophages Stimulated by F. nucleatum
The monocytes (1x10° cell/ well) were seeded in 12-well plates in RPMI medium
with 10% FBS containing 20 ng/mL of phorbol myristic acid (PMA, Sigma-Aldrich,
Brazil). The cells were incubated for differentiation induction to macrophage-like
adherent cell as described previously in cytotoxicity section. The macrophage-like cells
were pre-treated for 2 hours with non-cytotoxic concentrations of HT-NE (64 uM, 32
MM and 128 pM) previously prepared in RPMI with 1% FBS. Then, the cells were
stimulated with F. nucleatum in a multiplicity of infection (MOI) of 100. Briefly, F.
nucleatum growth in BHI broth was centrifuged at room temperature for 5 min at 20000
rpm. The supernatant was discarded and the F. nucleatum pellet was resuspended in
RPMI medium with 1% FBS and subjected to a sequence of washing through
centrifugation cycles. Then, the optical density of F. nucleatum was read using a
spectrophotometer (BioPhotometer, Eppendorf, USA) to calculate the MOI. After pre-
treatment with non-cytotoxic concentrations of HT-NE, the bacteria was added into the
wells to stimulate the cells during 24 h. After this period, the supernatant was collected
and stored at -20 °C until be used. Incubated cell in culture medium with or without HT-

NE treatment and stimulated or not with bacteria were used as control. Enzyme-Linked
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Immunosorbent Assay kit (ELISA, Thermo Fisher, Brazil) was used to determinate
TNF-a, IL-1B, IL-6, IL-8 e MMP1, MMP3 and MMP-9 expression, according to

manufacturer’s protocol.

RESULTS
Cytotoxicity assay

Figure 1 shows the cytotoxic effect of HT-NE in monocytes/macrophages after
24h of treatment. It is possible to note that the concentrations of 512 uM and 1025 pM
evidenced a reduction of cell viability (59.78% and 63,04%, respectively, p<0.001).
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Figure 1. Cell viability percentage of monocytes/macrophages after 24 h of treatment with
different concentrations of HT-NE. *, represents statistically significant differences related to

the negative control group (ANOVA, p<0.001).

Cytokines and MMPs Production by Macrophages Stimulated by F. nucleatum
In Figure 2 are shown the results of cytokines and MMPs expression after the
pre-treatement with HT-NE and the stimulus with F. nucleatum. All cytokines and
MMPs showed a statistically significant reduction of their expression after the treatment
with HT-NE when compared to the group stimulated by F. nucleatum. This inhibition
was observed in all concentrations of HT-NE. The results of TNF-a expression showed
a reduction of around 4, 3 and 2.5-fold to the groups treated with HT-NE at 256 pM,
128 uM and 64 uM, respectively, compared with the group stimulated by F. nucleatum
(p<0.0001). To IL-1B the concentrations of 256 uM and 64 uM of HT-NE reduced the
expression of the cytokine in 1.7 and 1.3-fold, respectively (p<0.0001 and p<0.05). In
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the case of IL-6 the values of expression reduced in 2, 1.5 and 2-fold after the treatment
with HT-NE at 256 pM, 128 uM and 64 pM, respectively (p<0.0001 and p<0.01). Added
to this, the effect of HT-NE showed a reduction of IL-8 expression of 2, 2.5 and 4-fold
to the concentrations of 256 pM, 128 uM and 64 pM, respectively (p<0.001 and
p<0.0001). Finally, the effect of HT-NE on the MMPs reached similar values to the
control group. It was observed the effect of HT-NE on MMP-1 reduction of 1.5-fold to
the HT-NE concentrations of 256 uM and 128 uM, and 2-fold to 64 uM when compared
with the group stimulated with F. nucleatum (p<0.01 and p<0.0001). Regarding MMP-
3 reduction, HT-NE was able to reduce 1.5, 2, and 1.7-fold at 256 uM, 128 uM and 64
UM, respectively (p<0.01, p<0.01, and p<0.0001). Lastly, results of MMP-9 expression
showed that the HT-NE treatment reduced the expression of this MMP in 1.4, 1.6 and
1.7-fold at 256 pM, 128 uM and 64 uM concentrations of HT-NE, respectively (p<0.001
and p<0.0001).
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Figure 2. Expression levels of the cytokines TNF-a (A), IL-1 (B), IL-6 (C), IL-8 (D), MMP-1
(E), MMP-3 (F) and MMP-9 (G) in differentiated macrophages U937 treated with HT-NE and

stimulated by F.nucleatum (MOI=100) for 24. #, represents a statistical increase related to

the control group. *, represents a statistical decrease related to the group only stimulated by
F. nucleatum. (ANOVA, **p<0,01; ***p<0,001; ****p<0,0001).
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DISCUSSION

The cytokines are released resulting of a cascade of events during inflammation
process, for example, the activation of signaling pathways as Myd88 (Myeloid
differentiation primary response 88) that can activate NF-kB (Nuclear factor kappa
beta) releasing cytokines that will develop a wide range of roles 26, A drug that may
control the inflammatory process can be consider as an important alternative to
treatment or as its adjuvant to treat inflammatory diseases. A flavonoid incorporated
into a new nanoemulsion formulation may permit enhance its well-known properties
against inflammation due to its advantages as a controlled release, the direction of the
drug to a specific site and the possibility of collateral effects reduction?*.

The mechanism of inflammation signaling pathways may occur due to some
stimulus from pathogens, such as bacteria. In case of periodontal diseases,
F.nucleatum is a bacteria responsible for an important role in its progression 2728, F,
nucleatum expresses a virulence factor, FadA, that will bind to the host cell, like
macrophages/monocytes, being able the invasion of the cell for the bacteria?®. When
F. nucleatum invades the cell, it promotes an inflammatory environment with diverse
mechanisms that allow the colonization of other bacteria?®. For this reason, our study
used the stimulus directly with bacteria, generating this way an inflammatory
environment, involving the complexity of the whole bacteria, which is different to the
use of only LPS (lipopolysaccharide).

The cytotoxicity assay is a primordial test that is intended for the application of
a drug or medicine in clinical use. It is important to know which concentration of a drug
can be used without damaging cells, allowing this way, subsequent assays to be
executed. Our formulation presented a non-cytotoxic effect in higher concentrations
(256 puM) when compared with another study using a nanocrystal associated to HT that
presented a reduction of cell viability, at 25 uM and 10 pM, after 1 day of treatment and
using the same monocytes®. Then it can be noted that our nanoemulsion can be
biocompatible in low and higher concentrations of HT.

The stimulus led to the release of cytokines as TNF-a, Interleukin (IL)-1B, IL- 6
and IL-8, pro-inflammatory cytokines that may cause different effects to promote
inflammation313233, The TNF-a expression causes vasodilation forming edema, and
leukocytes aggregation, leading to oxidative stress occurrence into inflammation
sites®2. A study showed the positive effect of hesperetin at 100 uM in the reduction of

TNF-a expression, in macrophages stimulated by bacteria LPS23. They showed this
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reduction of the expression in 2.3-fold when compared with stimulated group3*.
Comparing this result with HT-NE we can consider an increase of HT effect in our
study, since we reached more expressive reduction (4 to 2.5-fold) of this cytokine using
lowest concentrations of HT. The same study did not show significant reduction in IL-
6 expression (less than 1-fold)**. Reinforcing the enhanced effect of HT-NE developed
in the present study on inflammation, taking account that IL-6 plays an important role
in the acute phase of inflammation, through the binding in its receptor and activation
of Janus kinase-signal transducer and activator of the transcription (JAK/STAT)
pathway?®.

Different to our results, a significant inhibition of IL-1p after the treatment with
HT (4.6-fold) was demonstrated34, while we founded that HT-NE was able to reduce
between 1.7 and 1.3-fold the expression of IL-18. Finally, the IL-8 main function is the
attraction of neutrophils; however, it is also responsible for monocytes/macrophages
differentiation and growth and for the promotion of oxidative stress3°3¢, It was not found
previous results about the effect of HT or NT encapsulated on IL-8 inhibition. Therefore,
we showed for the first time this effect and great performance of HT-NE in the reduction
IL-8 expression in an expressive way (2 to 4-fold reduction).

Our findings can be compared with a study encapsulating narigenin, another
flavonoid, in a nanoparticle system3’. They evaluated the anti-inflammatory effect of
this flavonoid in mice’s macrophages and found a decrease in IL-6, IL-13 and TNF-a
expression®’. However the effects of narigerin encapsulated and in its free form did not
shown statistical differences®’. While when we compare our results with previous
studies about Free HT we can notice some differences, showing the advantages of HT
encapsulation. Other study encapsulating baicalein, a flavonoid extracted of Scutellaria
baicalensis roots, corroborates with our findings®. They demonstrated that the
encapsulation of the baicalein in a nanoparticle system was able to enhance its activity
in downregulating 1L-6 and IL-8 expression in gingival cells®. Showing the
enhancement of the flavonoid effect since the nanoparticles present the controlled
intracellular release®. Finally, a study formulated a nanosponge loaded with HT and
corroborated with our findings showing the anti-inflammatory effect of the formulation
in mice’s macrophage®. A greater decrease of IL-1B and IL-6 was shown by the
nanosystem when compared with HT in its free form3°.

In periodontal diseases, the inflammatory process leads to bone resorption“°,

so when we study a potential treatment, the relation between bone degradation and
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inflammation is an important topic to be analyzed. This way, there is the importance of
MMPs expression evaluation. The MMPs are responsible for collagen fiber damage in
different ways, specifically the MMPs evaluated in this study develop different roles in
this process?®. These MMPs are cytokines that can be released by the stimulus of
another cytokine such as TNF-a and IL-18, causing collagen lysis in the case of MMP
-1, gelatin lysis in the case of MMP-9, and cellular matrix lysis in the case of MMP-333,

A previous study that evaluated the anti- inflammation property of hesperidin
and hesperitin showed that the hesperidin was able to reduce MMP-1 expression,
avoiding collagen degradation*'. However, this anti-inflammatory effect was not
observed after the treatment with hesperitin®. This is an interesting point to be
discussed due to our results showed that the HT-NE was able to reduce 1.5 and 2-fold
of the MMP-1 expression. On the other hand, Choi et al*?., 2010 evaluated the efficacy
of HT on MMP-3 expression by synovial cell stimulated by IL-1B, obtaining reduction
rates of 1 and 1.4-fold after the treatment with HT at 10 yuM. It is in according with our
results where HT-NE was able to reduce MMP-3 expression up to 2-fold. Our results
do not show a dose-dependent effect on the expression of MMPs. Different to these
results, previous studies showed a reduction of MMPs 1, 3 and-9%3** with a dose-
dependent effect of the flavonoid HT at concentrations of 100 uM and 150 uM. In this
way, this effect suggests that, our formulation permit to encapsulate low doses of HT,
and reach a better effect on reduction of cytokines and MMPs.

In conclusion, our formulation showed promising results on inflammatory
conditions through the reduction of important cytokines and MMPs. Therefore, these
results added to the previous demonstrated that NE-HT has the potential to be a
promisor treatment for inflammatory diseases, as periodontal disease. However, more
investigations about the effect of HT-NE in inflammation mechanisms and signaling

pathways are necessary, in vitro and in vivo.
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4 CONCLUSAO

Contudo, sobre os resultados apresentados, pode-se observar que:

A HT em nanoemuls&o apresentou parametros satisfatorios de caracterizacao,
com excelente eficiéncia de encapsulacdo, morfologia e biocompatibilidade; além de
apresentar resultados biologicamente favoraveis no aumento da proliferagcao celular
em osteoblastos, formacdo de nodulos de mineralizagdo, regulacdo de genes
importantes para 0 metabolismo 6sseo e melhora na producdo do colageno e
atividade da fosfatase alcalina;

A HT, assim como a NE-HT associadas ao estimulo elétrico mostraram
resultados satisfatérios dos seus efeitos sobre osteoblastos. Sendo que a NE-HT
apresentou maior efeito do que HT em sua forma livre, permitindo a adeséo celular,
aumentando a proliferacao celular e regulando a atividade da fosfatase alcalina. Além
disso, a NE-HT age melhor na migracéo celular do que a HT em sua forma livre;

E, por fim, os resultados da NE-HT sobre a inflamac&o mostram o potencial da
mesma em amenizar marcadores inflamatérios, reduzindo a expresséao das citocinas
TNF-a, IL-1B, IL-6, IL-8 e das MMPs MMP-1, MMP-3 e MMP-9 por

mondcitos/macréfagos humanos.
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