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RESUMO 
 
O objetivo geral deste projeto de doutorado foi propor, por meio de estudos preliminares in 
vitro, terapias práticas para distúrbios orais emergentes, como doença periodontal e perda de 
tecido ósseo. Primeiramente, foi proposto um arcabouço para regeneração do tecido ósseo por 
meio de incorporação de sinvastatina em uma estrutura porosa tridimensional construída com 
uma mistura de ácido poli(lático-co-glicólico) (PLGA) e biocerâmica (hidroxiapatita / β-
tricálcio fosfato), utilizando células de dentes decíduos esfoliados humanos (SHED) para testar 
o potencial osteogênico do arcabouço desenvolvido. O arcabouço proposto incorporou com 
sucesso a sinvastatina, o que levou à manutenção da viabilidade celular e mineralização da 
matriz extracelular, juntamente com a expressão de marcadores de proteínas ósseas. Em 
segundo lugar, foi desenvolvido um arcabouço para regeneração do tecido ósseo, incorporando 
o hormônio da paratireoide (PTH) na estrutura do vidro bioativo mesoporoso que foi misturado 
em uma estrutura de hidrogel e testou-se a capacidade de osteoindução dos arcabouços em 
SHED. O arcabouço demonstrou morfologia e propriedades físico-químicas, bioatividade, 
biocompatibilidade e capacidade de osteoindução para ser utilizado na engenharia de tecido 
ósseo. Portanto, os arcabouços aqui apresentados são recomendados para futuros estudos sobre 
bioimpressão para regeneração do tecido ósseo. Em terceiro lugar, foi proposta a aplicação do 
derivado da matriz do esmalte (EMD) como um produto anti-inflamatório capaz de diminuir a 
piroptose mediada por LPS, uma reação inflamatória exacerbada que ocorre em resposta a 
fatores de virulência e leva à destruição tecidual. O derivado da matriz do esmalte reduziu os 
fatores de piroptose em macrófagos, sugerindo uma possível aplicação clínica deste produto 
para reduzir a piroptose em desordens periodontais. No geral, o objetivo principal deste projeto 
de doutorado foi alcançado ao avaliar diferentes abordagens e terapias in vitro para distúrbios 
periodontais e peri-implantares, bem como propor arcabouços bioativos para engenharia de 
tecidos ósseos. 
 
 
Palavras-chave: Regeneração óssea. Arcabouços. Células-tronco mesenquimais. Doença 
periodontal. Periimplantite. Piroptose.  



 

  

 

RESUMO EXPANDIDO 
 
Introdução 
A área da ciência que estuda a aplicação de arcabouços bioativos para regeneração de tecidos é 
conhecida como bioengenharia. Pesquisas com foco no desenvolvimento de arcabouços 
bioativos seguros para fins de regeneração óssea ainda são necessárias para melhorar a 
previsibilidade do ganho ósseo em cirurgias maxilofaciais e, portanto, a relevância do presente 
projeto de tese. Nesse sentido, este projeto de tese propôs dois tipos distintos de arcabouços, 
aplicando polímeros sintéticos ou hidrogéis, juntamente com moléculas sinalizadoras para a 
diferenciação osteogênica de células-tronco de origem dentária. Além disso, discutiu-se os 
motivos que impedem a aplicação de arcabouços bioativos na prática clínica.  
Uma das causas da perda dentária, com consequente perda óssea, é a doença periodontal. 
Considerando os prejuízos causado pela piroptose nos distúrbios periodontais, encontrar formas 
de inibir ou reduzir os processos catabólicos da piroptose traz perspectivas para terapias 
periodontais. Nesse sentido, este projeto de tese propôs o derivado da matriz do esmalte, um 
produto anti-inflamatório utilizado rotineiramente na prática clínica para regeneração de tecidos 
moles como um produto potencial para reduzir os danos periodontais e/ou peri-implantares. 
Além disso, discutiu-se sobre os fatores de virulência que podem ser terapeuticamente 
almejados para diminuir a inflamação exacerbada relacionada à piroptose é importante para 
trazer insights para pesquisadores e clínicos. 
 
Objetivos 
O objetivo geral deste projeto de doutorado foi propor, por meio de estudos preliminares in 
vitro, terapias práticas para distúrbios bucais emergentes, como doença periodontal e perda de 
tecido ósseo. Os objetivos específicos foram: 1) Propor um arcabouço para regeneração de 
tecido ósseo incorporando sinvastatina em uma estrutura porosa tridimensional construída com 
uma mistura de polímero de ácido poli(lático-co-glicólico) (PLGA) e biocerâmica 
(hidroxiapatita/β-fosfato tricálcico), usando células de dentes humanos decíduos esfoliados 
(SHED) para testar o potencial osteogênico in vitro do arcabouço projetado para este fim; 2) 
Propor um arcabouço para a regeneração de tecido ósseo, incorporando o paratormônio (PTH) 
em uma estrutura de vidro bioativo mesoporoso, o qual foi posteriormente adicionado em uma 
construção porosa de hidrogel, também utilizando células de dentes decíduos esfoliados 
(SHED) para testar o potencial osteogênico in vitro do arcabouço; 3) Propor o derivado da 
matriz do esmalte (EMD) como um produto anti-inflamatório capaz de diminuir fatores 
relacionados com a piroptose mediada por lipopolisacarídeos (LPS) em macrófagos. 
 
Metodologia 
Primeiramente, foi proposto um arcabouço para regeneração do tecido ósseo por meio de 
incorporação de sinvastatina em uma estrutura porosa tridimensional construída com uma 
mistura de PLGA e biocerâmica (hidroxiapatita / β-tricálcio fosfato), utilizando SHED para 
testar o potencial osteogênico do arcabouço desenvolvido. Em segundo lugar, foi desenvolvido 
um arcabouço para regeneração do tecido ósseo, incorporando PTH na estrutura do vidro 
bioativo mesoporoso que foi misturado em uma estrutura de hidrogel e testou-se a capacidade 
de osteoindução dos arcabouços em SHED. Em terceiro lugar, foi proposta a aplicação do EMD 
como um produto anti-inflamatório capaz de diminuir a piroptose mediada por LPS, uma reação 
inflamatória exacerbada que ocorre em resposta a fatores de virulência e leva à destruição 
tecidual. 
 
 



 

  

 

 

Resultados e Discussão 
O arcabouço de PLGA e biocerâmica proposto incorporou com sucesso a sinvastatina, o que 
levou à manutenção da viabilidade celular e mineralização da matriz extracelular, juntamente 
com a expressão de marcadores de proteínas ósseas. O arcabouço de hidrogel com vidro 
bioativo incorporando PTH demonstrou morfologia e propriedades físico-químicas, 
bioatividade, biocompatibilidade e capacidade de mineralização da matriz extracelular, sendo 
compatível para utilização na engenharia de tecido ósseo. Portanto, os arcabouços aqui 
apresentados são recomendados para futuros estudos sobre bioimpressão para regeneração do 
tecido ósseo. O EMD reduziu os fatores de piroptose em macrófagos, sugerindo uma possível 
aplicação clínica deste produto para reduzir a piroptose em desordens periodontais.  
 
Considerações finais 
No geral, o objetivo principal deste projeto de doutorado foi alcançado ao avaliar diferentes 
abordagens e terapias in vitro para distúrbios periodontais e peri-implantares, bem como propor 
arcabouços bioativos para engenharia de tecidos ósseos. O presente projeto de tese permitiu 
tirar duas conclusões principais a partir dos objetivos principais deste estudo e abriu espaço 
para pesquisas futuras.  
Inicialmente, como objetivo do presente projeto de tese de doutoramento, abordou-se os 
arcabouços projetados para engenharia de tecido ósseo. Arcabouços tridimensionais para 
regeneração óssea são difíceis de serem produzidos, mas são promissores para aplicações 
clínicas considerando as tecnologias emergentes, especialmente a bioimpressão tridimensional, 
que permite uma maneira reprodutível de fabricar arcabouços juntamente com células e 
moléculas sinalizadoras. Profusa pesquisa científica foi publicada no campo das estratégias de 
aumento do tecido ósseo; no entanto, poucas estão obtendo sucesso na aplicação clínica a longo 
prazo. Para além da dificuldade de regenerar um tecido complexo como o osso, a falta de 
sucesso na aplicação clínica se deve provavelmente à enorme lacuna entre a pesquisas in vitro 
e as condições in vivo, principalmente no que diz respeito ao comportamento celular. Portanto, 
é imperativo discutir os motivos que impedem que todos os esforços feitos para desenvolver 
arcabouços para engenharia de tecidos ósseos sejam translacionados para a aplicação clínica. 
Uma melhor compreensão das transições celulares de um estado quiescente e indiferenciado 
até o ponto em que elas respondem a estímulos que permitem que elas se diferenciem na 
linhagem desejada é obrigatória. Isso ocorre porque as células são a chave para a medicina 
regenerativa e para as terapias de engenharia de tecidos. Além disso, a compreensão das 
transições celulares fornecerá insights não apenas para a regeneração do tecido ósseo 
craniofacial, mas também para outros campos em todo o organismo humano e, além disso, dará 
respostas às demandas não atendidas da biologia celular.  
Paralelamente, como objetivo deste projeto de tese, abordou-se a piroptose, a qual é uma via de 
doenças inflamatórias que foram recentemente levantadas como uma preocupação na 
odontologia, especialmente nos distúrbios periodontais. Contudo, alguns compostos anti-
inflamatórios são promissores como substâncias potenciais para reduzir a exacerbação da 
piroptose nos tecidos periodontais. Uma vez que há fortes evidências in vitro de que a matriz 
derivada do esmalte possui propriedades anti-inflamatórias, foi proposto e reportado com 
sucesso que tal matriz tem potencial para reduzir os fatores relacionados à piroptose em 
macrófagos inflamatórios. No entanto, este foi um achado de dados muito preliminar em 
linhagens de células murinas. Outras formas de induzir piroptose são necessárias, uma vez que 
o presente modelo não conseguiu provocar totalmente a cascata de piroptose. Além disso, a 
introdução de outras linhagens celulares orais humanas, como células epiteliais e fibroblásticas, 
são necessárias antes da translação para pesquisa in vivo a partir dos resultados encontrados. 
No entanto, foi a primeira vez que a matriz derivada do esmalte foi associada à piroptose em 



 

  

 

uma abordagem de biologia oral. Isso fornece muitos insights para novas pesquisas e abre 
espaço para a experimentação de outras substâncias que podem ser aplicadas para reduzir ou 
inibir a exacerbação da piroptose. Além disso, entender a piroptose em uma abordagem do 
ambiente oral é fundamental para encontrar soluções clínicas para distúrbios periodontais e 
peri-implantares. 
 
 
Palavras-chave: Regeneração óssea. Arcabouços. Células-tronco mesenquimais. Doença 
periodontal. Periimplantite. Piroptose. 
  



 

  

 

 

ABSTRACT 
 
The overall objective of this doctoral project was to propose, through in vitro preliminary 
studies, practical therapies for emergent oral disorders, such as periodontal disease and bone 
tissue loss. First, it was proposed a scaffold for bone tissue regeneration by embedding 
simvastatin into a three-dimensional porous structure built with a blend of poly(lactic-co-
glycolic) acid (PLGA) and bioceramics (hydroxyapatite / β-tricalcium phosphate), using cells 
from human exfoliated deciduous teeth (SHED) to test the osteogenic potential of the designed 
scaffold. The proposed scaffold successfully incorporated simvastatin, which led to cell 
viability maintenance and mineralization of the extracellular matrix, together with the 
expression of bone protein markers. Second, it was projected a scaffold for bone tissue 
regeneration by incorporating parathyroid hormone into the structure of mesoporous bioactive 
glass that was blended into a hydrogel construct and tested the scaffolds' osteoinduction 
capacity in SHED. The scaffold demonstrated morphology and physicochemical properties, 
bioactivity, biocompatibility, and osteoinduction capacity to be used in bone tissue engineering. 
Therefore, the herein presented scaffolds are recommended for future studies on bioprinting for 
bone tissue regeneration. Third, it was proposed the application of enamel matrix derivative as 
an anti-inflammatory product capable of lowering the LPS-mediated pyroptosis, an exacerbated 
inflammatory reaction that occurs in response to virulence factors and leads to tissue 
destruction. The enamel matrix derivative dampened pyroptosis factors in macrophages, 
suggesting a possible clinical application of this product to reduce pyroptosis in periodontal 
disorders. Overall, the main objective of this doctoral project was achieved by evaluating 
different approaches and therapies in vitro for periodontal and peri-implantar disorders as well 
as proposing bioactive scaffolds for bone tissue engineering. 
 
 
Keywords: Bone regeneration. Scaffolds. Mesenchymal stem cells. Periodontal disease. Peri-
implantitis. Pyroptosis. 
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1  INTRODUCTION 

 
1.1  PART 1 - SCAFFOLDS FOR BONE TISSUE REGENERATION 

 
The loss of bone dimensions is very common in individuals who have suffered from tooth loss 

or degenerative diseases. In general, when these individuals seek to restore health, function, 

and aesthetics through rehabilitation treatment, it is difficult to install dental implants due to 

bone dimension reductions. Then, it is necessary to clinically apply bone grafts. However, even 

nowadays, the predictability of bone augmentation is reduced due to the difficulty in 

regenerating a dynamic and vascularized tissue such as bone (CIAPETTI; GRANCHI; 

BALDINI, 2012; KUSS et al., 2018; YANG; ZHANG; GANGOLLI, 2014). 

Due to its biological and mechanical properties, bone tissue requires intricate strategies 

to allow the reconstitution of its structure and function. Bone healing is a signalling cascade 

process, involving cells secreting cytokines, growth factors, and pro-inflammatory factors in 

the defect site and, subsequently, recruiting surrounding stem cells to migrate, proliferate, and 

differentiate into bone-forming cells (BAI et al., 2018; LEE; SILVA; MOONEY, 2011). Bone 

tissue engineering is an interdisciplinary science that applies the principles of biology and 

engineering to develop biomaterials to substitute, restore, maintain, or improve the functions of 

the bone (LIU et al., 2016; ROSA; DE OLIVEIRA; BELOTI, 2008). The minimum 

requirements for an effective bone tissue engineering strategy comprise (1) an adequate number 

of undifferentiated cells, (2) a scaffold capable of supporting these cells and further allowing 

neovascularization, and (3) signalling molecules able to induce undifferentiated stem/precursor 

cells to differentiate into bone-forming cells (CIAPETTI; GRANCHI; BALDINI, 2012; 

FAHIMIPOUR et al., 2019; LIU et al., 2016; MCMILLAN et al., 2018; ROSA; DE 

OLIVEIRA; BELOTI, 2008). Even in a controlled in vitro environment, the acquisition of such 

requirements for regenerative purposes is complex. Nevertheless, these three essential 

requirements for bone tissue engineering are necessary to give an insight of whether a new 

bioactive material may be promising for a possible clinical application and therefore important 

as an initial step in the search for alternatives for bone graft therapies. Furthermore, the 

knowledge of craniofacial bone tissue engineering can be applied to other tissues throughout 

the human body and help to move regenerative medicine forward. 

Mesenchymal stem cells (MSCs) represent an attractive route for regenerative medicine 

applications due to their ability to differentiate into restricted but multiple cell lines. The 



 

 

  

 

 

advantage of using MSCs is the ease of acquisition since these cells can be obtained from 

several human oral tissues, such as dental pulp from permanent teeth (DPSC) (GRONTHOS et 

al., 2000; SEVARI et al., 2020) and dental pulp of exfoliated deciduous teeth (SHED) (MIURA 

et al., 2003). MSCs that can differentiate into bone-forming cells under proper stimuli have an 

important role in the osteogenesis (CIAPETTI; GRANCHI; BALDINI, 2012; SHEIKH; SIMA; 

GLOGAUER, 2015) and, therefore, are important for in vitro characterisation to assess the 

feasibility of the application of MSCs for regenerative purposes. However, it is imperative to 

mention that it is still unsure to what extent the in vitro MSCs behaviour can be reproduced 

clinically. While it is overwhelming the efforts made to find solutions for regenerative medicine 

in vitro, it is exciting to explore alternatives to better resemble the in vivo conditions. In this 

sense, there are means to approximate preliminary in vitro research to more advanced in vivo 

circumstances, such as the application of three-dimensional cell cultures and additive 

manufacturing with the use of bioprinting of undifferentiated cells into three-dimensional 

constructs. The incorporation and delivery of MSCs within a suitable biomaterial would help 

to maintain the delivered cells at the applied site, support the integration of the graft with the 

surrounding tissues, and provide an environment for cells to modulate their osteogenic 

differentiation (MCMILLAN et al., 2018; THORPE et al., 2018). These applications, however, 

require an adequate number of high-quality cells, while the scalable production of human 

multipotent MSCs and their derivatives under well-defined conditions is a challenge (LEI et al., 

2014; LEI; SCHAFFER, 2013).  

The activity of MSCs is regulated by interactions with the extracellular matrix (ECM). 

Thus, applying biomaterials with similar performance to ECM is recommended (CIAPETTI; 

GRANCHI; BALDINI, 2012). The clinical application of bioactive scaffolds that can mimic 

the ECM may overcome the challenges of bone reconstruction. Nevertheless, the use of 

scaffolds is extremely intricate, since they should ideally play the role of osteoconduction – by 

supporting bone-forming cells, providing nutrients, and sustaining the arrival of new blood 

vessels – and, if possible, act on the osteoinduction – by slowly releasing bioactive molecules 

that stimulate mesenchymal cells to differentiate and deposit mineralized bone matrix (BOSE; 

VAHABZADEH; BANDYOPADHYAY, 2013; CIAPETTI; GRANCHI; BALDINI, 2012; 

FAHIMIPOUR et al., 2019; KUSS et al., 2018; SEVARI et al., 2020; YANG; ZHANG; 

GANGOLLI, 2014). Scaffolds based on bioceramics and polymers have evolved shifting from 

a passive role where they are merely accepted by the body to an active role where they respond 



 

  

 

to environmental conditions or to different types of cues generating suitable integration inside 

the host tissue (BENEDINI et al., 2020). Herein, while designing the scaffolds for bone tissue 

engineering preliminary studies, it was cautiously selected inert raw materials, such as polymers 

and hydrogels, that would allow the incorporation of signalling molecules and be suitable for 

three-dimensional bioprinting. Likewise, the addition of bioceramics, herein the 

hydroxyapatite, β-tricalcium phosphate, and bioactive glasses, was thought to give the cells 

additional information on the calcified environment of bone tissue and further mechanical 

support to the constructs. However, a passive scaffold can offer osteoconduction to the cells but 

lacks osteoinduction and should be further improved towards bioactivity. 

A variety of signalling molecules have been investigated for their ability to induce and 

accelerate bone regeneration. However, most of them frequently fail in translational trials due 

to side effects resulting from the supraphysiological concentrations needed to achieve the 

desired repair. Growth factors are naturally occurring proteins that are an integral component 

in controlling cellular functions, such as migration and proliferation, and determining cell fate 

(BAI et al., 2018; BASTAMI et al., 2017; VENKATESAN et al., 2017). Although significant 

osteogenic potential has been evidenced by growth factors, such as the bone morphogenetic 

protein (BMP) and platelet-derived growth factors, their clinical application is limited due to 

variations of their physical properties during the incorporation procedure, short half-life, 

immunogenicity complications, rapid distribution by body fluids, large doses required, 

inactivation by inflammatory cytokines, inefficient tissue formation, and clinical side effects. 

(BASTAMI et al., 2017; FAHIMIPOUR et al., 2019; LIU et al., 2016; RAHMAN et al., 2015; 

XU et al., 2001; YAO et al., 2006). Therefore, this thesis project aimed at finding alternative 

signalling molecules that would not affect cell viability and reduce possible inflammatory 

reactions or other adverse effects. In this sense, simvastatin and parathyroid hormone were 

previously reported for their potential to differentiate MSCs into a bone-like cell lineage 

(CHAN; MCCAULEY, 2013; DANG et al., 2017; FENG et al., 2020; GENTILE et al., 2016; 

MUNDY et al., 1999) and were thus incorporated into the designed scaffolds, thus providing 

additional information to the undifferentiated cells regarding osteoinduction. 

Research focusing on the development of safe bioactive scaffolds for bone regeneration 

purposes is still needed to improve the predictability of bone augmentation in maxillofacial 

applications and therefore the relevance of the present thesis project. Moreover, it is essential 

to discuss what are the reasons that are preventing the application of the developed bioactive 

scaffolds in clinical practice. 



 

 

  

 

 

1.2  PART 2 - INFLAMMATORY PROCESSES ON PERIODONTAL DISEASE 

 
Periodontal disease is one of the most prevalent infectious human inflammatory diseases, and 

it is characterised by the inflammatory reaction and the progressive destruction of the tooth-

supporting tissues (DAHLEN; BASIC; BYLUND, 2019). It is a response to years of prolonged 

exposure to a polymicrobial community in the gingiva and periodontal pocket (DAHLEN; 

BASIC; BYLUND, 2019). Periodontitis and peri-implantitis are universally agreed to begin 

with a breakdown in the soft tissue attachment and bone loss progression (LINDHE; MEYLE; 

GROUP D OF EUROPEAN WORKSHOP ON PERIODONTOLOGY, 2008; SCHWARZ et 

al., 2018). Consequently, methods to strengthen, maintain, or regenerate the soft tissue 

attachment around the tooth or the dental implant are critical for improving the sealing 

protection against microbial infections or endogenous danger signals (YUAN et al., 2021). 

Even though periodontal disorders are long ago reported, it is still a current clinical issue that 

significantly impacts the quality of life of individuals affected by such inflammatory disease. 

The underlying pathogenesis of periodontitis/peri-implantitis is a chronic inflammation 

that drives downstream catabolic cellular events ultimately leading to tooth loss due to a lack 

of supporting tissues (KAJIYA; KURIHARA, 2021; KINANE; STATHOPOULOU; 

PAPAPANOU, 2017; SCHWARZ et al., 2018). There is thus a critical demand to understand 

the fundamental pathological mechanisms on a cellular and molecular basis to implement 

therapies aiming to regulate inflammation and thereby pave the way for regenerative strategies 

(KAJIYA; KURIHARA, 2021; KINANE; STATHOPOULOU; PAPAPANOU, 2017). Thus, 

understanding the pathways connecting inflammation and tissue destruction will help to 

develop strategies to prevent and treat periodontitis and peri-implantitis. The recent findings 

brought from other medical areas, such as rheumatology, are evidence that periodontitis/peri-

implantitis pathogenesis is still not fully described. Such findings relate periodontal disorders 

with alternative inflammatory pathways, for instance, pyroptosis. 

Pyroptosis is an inflammatory caspase-dependent catabolic process that is relevant for 

innate immunity. This process is mainly mediated by the activation of caspase-1 (CAS1) by the 

nucleotide-binding domain (NBD) and leucine-rich repeat (LRR)-containing protein 3 

(NLRP3) inflammasome triggered by the exposure of cells/tissues to virulence factors (YU et 

al., 2021). CAS1 then cleaves the gasdermin D (GSDMD), a specific pyroptosis-related factor, 

which is responsible for cell membrane perforation and release of interleukins-1β (IL-1β) and 



 

  

 

-18 (IL-18) (YU et al., 2021), which in turn initiate a robust inflammatory response on the 

surrounding tissues (CHEN et al., 2021). Therefore, NLRP3 and CAS1 are important for 

bacterial clearance as part of the innate immunity; however, when overexpressed, they may lead 

to cellular self-destruction, inflammation, and tissue damage (SORDI et al., 2022). While this 

process is well-described for other inflammatory diseases such as rheumatoid arthritis and 

ulcerative colitis (CHADHA et al., 2020; SENDLER; MAYERLE; LERCH, 2016), just 

recently pyroptosis was raised as a potential pathway leading to periodontal disorders and 

periodontal tissue destruction. 

In vitro periodontal models in pyroptosis research have focused on the 

NLRP3/CAS1/GSDMD-mediated pyroptosis pathway in monocytes, macrophages, and 

periodontal ligament cells (CECIL et al., 2017; CHEN et al., 2021; FLEETWOOD et al., 2017; 

ZHANG et al., 2021). NLRP3 inflammasome can react to a wide range of bacterial ligands and 

play a pivotal role in the pathogenesis of inflammatory diseases. Lipopolysaccharide (LPS) is 

a virulence factor and a strong agonist of toll-like receptors (TLR) signalling that is able to 

initiate the pyroptosis downstream (LIU; CUI; SHEN, 2020; ZHANG et al., 2021). LPS is 

produced by Gram-negative bacteria (DE ANDRADE; ALMEIDA-DA-SILVA; COUTINHO-

SILVA, 2019). Thus, considering that oral diseases are mainly mediated by Gram-negative 

bacteria, it makes sense that LPS is in close relation to periodontal disorders (DE ANDRADE; 

ALMEIDA-DA-SILVA; COUTINHO-SILVA, 2019; PIHLSTROM; MICHALOWICZ; 

JOHNSON, 2005; SORDI et al., 2022). Consequently, NLRP3/CAS1/GSDMD-mediated 

pyroptosis bioassays are suitable to identify components that lower pyroptosis signalling.  

Considering the impairment caused by pyroptosis on periodontal disorders, finding 

ways to inhibit or reduce pyroptosis downstream brings prospects for periodontal therapies. In 

this sense, this thesis project proposed the enamel matrix derivative, an anti-inflammatory 

product routinely used in the clinical practice for soft tissue regeneration (GRAZIANI et al., 

2020; MYHRE et al., 2006; RAMENZONI et al., 2021; SATO et al., 2008), as a potential 

product to dampen pyroptosis-mediated periodontal/peri-implantar disorders. Additionally, the 

discussion on the virulence factors that could be therapeutically targeted to decrease 

exacerbated inflammation related to pyroptosis is significant to bring insights to researchers 

and clinicians. 

 

 



 

 

  

 

 

1.3  OBJECTIVES 

 
1.3.1  Main objective 

 

The overall objective of this doctoral project was to propose, through in vitro preliminary 

studies, practical therapies for emergent oral disorders, such as periodontal disease and bone 

tissue loss. 

 

1.3.2  Specific objectives 

 

a) To propose a scaffold for bone tissue regeneration by embedding simvastatin into 

a three-dimensional porous structure built with a blend of poly(lactic-co-glycolic) 

acid polymer (PLGA) and bioceramics (hydroxyapatite / β-tricalcium phosphate), 

using cells from human exfoliated deciduous teeth (SHED) to test the in vitro 

osteogenic potential of the designed scaffold. 

b) To review and report the new approaches for bone tissue engineering using 

bioactive hydrogel-based scaffolds, cell-based therapies, and three-dimensional 

bioprinting. 

c) To propose a scaffold for bone tissue regeneration by incorporating parathyroid 

hormone (PTH) into the structure of mesoporous bioactive glass that was blended 

into a hydrogel porous construct, using cells from human exfoliated deciduous 

teeth (SHED) to test the in vitro osteogenic potential of the designed scaffold. 

d) To review and discuss pyroptosis as a catabolic inflammatory mechanism 

occurring in the oral environment in the face of exposure to damaging/virulence 

factors and propose it as a target for periodontal therapies. 

e) To propose enamel matrix derivative (EMD) as an anti-inflammatory product 

capable of lowering the in vitro LPS-mediated pyroptosis factors in macrophages. 

 
 

  



 

  

 

2  DEVELOPMENT 

 
The present thesis project is compiled from several pieces of research performed during the 

doctoral period. In vitro preliminary studies were performed to propose practical therapies for 

emergent oral disorders, such as periodontal disease and bone tissue loss. Additionally, 

literature reviews were carried out to delve into the research topic. Therefore, five articles were 

produced as a result of the main objective of this thesis project. They are presented in the next 

chapters of this document. The articles are in the format requirements of the Journals where 

they were published or submitted for publication. 

 
  



 

 

  

 

 

2.1  ARTICLE 1- ENHANCED OSTEOINDUCTIVE CAPACITY OF POLY(LACTIC-CO-

GLYCOLIC) ACID AND BIPHASIC CERAMIC SCAFFOLDS BY EMBEDDING 

SIMVASTATIN 

 
Published at Clinical Oral Investigations (Impact Factor: 3.573) in October 2021. 
 
  





















 

  

 

2.2  ARTICLE 2 - THREE-DIMENSIONAL BIOACTIVE HYDROGEL-BASED 

SCAFFOLDS FOR BONE REGENERATION IN IMPLANT DENTISTRY 

 
Published at Materials Science & Engineering C (Impact Factor: 7.328) in May 2021.  





























 

  

 

2.3 ARTICLE 3 - ENHANCED BONE TISSUE REGENERATION WITH HYDROGEL-

BASED SCAFFOLDS BY EMBEDDING PARATHYROID HORMONE IN MESOPOROUS 

BIOACTIVE GLASS 

 
Submitted for publication in the Clinical Oral Investigations (Impact Factor: 3.573). 
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Abstract 

 

Objectives: To evaluate hydrogel-based scaffolds embedded with parathyroid hormone (PTH)-

loaded mesoporous bioactive glass (MBG) on the enhancement of bone tissue regeneration in 

vitro.  

Materials and methods: MBG was produced via sol-gel technique followed by PTH solution 

imbibition. PTH-loaded MBG was blended into the hydrogels and submitted to a lyophilization 

process associated with a chemical crosslinking reaction to the production of the scaffolds. 

Characterization, bioactivity, biocompatibility, and osteogenic differentiation analyses of the 

scaffolds were then performed. 

Results: SEM images demonstrated MBG particles dispersed into the hydrogel-based scaffold 

structure, which was homogeneously porous and well interconnected. EDX and FTIR revealed 

large amounts of carbon, oxygen, sodium, and silica in the scaffold composition. SEM images 

obtained after the bioactivity experiment revealed changes on sample surfaces, over the 

analysed period, indicating the formation of carbonated hydroxyapatite; however, the chemical 

composition given by EDX remained stable. PTH-loaded hydrogel-based scaffolds were 

biocompatible for mesenchymal stem cells (MSCs). A high quantity of calcium deposits on the 

extracellular matrix of MSCs was found for PTH-loaded hydrogel-based scaffolds. μCT images 

were in accordance with SEM, showing MBG particles dispersed into the scaffolds structure, 

and a porous, lamellar, and interconnected hydrogel architecture.  

Conclusions: PTH-loaded hydrogel-based scaffolds demonstrated consistent morphology and 

physicochemical properties for bone tissue regeneration, as well as bioactivity, 

biocompatibility, and osteoinductivity in vitro. The herein presented scaffolds are 

recommended for future studies on 3D printing. 

Clinical relevance: Bone tissue regeneration is still a challenge for several approaches to oral 

and maxillofacial surgeries; though, tissue engineering applying MSCs, scaffolds, and 

osteoinductive mediators might help to overcome this clinical issue. 

 

Keywords: Bone regeneration, hydrogel, bioactive glass, parathyroid hormone, mesenchymal 

stem cells. 

 

 

 



 

 

  

 

 

1 Introduction 

The regeneration of lost tissues, whether by trauma or degenerative diseases, is always complex 

[1, 2]. The loss of bone dimensions is very common in individuals who have suffered from 

tooth loss. In general, when these patients seek to restore health, function, and aesthetics 

through rehabilitation treatment, they have difficulty installing dental implants due to bone loss. 

Then, it is necessary to clinically apply bone grafts. However, even nowadays, the predictability 

of bone augmentation is reduced due to the difficulty in regenerating a dynamic and 

vascularized tissue such as bone. Therefore, the application of scaffolds is recommended [1, 3, 

4]. 

Mesenchymal stem cells (MSCs) act on osteogenesis since they can differentiate into bone-

forming cells under proper stimuli [1, 2]. Nevertheless, the activity of MSCs is regulated by 

interactions with the extracellular matrix (ECM); thus, applying biomaterials with similar 

performance to ECM is recommended [1]. Hydrogels are polymeric networks consisting of 

cross-linked hydrophilic components that can imbibe large amounts of biological fluids while 

remaining insoluble for a period. The high affinity for fluids gives hydrogels physical properties 

resembling living tissues, such as a soft consistency and low interfacial tension with aqueous 

media [5, 6]. Hydrogels have emerged as promising biomaterials for bone tissue regeneration 

applications since they are generally biocompatible, biodegradable, and can mimic ECM 

architecture; however, they lack mechanical resistance. Therefore, other components should be 

embedded into their structure to improve scaffolds’ mechanical strength [7–9]. In 

biomineralized tissues, such as bone, the collagen matrix is stiffened by the apatite crystals 

which act as filler particles [10]. Bioactive glasses have been shown to be excellent biomaterials 

due to their characteristics of high bioactivity, osteogenic stimulation, angiogenic effect, high 

biocompatibility, and antibacterial activity induced by ion release [11, 12]. Highly bioactive 

synthetic glasses bind to bone through the formation of a carbonated hydroxyapatite layer, 

which mimics the bone mineral phase, resulting in a biological combination between bioactive 

glasses and bone tissue [11, 12]. The incorporation of bioactive glass into the hydrogel structure 

not only makes the mechanical properties of the scaffold more similar to that of bone but also 

participates in the bioactivity of the material. 

Scaffolds based on bioceramics and polymers have evolved shifting from a passive role where 

they are merely accepted by the body to an active role where they respond to environmental 

conditions or to different types of cues generating suitable integration inside the host tissue 



 

  

 

[13]. A variety of signalling molecules have been investigated for their ability to induce and 

accelerate bone regeneration. However, most of them frequently fail in translational trials due 

to side effects resulting from the supraphysiological concentrations needed to achieve the 

desired repair. Parathyroid hormone (PTH) is well known to stimulate bone remodelling and 

can lead to either bone loss or bone gain depending on the balance between bone resorption and 

formation [14]. Effective systems to deliver PTH to the desired local site, preserve PTH 

bioactivity, and induce optimal bone activity might be an encouraging strategy for bone 

regeneration purposes [14–18]. Herein, we aimed to develop a scaffold gathering the 

moldability and hydrophilicity of hydrogels, the biocompatibility and bioactivity of bioactive 

glasses, and the potential of PTH to enhance the osteoinduction of MSCs for bone tissue 

regeneration in vitro.  

 

 

2 Material and methods 

2.1 Scaffolds preparation 

Mesoporous bioactive glass 58S (MBG58S; 58 wt.% SiO2, 33 wt.% CaO, 9 wt.% P2O5) powder 

was produced via sol-gel technique as previously described [11]. Hydrogel-based scaffolds 

were prepared by lyophilization associated with a chemical crosslinking reaction. The 

fabrication process of the hydrogel-based scaffolds and loading of PTH into the mesoporous 

BG are presented in Fig. 1. Firstly, 5 µg/mL PTH (≥95% HPLC, P7036, Sigma-Aldrich, USA) 

in 1% acetic acid was loaded to the MBG58S powder. The solution was dried for 24 h. 

Hydroxyethylcellulose (434965, 90,000 g/mol, Sigma-Aldrich, USA) and sodium alginate 

(W201502, Sigma-Aldrich, USA) solution (10% w/v) in a 1:1 proportion was prepared by 

dissolving hydrogel powders in deionized water and the solution was maintained under stirring 

for 60 min at 60 °C. The PTH-loaded MBG58S powder was then blended with the hydrogel 

mixture in a proportion of 1.5:1. Separately, MBG58S with no PTH incorporation was blended 

with the hydrogels and set as a control group. The mixtures were placed in cylindrical molds 

and kept at −20 °C overnight. The frozen samples were lyophilized at −54 °C for 24 h. The 

scaffolds were immersed in 5% CaCl2 (C7902, Sigma-Aldrich, USA) for 3 h for chemical 

crosslinking and washed three times with deionized water. The cross-linked samples were then 

sterilized through gamma radiation. 

 

 



 

 

  

 

 

2.2 Characterization analyses 

The microstructural properties of the scaffolds were determined by using a Scanning Electron 

Microscope (SEM, JEOL JSM-6390LV, Hitachi, Japan), connected with an X-ray detector 

(EDX) unit, with 20–25 kV accelerated voltage and image amplification up to 400,000×. 

Samples were freeze-dried prior to analysis, mounted on aluminium stubs, and sputter-coated 

with gold-palladium [19–21]. Fourier Transform Infrared (FTIR) Spectroscopy (Cary 660, 

Agilent, USA) estimations were registered at room temperature in the wavenumber range of 

650-4000 cm−1, 20 scans, and resolution of 4 cm-1. This analysis provided the chemical 

composition of the samples and confirmed the incorporation of the bioactive compound [9, 19, 

22]. 

The mechanical properties of the scaffolds were evaluated by measuring the compression 

strength. Samples (n = 5) were placed between parallel plates utilizing a component EMIC 

DL3000 (Instron, Brazil) and compressed with a crosshead speed of 0.1 mm/s and a 50 N load 

cell at room temperature [9, 19, 21]. Rheological measurements of hydrogels were performed 

with a MARS III rheometer (HAAKE MARS, Thermo Fisher Scientific, USA) using a parallel 

plate (25 mm plate diameter, 5 mm gap) in oscillatory mode at 37 °C. Changes of the storage 

modulus (G’) and loss modulus (G”) were measured over an oscillation torque range (angular 

frequency) of 0.1 to 100 rad/s [9, 23]. Swelling of hydrogel-based scaffolds was performed by 

immersing samples (n = 5) in 24-well plates with 2 mL of phosphate-buffered saline (PBS) at 

37 °C for 7, 14, 21, and 28 days. Samples were weighed before immersion and recorded as Wi. 

After each experimental time, samples were collected, gently placed on filter paper to eliminate 

the adsorbed water, dried in a vacuum incubator, weighed again (Wf), and returned to the wells 

of the plate. The PBS was renewed at each experimental time. The swelling ratio was calculated 

by (Wi–Wf)/Wf. Similarly, the degradation (%) of the scaffolds was determined by (Wi–Wf)/Wi 

× 100% and presented as mean ± standard deviation [9, 19, 21]. 

The release of PTH from the hydrogel-based scaffolds was monitored as a function of 

incubation time in PBS. Samples (n = 5) were immersed in 24-well plates with 2 mL PBS at 37 

°C for 1, 7, 14, 21, and 28 days. At each time interval, 100 µL of the release medium was 

collected from the wells and measured by spectrophotometry at 450 nm. PBS was renewed at 

each time interval. A standard curve was determined with known concentrations of PTH. To 

analyse the PTH release profile, the PTH concentration was re-dimensioned by dividing the 

absolute amount of PTH released at time t (Mt) by the amount of PTH at infinity (M∞), which 



 

  

 

was the equilibrated concentration obtained at the end of the 28-day experimental period, in 

order to measure the material solubility. 

 

2.3 Bioactivity 

To analyse the bioactivity, the samples were immersed in 2 mL of simulated body fluid (SBF) 

in 24 well-plates and incubated at 37 °C, 90 rpm, for 1, 3, and 7 days. SBF solution was prepared 

following Kokubo's method [24]. After each experimental time, samples were removed from 

the SBF, washed twice with deionized water, refrigerated for 12 h at −20 °C, and then 

lyophilized for 12 h. Dried samples were analysed using SEM (JEOL JSM-6390LV) to study 

the morphology of deposited apatite and EDX to determine the chemical composition [25]. The 

negative control group was pure scaffolds immersed in deionized water following the same 

described procedures for SBF immersion. The experiments were run in triplicate. 

 

2.4 Biocompatibility 

Stem cells from human exfoliated deciduous teeth (SHED) were cultured in Minimum Essential 

Medium α (α-MEM, Lonza, Switzerland) with 10% fetal bovine serum (FBS, Gibco, Thermo 

Fisher Scientific, USA). 48-well plates were used, 5×104 cells per well were incubated at 37 °C 

and 5% CO2 for 4 h, and then the samples (n = 3) were placed into the wells. Cytotoxicity was 

analysed by Thiazolyl Blue Tetrazolium Bromide (MTT; M2128, Sigma-Aldrich, USA) 

colourimetric test [21]. Experimental times were on days 1, 3, and 7. At each time interval, 

samples were treated with MTT solution in a proportion of 1:5 with the culture media and 

incubated for 4 h at 37 °C. DMSO was used to solubilize the formazan crystals and the 

absorbances were read at 540/630 nm (CLARIOstar Plus, BMG Labtech, Germany). Tests were 

performed in triplicate.  

 

2.5 Osteogenic differentiation 

SHED were cultured in α-MEM with 10% FBS (standard medium). 48-well plates were used, 

5×103 cells per well were incubated at 37 °C and 5% CO2 for 24 h, and then the samples 

(scaffold and PTH-loaded scaffold groups; n = 5 each) were placed into the wells. Additionally, 

the following control groups were evaluated: cell control- 5×103 cells per well cultured in 

standard medium, and osteogenic control- 1×104 cells per well cultured in osteodifferentiation 

medium (StemPro Osteogenesis Differentiation Kit, Gibco, Thermo Fisher Scientific, USA). 

The following assays were performed: 



 

 

  

 

 

2.5.1 Von Kossa staining  

After 28 days of cell culture, nodules of mineralization in the extracellular matrix of SHED 

were stained using von Kossa staining. Samples were removed and cells were washed with 

PBS, fixed with 4% paraformaldehyde for 60 min at room temperature, and washed with 

ultrapure water. Cells were then treated with 1% silver nitrate solution and incubated for 30 

min, protected from light. 

 

2.5.2 Alizarin Red S staining 

Calcium deposits in the extracellular matrix of SHED were analysed by Alizarin Red S assay 

after 28 days of cell culture. Cells were treated with 0.3% alizarin red solution and incubated 

for 30 min. Cells were then washed with ultrapure water and the results were observed and 

photographed from the conventional light microscope. 

2.5.3 Micro-computed tomography (µCT) assay 

After 28 days of cell culture, micro-computed tomography (µCT) images were obtained to 

analyse the sample's internal mineralization process. SHED were seeded over the already placed 

samples (n = 3) soaked in standard medium. 5×104 cells per sample, using a 48-well plate, were 

incubated at 37 °C and 5% CO2. After 28 days, samples were washed with PBS and fixed in 

4% paraformaldehyde for 60 min at room temperature. Samples were dried with sequential 

growing concentrations of ethanol and scanned using a SkyScan1272 (Bruker, USA) µCT 

scanner. MicroView software (GE Healthcare, USA) was used for visualization and analysis. 

Two-dimensional images were obtained from µCT cross-sectional images to evaluate the 

mineral formation and ImageJ (NIH, USA) software was used to calculate the mean grey value 

and samples area.  

 

2.7 Statistical analyses 

Mechanical compression, swelling, and degradation data were analysed by two-way ANOVA 

followed by Sidak’s multiple comparison test. Mean grey values and the area of µCT were 

analysed by paired t-test. Biocompatibility and gene expression of samples were analysed by 

one-way ANOVA followed by Tukey’s multiple comparison test. All data were run using Prism 

8 software (GraphPad, USA). Differences were considered statistically significant when p 

<0.05. 

 



 

  

 

3 Results and discussion 

The development of bioactive scaffolds to increase bone tissue regeneration has become a 

strategic field of tissue engineering research [21]. Applying temporary and porous three-

dimensional scaffolds for the delivery and integration of cells and/or active substances at the 

repair site is a critical approach for tissue regeneration. The growth and differentiation of tissues 

in such bone substitutes are also directly affected by the microstructure and bioactivity of the 

selected materials. The remarkable characteristics of hydrogels, including tuneable 

physicomechanical properties, resemblance to the native extracellular matrix, and 

hydrophilicity, allow cell proliferation and differentiation and offer opportunities to overcome 

the tissue vascularization [21]. Herein, we produced and tested in vitro the properties of a 

hydrogel-based scaffold. Hydroxyethylcellulose and sodium alginate were blended and 

crosslinked to produce a hydrophilic bone-like structure, while the bioactive glass was added 

to provide bioactivity and mineral composition to the scaffold. Hydroxyethylcellulose is a 

biocompatible, non-ionic carbohydrate polymer with surface-active properties that can function 

as a “protective” colloid, compatible with an extensive variety of water-dissolvable polymers 

[19, 26]. In turn, sodium alginate is biocompatible, bioadhesive, biodegradable, has low 

toxicity, and has non-immunogenic effects. Also, sodium alginate has negatively charged 

groups (carboxylates) where biogenic hydroxyapatite can be deposited (nucleation sites) [13]. 

On the other hand, bioactive glass is a promising bioceramic for bone regeneration due to its 

high biocompatibility and bioactivity, angiogenic effect, and antibacterial activity induced by 

ion release, particularly Ca2+, Mg2+, and PO43− [27–31]. These materials were proposed to 

overcome the disadvantages of ceramic materials used alone in the filling of bone defects [13].  

The incorporation of active substances in tissue-engineered scaffolds can enhance 

osteoinductivity and promote bone repair [32]. Thus, PTH was embedded into the mesoporous 

bioactive glass to add osteoinductivity to the composite scaffold. PTH is an 84 amino acid and 

a key regulator of calcium homeostasis in the body [16]. Since a chronically high PTH dosage 

does not necessarily have catabolic effects on bone and a mild PTH dosage may be beneficial 

for trabecular bone, PTH local delivery may improve bone regeneration [16, 17]. Also, the PTH 

delivery system improvements may optimize the bone healing response, while decreasing or 

eliminating systemic PTH exposure. Thus, characterization of the PTH release and the 

degradation of the materials used to deliver PTH were performed in the present study. 

 

 



 

 

  

 

 

3.1 Characterization analyses 

SEM, EDX, and FTIR results of hydrogel-based scaffolds are presented in Fig. 2. SEM images 

demonstrate bioactive glass particles dispersed into the hydrogel-based scaffolds structure, 

whereas hydrogel-based scaffolds embedding PTH showed certain agglutination of the 

bioactive glass particles. The architecture of the hydrogel, however, was homogeneously 

porous and interconnected in both analysed groups. EDX findings revealed large amounts of 

carbon (C), followed by oxygen (O), sodium (Na), and silica (Si), as expected due to the 

composition of the bioactive glass associated with the hydroxyethylcellulose and sodium 

alginate hydrogels. Interestingly, the %wt. of Si was higher for PTH-loaded scaffolds. The 

bands revealed by FTIR confirm the chemical composition predetermined by EDX. 

Additionally, the FTIR bands found herein are comparable to those found for previous studies 

of a bilayered hydrogel of gellan gum and demineralized bone particles for osteochondral 

regeneration [33], as well as a novel alginate/hydroxyethyl cellulose/hydroxyapatite composite 

scaffold for bone regeneration [19]. 

Mechanical compression and elasticity modulus of hydrogel-based scaffolds are presented in 

Fig. 3. Compression stress was higher for PTH-loaded scaffolds up to about 15% applied strain 

(p <0.001 at 0% and 10% applied strain). Conversely, from 20% up to 50% strain, scaffolds 

without PTH showed higher compression stress (p <0.05 at 20% applied strain and p <0.001 at 

30%, 40%, and 50% applied strain). The compressive modulus of 0.06 MPa reached for both 

scaffolds under 50% strain was in accordance with a recent study of dextran composite 

hydrogel-based scaffolds reinforced with 20 wt% β-TCP [21] but higher than a study of 

injectable polysaccharide hydrogel embedding hydroxyapatite and calcium carbonate [9]. This 

is still considered a low compressive modulus compared to the desired value for natural bone 

[34]; however, it does not mean that the new bone will have a different compression module 

from native bone, but that post-operative care should be maintained until the end of the bone 

regeneration. 

Rheological measurements revealed similar storage (G’) and loss (G’’) moduli for both 

scaffolds (with and without PTH loading). The G′ was greater than G″ by approximately an 

order of magnitude for both comparative samples over the entire range of frequency, which 

indicates the stability of the three-dimensional (3D) network in the hydrogel system via the 

Schiff-base reaction. Compared to a previous study of injectable polysaccharide hydrogel 

incorporating different percentages of hydroxyapatite and calcium carbonate [9], our study 



 

  

 

presented higher elasticity moduli in a range over 103 Pa, which is suitable for non-injectable 

3D-printed personalized scaffolds. 

The swelling behaviour, degradation, and PTH release of hydrogel-based scaffolds are 

presented in Fig. 4. The swelling ratio was similar for both groups on day 7 but significantly 

higher for the PTH-loaded scaffold group on days 14, 21, and 28 of the experiment (p <0.0001, 

p <0.0001, and p <0.0001, respectively) (Fig. 4A). Accordingly, weight percentage degradation 

was similar for scaffolds and PTH-loaded scaffolds on days 7, 14, 21, and 28 (p = 0.8247, p = 

0.3864, p = 0.6970, and p = 0,7239, respectively), but the weight loss significantly increased 

over the course from day 7 up to day 28 of degradation experiment (Fig. 4B).  

The degradation of the hydrogel-bioceramic composites in PBS is high under incubation [35]. 

Similar to our findings, Choi et al. (2020) [33] exhibited a degradation increased level until 21 

days into the experiment and then reached equilibrium. The rapid rate of decomposition in the 

initial state, i.e., up to day 14, was attributed to the escape of the residual matrix and the 

hydrophilicity of hydrogels.  

Swelling is the ability by which scaffolds uptakes and preserves water within their structure, 

the water uptake capacity is one of the most important properties of hydrogels. Therefore, it is 

an important feature for developing suitable tissue engineering constructs for the regeneration 

of bone defects [19]. Hydrogel swelling behaviour plays a fundamental role in cell migration, 

proliferation, and angiogenesis. However, the balance between swelling behaviour and 

physicomechanical properties of hydrogels should be achieved to offer a successful bone tissue 

regeneration [19, 21]. Generally, the driving force for the water uptake of a hydrogel includes 

at least three components, i.e., internal elastic force of polymer chains in the network, polymer-

water mixing, and osmotic pressure. The interplay of three balancing forces determines the 

equilibrium swelling ratio. Mixing pressure is due to the solvation of the network, while elastic 

pressure is stretching polymer chains under the influence of solvation. The ionic pressure 

originates from the mobility of ions between the hydrogel matrix and the medium. The internal 

elastic force of polymer chains in the hydrogel network is strongly dependent on the 

crosslinking density, and interactions between polymeric chain segments and solvent 

molecules. Thus, loosely crosslinked hydrogels fail to retain water while highly cross-linked 

polymer networks do not swell [21]. 

The swelling kinetics was analysed with the Fickian kinetics model to get an insight into the 

water uptake behaviour of scaffolds. Fick’s model was applied based on Equation 1:  

Wt/Wf = ktn, 



 

 

  

 

 

where t is the swelling predetermined time, k is the initial swelling rate constant, and n is the 

diffusion index calculated from the slopes of ln(Wt/Wf) as a function of ln(t) (Fig. 4C). At n ≤ 

0.5, Fickian diffusion plays the decisive role (rate of diffusion << polymer chains relaxation), 

while 0.5 < n < 1 corresponds to non-Fickian diffusion in which the rate of diffusion and the 

rate of polymer chains relaxation are comparable. In n = 1, the relaxation of polymer chains 

plays the leading role (rate of diffusion ˃ ˃ polymer chains relaxation) [21]. In the present study, 

non-Fickian diffusion was found for both groups (scaffolds and scaffolds+PTH). However, the 

swelling kinetics based on Fick’s model showed a relatively low correlation coefficient (R2), 

thus the second-order correlation Schott’s model was applied based on Equation 2: 

(t/Wt) = (1/kis) + (1/W∞)t, 

where Wt is the swelling at time t, W∞ is the theoretical equilibrium swelling, and kis is the 

initial swelling rate constant (Fig. 4D). Higher correlation coefficients were obtained for this 

model (R2 ˃0.99). The initial swelling rate in Schott’s model is related to the rate of polymer 

chains relaxation, which is affected by the following factors: the hydrophobicity/hydrophilicity, 

the degree of crosslinking, the rigidity/flexibility, the amorphous regions/crystalline domains, 

and the thickness of the hydrogel [21]. The initial swelling rate constant (kis) was higher for 

pure scaffolds than for scaffolds embedded with PTH. According to Zhao, the high crosslinking 

density increases the interaction between polymer chains and should reduce the kis values [36]. 

The drug release profile of PTH-loaded hydrogel-based scaffolds revealed an expressive release 

of PTH from the scaffolds from day 1 to day 14, then reached an equilibrium until day 28 (Fig. 

4E). The release of the drug from hydrogels (or other polymeric associations) involves various 

chemical, physical, and biological interactions, which hinders the theoretical prediction of the 

release process [13]. 

 

3.2 Bioactivity and biocompatibility 

Bioactivity (SBF) and biocompatibility (MTT) results are depicted in Fig. 5. SEM images 

obtained after the bioactivity experiment reveal changes on sample surfaces over the analysed 

period, indicating the formation of carbonated hydroxyapatite. However, the chemical 

composition given by EDX analyses remains stable over control on days 1, 3, and 7. Bioactivity 

assay is an obligatory step to propose any material as a potential bone substitute [13]. It can be 

evaluated in vitro by exposing the biomaterials to conditions that mimic the implant 

environment (i.e., ionic concentration, pH, and temperature) via soaking in the SBF at 37 °C 



 

  

 

[19, 24]. The development of apatite layers in the SBF solution had been regarded as an 

indication of bioactivity for bioceramics. The construction of a bone-like apatite layer in a 

scaffold is the precondition for its osteoinduction [25, 33, 37]. Bioactive glasses are known to 

bind to the bone by forming a layer of carbonated hydroxyapatite, which mimics the mineral 

phase of bone [27, 38]. 

Both hydrogel-based scaffolds and PTH-loaded hydrogel-based scaffolds were biocompatible 

for SHED with cell viabilities similar to the control group on 1, 3, and 7 days of cell culture. 

Cytotoxicity of hydrogels is not expected, as already seen in many previous studies [19, 21, 25, 

32, 33]. However, our biocompatibility findings also revealed that the PTH dose embedded into 

the scaffolds did not lead to cytotoxicity. 

 

3.3 Osteogenic differentiation 

Von Kossa and alizarin red stainings and μCT images are presented in Fig. 6. Von Kossa 

methodology images revealed nodules of mineralization for hydrogel-based scaffold and PTH-

loaded hydrogel-based scaffold groups in a proportional quantity, reduced nodules of 

mineralization for the osteogenic control group, and no nodules in the ECM of the cell control 

group. Choi et al. (2020) [33] also applied von Kossa methodology and detected nodules of 

mineralization into the hydrogel of gellan gum and demineralized bone particles bilayer 

scaffold. Similarly, Frassica et al. (2019) [32] applied von Kossa staining as a visual indicator 

of matrix mineralization and revealed considerable enhancement in calcium deposition of a 

diacrylate poly(ethylene glycol) hydrogel-based scaffolds after 14-day culture with human bone 

marrow stem cells.  

Alizarin red staining revealed a high quantity of calcium deposits for PTH-loaded hydrogel-

based scaffold and osteogenic control groups, reduced calcium deposits for hydrogel-based 

scaffold group, and no calcium deposits for the cellular control group. μCT images are in 

accordance with the SEM images, showing bioactive glass particles dispersed into the scaffolds 

structure and porous, lamellar, and interconnected hydrogel architecture in both analysed 

groups. Mean grey values were similar for both hydrogel-based scaffold and PTH-loaded 

hydrogel-based scaffold groups, while the calculated mean area was higher for PTH-loaded 

hydrogel-based scaffold than hydrogel-based scaffold group. 

 
 

 



 

 

  

 

 

4 Conclusions 

In summary, the morphology of the scaffolds presented an interconnected porous structure as 

desired for bone regeneration. The chemical composition was compatible with the applied raw 

materials and favourable for extracellular matrix mineralization especially due to the presence 

of Ca and Si. Also, the mechanical and rheological properties of scaffolds showed sufficient 

mechanical character to provide a temporary structure for reconstructing new bone tissue. The 

weight loss and swelling of the hydrogels showed stability over time. Additionally, the 

bioactivity in the SBF solution led to the formation of carbonated hydroxyapatite due to the 

bioactive glass embedded into the hydrogel structure. The PTH release from scaffolds structure 

was gradual and it did not influence the viability of SHED. Additionally, PTH-loaded hydrogel-

based scaffolds led to the mineralization of the SHED extracellular matrix after 28 days of cell 

culture.  

The proposed PTH-loaded hydrogel-based scaffolds demonstrated morphology and 

physicochemical properties, bioactivity, biocompatibility, and osteoinduction capacity to be 

used in bone tissue engineering. Therefore, the herein presented scaffolds are recommended for 

future studies on 3D printing. Furthermore, as we have drawn the conclusions of this study 

based on the data obtained in vitro, future animal models will still be required to validate all 

our results in vivo.  
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Figure captions 

 

 
 
Fig. 1 Fabrication process of hydrogel-based scaffolds embedding PTH-loaded mesoporous bioactive 

grass. PTH: Parathyroid hormone. BG58S: Bioactive glass 58S composition. T: time. Created with 

BioRender.com 

  



 

  

 

 
 
Fig. 2 Hydrogel-based scaffold physical and chemical characterization. A-B) Scanning Electron 

Microscope (SEM) images of the hydrogel-based scaffold at (A) X50 and (B) X500 magnifications (500 

and 50 μm scale bars, respectively); C) Energy Dispersive X-Ray Spectrometry (EDX) graph of 

hydrogel-based scaffold and (D) weight percentage of chemical composition; E) Fourier Transform 

Infrared Spectroscopy (FTIR) of hydrogel-based scaffold presenting the main chemical bands under 

spectra; SEM images of hydrogel-based scaffold embedding PTH at (F) X50 and (G) X500 

magnifications (500 and 50 μm scale bars, respectively); EDX graph of hydrogel-based scaffold 

embedding PTH (H) and (I) weight percentage of chemical composition; J) FTIR of hydrogel-based 

scaffold embedding PTH presenting the main chemical bands under spectra. C: Carbon; O: Oxygen; Na: 

Sodium; Si: Silicon  



 

 

  

 

 

 
Fig. 3 Hydrogel-based scaffolds mechanical characterization. A) Compression stress as a function of 

the applied strain. Values reported are an average of n = 6, ± standard deviation. Statistical differences 

were found between the scaffold and PTH-loaded scaffold groups (p <0.05(*) and p <0.0001(****)). B) 

Storage modulus (G’) and loss modulus (G’’) values as a function of the angular frequency (f) of 

rheological analyses. Values reported are an average of n = 3, ± standard deviation 

  



 

  

 

 
 
Fig. 4 Hydrogel-based scaffolds swelling behaviour. A) Swelling ratio of hydrogel-based scaffolds on 

days 7, 14, 21, and 28.  Values reported are an average of n = 6, ± standard deviation. Statistical 

differences were found between the scaffold and PTH-loaded scaffold groups (p <0.0001(****)). B) 

Weight percentage degradation of hydrogel-based scaffolds on days 7, 14, 21, and 28. Values reported 

are an average of n = 5, ± standard deviation. No statistical difference was found between the scaffold 

and PTH-loaded scaffold groups at the same time point, while the statistical difference was observed 



 

 

  

 

 

over the course of the experimental times (different superscript letters represent statistical differences). 

C) Fick’s first order (Eq. 1) swelling kinetics model of the swelling data was fit. The embedded table 

presents the swelling parameters obtained from Fick’s model (the regression equation is y = A + Bx, 

where y = ln (Wt/Wf), A = ln (k), B = n, x = ln (t)). D) Schott’s second order (Eq. 2) swelling kinetics 

model of the swelling data was also displayed. The embedded table presents the swelling parameters 

obtained from Schott’s model (the regression equation is y = A + Bx, where y = t/Wt, A = 1/kis, B = 

W∞, x = t). E) PTH release profile of PTH-loaded hydrogel-based scaffolds at days 1, 7, 14, 21, and 28. 

Values reported are calculated by dividing the absolute amount of PTH released at time t (Mt) by the 

amount of PTH at infinity (M∞), which was the equilibrated concentration obtained at the end of the 

28-day experimental period 

  



 

  

 

 

 
Fig. 5 A) Scanning Electron Microscope (SEM) images analysing the bioactivity of scaffolds using SBF 

on days 1, 3, and 7. Control was the scaffold immersed in PBS for 3 days. B) Chemical composition 

(weight % ± standard deviation) of samples given by EDX analyses on days 1, 3, and 7. Control was the 

scaffold immersed in PBS for 3 days. C) Biocompatibility of scaffolds on days 1, 3, and 7. Control was 

the cells seeded at the same density but with no scaffold influence. Values reported are an average of n 

= 3 ± standard deviation. No significant difference was found among SHED control group, scaffold, and 

PTH-loaded scaffold regarding cell viabilities 

  



 

 

  

 

 

 

 
Fig. 6 A-B) Mineralization of the extracellular matrix of stem cells from human exfoliated deciduous 

teeth (SHED) on day 28. 500 μm scale bars. (A) Black/grey marks represent the nodules of 

mineralization under von Kossa staining, while (B) brown agglutinations are the alizarin red-stained 

calcium deposits. Micro-computed tomography (µCT) of (C) scaffolds (n = 3) and (D) PTH-loaded 

scaffolds (n = 3) on day 28 of SHED culture. 500 μm scale bars. E) Grey values of the samples were 

calculated based on µCT images. Values reported are an average of n = 3 ± standard deviation. No 

significant difference was found between the scaffold and PTH-loaded scaffold groups (p = 0.6146). F) 

Area (cm2) of the samples calculated based on µCT images. Values reported are an average of n = 3 ± 

standard deviation. A significant difference was found between the scaffold and PTH-loaded scaffold 

groups (p <0.0001) 
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Abstract  

Background: Pyroptosis is a caspase-dependent catabolic process relevant to 
periodontal disorders for which inflammation is central to the pathophysiology of 
the disease. Despite enamel matrix derivative (EMD) has been applied to support 
periodontal regeneration, its capacity to modulate the expression of pyroptosis-
related genes remains unknown. Considering EMD has anti-inflammatory 
properties and pyroptosis is linked to the activation of the inflammasome in 
chronic periodontitis, the question arises whether EMD could reduce pyroptosis 
signalling. Methods: To answer this question, primary macrophages obtained 
from murine bone marrow and RAW 264.7 macrophages were primed with EMD 
before being challenged by lipopolysaccharide (LPS). Cells were then analysed for 
pyroptosis signalling components by gene expression analyses, interleukin-1β 
(IL-1β) immunoassay, and the detection of caspase-1 (CAS1). The release of 
mitochondrial reactive oxygen species (ROS) was also detected. Results: We 
report here that EMD, like the inflammasome (NLRP3) and CAS1 specific 
inhibitors – MCC950 and Ac-YVAD-cmk, respectively – lowered the LPS-induced 
expression of NLRP3 in primary macrophages (EMD: p=0.0232; MCC950: 
p=0.0426; Ac-YVAD-cmk: p=0.0317). EMD further reduced the LPS-induced 
expression of NLRP3 in RAW 264.7 cells (p=0.0043). There was also a reduction in 
CAS1 and IL-1β in RAW 264.7 macrophages on the transcriptional level (p=0.0598; 
p=0.0283; respectively), in IL-1β protein release (p=0.0041), and CAS1 activity. 
Consistently, EMD, like MCC950 and Ac-YVAD-cmk, diminished ROS release in 
activated RAW 264.7 cells. In ST2 murine mesenchymal cells, EMD could not be 
tested because LPS, saliva, and IL-1β+TNF-α failed to provoke pyroptosis 
signalling. Conclusion: These findings suggest that EMD is capable of dampening 
the expression of pyroptosis-related genes in macrophages. 

Keywords: Enamel matrix proteins; pyroptosis; inflammasomes; periodontal 
diseases; macrophages; mesenchymal cells  
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1 Introduction 
Periodontal disease is a global health problem.1 Currently, peri-

implant disease has reached the same level of concern as periodontal 
disorders. In this scenario, mucointegration – the attachment of soft 
tissues to the transmucosal portion of an implant – is just as relevant for 
implant success as osseointegration.2 A disruption in mucointegration can 
manifest as peri-implant mucositis and, if not resolved, can progress to 
inflammatory peri-implantitis.3,4 Periodontitis and peri-implantitis are 
universally agreed to begin with a breakdown in the soft tissue 
attachment and bone loss progression.5,6 Consequently, methods to 
strengthen, maintain, or regenerate the soft tissue attachment around the 
tooth or the dental implant are critical for improving the protection 
sealing against microbial infections or endogenous danger signals.7 The 
underlying pathogenesis of periodontitis/peri-implantitis is a chronic 
inflammation that drives downstream catabolic cellular events ultimately 
leading to tooth loss due to a lack of supporting tissues.6,8,9 There is thus a 
critical requirement to understand the fundamental pathological 
mechanisms on a cellular and molecular basis to implement therapies 
aiming to regulate inflammation and thereby pave the way for 
regenerative strategies.8,9 Thus, understanding the pathways connecting 
inflammation and tissue destruction will help to develop strategies to 
prevent and treat periodontitis and peri-implantitis.  

Pyroptosis is an inflammatory caspase-dependent catabolic process 
that is relevant for innate immunity. This process is mainly mediated by 
the activation of caspase-1 (CAS1) by the nucleotide-binding domain 
(NBD) and leucine-rich repeat (LRR)-containing protein 3 (NLRP3) 
inflammasome.10 Then, CAS1 cleaves the gasdermin D (GSDMD), which 
is responsible for cell membrane perforation and the release of 
interleukins-1β (IL-1β) and -18 (IL-18),10 which in turn trigger a robust 
inflammatory response on the surrounding tissues.11 NLRP3 and CAS1 
are important for bacterial clearance; however, if overexpressed, they may 
lead to cellular self-destruction, inflammation, and tissue damage.12 
Immunostaining images showed a stronger signalling intensity for 
NLRP3, cleaved CAS1, and IL-1β in the connective tissue of periodontitis 
compared to a healthy gingiva.13 Additionally, using a periodontitis 
mouse model, higher amounts of NLRP3 and IL-1β were visible in the 
inflamed gingiva.13 There is thus evidence for pyroptosis to occur in 
periodontal diseased tissues.  

In vitro periodontal models in pyroptosis research focus on the 
NLRP3/CAS1/GSDMD-mediated pyroptosis pathway in monocytes, 
macrophages, and periodontal ligament cells.11,14–16 NLRP3 inflammasome 
can react to a wide range of bacterial ligands and play a pivotal role in the 
pathogenesis of inflammatory diseases. Lipopolysaccharide (LPS) is a 
virulence factor and a strong agonist of toll-like receptors (TLR) signalling 
that is able to initiate the downstream of pyroptosis.16,17 LPS is produced 
by Gram-negative bacteria.18 Considering that oral diseases are mainly 
mediated by Gram-negative bacteria, it makes sense that LPS is related to 
periodontal disorders.12,18,19 Taking advantage of this in vitro model, 
glycogen synthase kinase-3β (GSK-3β) deficiency was identified to lower 
the LPS-induced pyroptosis through the inactivation of NLRP3 
inflammasome.16 Thus, NLRP3/CAS1/GSDMD-mediated pyroptosis 
bioassays are suitable to identify components that lower pyroptosis 



 

 

  

 

 

signalling. Furthermore, considering the impairment caused by 
pyroptosis on periodontal disorders, finding ways to inhibit or reduce 
pyroptosis downstream brings prospects for periodontal therapies. 

Enamel matrix derivative (EMD) is a xenograft applied to support 
periodontal regeneration20 that was also considered a treatment for 
venous leg ulcers.21 EMD is an extract of enamel matrix from the tooth 
germ of piglets and propylene glycol alginate serves as a matrix. Proteome 
analyses confirmed the presence of enamel matrix proteins amelogenin 
and ameloblastin,22 and growth factors such as TGF-β have been also 
identified.23,24 More importantly for this paper, EMD has been shown to 
exert anti-inflammatory activity in vitro. LPS-stimulated rat monocytes 
exposed to EMD exhibited a decrease in TNF-α production.25 In human 
blood-derived cells exposed to LPS and peptidoglycan, EMD lowered 
TNF-α release.26 Furthermore, in LPS-stimulated human osteogenic cells 
and immortalized human epithelial gingival keratinocytes, EMD lowered 
the expression of inflammatory cytokines including TNF-α.27 
Nevertheless, the expression of pyroptosis factors in cells stimulated with 
pyroptosis-triggering dangers – and primed with EMD – was not yet 
explored. It might be hypothesized that the beneficial effects of EMD25–27 
are caused by lowering the pyroptosis-mediated cellular self-destruction 
and inflammation in periodontitis. 

Since there is strong in vitro evidence that EMD has anti-
inflammatory properties25–27 and pyroptosis is linked to the activation of 
the inflammasome in chronic periodontitis and peri-implantitis,11,12,16 the 
question arises whether EMD could reduce pyroptosis in vitro. Therefore, 
we tested the hypothesis that the anti-inflammatory activity of EMD is at 
least partially involving a lowering of the LPS-mediated pyroptosis 
factors. 

 

2. Materials and methods 
2.1. Primary macrophages, RAW 264.7 macrophage-like cells, and ST2 
mesenchymal cells 

BALB/c mice of 6- to 8-weeks old were purchased from Animal 
Research Laboratories, Himberg, Austria. Bone marrow cells were 
collected from the femora and tibiae as previously described.28 Briefly, 
mice were sacrificed, and the femora and tibiae were removed. Bone 
marrow cells were seeded at 1 × 106 cells/cm2 into 24-well plates and 
grown for 7 days in Dulbecco's Modified Essential Medium (DMEM; 
Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% fetal calf 
serum (FCS; Capricorn Scientific GmbH, Ebsdorfergrund, Germany), 1% 
antibiotics (PS; Sigma Aldrich, St. Louis, MO, USA), and 20 ng/mL 
macrophage colony-stimulating factor (M-CSF; ProSpec, Ness-Ziona, 
Israel). RAW 264.7 macrophage-like cells (LGC Standards, Wesel, 
Germany) were expanded in growth medium and seeded at 3 × 105 
cells/cm2 into 24-well plates. ST2 murine mesenchymal cells (RIKEN Cell 
Bank, Tsukuba, Japan) isolated from mouse bone marrow were seeded at 
3 × 105 cells/cm2 into 24-well plates. Cells were primed with 30 µg/mL of 
enamel derivative matrix (EMD; Straumann AG, Switzerland) for 1 h and 
then exposed to 100 ng/mL of LPS from Escherichia coli 055:B5 (Sigma 
Aldrich, St. Louis, MO, USA) for 6 h to induce an inflammatory response. 



 

  

 

Alternatively, 5% saliva29 or 20 ng/mL IL-1β (ProSpec, Ness-Ziona, Israel) 
and TNF-α (ProSpec, Ness-Ziona, Israel) were used for cell stimulation. 
Pyroptosis-specific inhibitors were applied to establish the in vitro LPS-
induced pyroptosis model. MCC950 (CP-456773 Sodium, Selleck 
Chemicals GmbH, Houston, USA) was applied at 8 µM for 30 min before 
cells were exposed to LPS. Ac-YVAD-cmk (≥95%, HPLC; Sigma Aldrich, 
St. Louis, MO, USA) was applied at 5 µM for 20 h prior LPS challenge. All 
cell lineages were exposed to the respective treatments under standard 
conditions at 37◦C, 5% CO2, and 95% humidity. 

2.2. Reverse Transcription Quantitative Real-Time PCR (RT-qPCR) and 
immunoassay 

For RT-qPCR, after stimulation, total RNA was isolated with the 
ExtractMe total RNA kit (Blirt S.A., Gdańsk, Poland) followed by reverse 
transcription and polymerase chain reaction (LabQ, Labconsulting, 
Vienna, Austria) on a CFX Connect™ Real-Time PCR Detection System 
(Bio-Rad Laboratories, Hercules, CA, USA). The mRNA levels were 
calculated by normalizing to the housekeeping gene GAPDH using the 
ΔΔCt method. 

The primer sequences were: 
mNLRP3-F: TCACAACTCGCCCAAGGAGGAA;  
mNLRP3-R: AAGAGACCACGGCAGAAGCTAG;  
mCAS1-F: GGCACATTTCCAGGACTGACTG;  
mCAS1-R: GCAAGACGTGTACGAGTGGTTG;  
mCAS11-F: CCTGAAGAGTTCACAAGGCTT;  
mCAS11-R: CCTTTCGTGTAGGGCCATTG;  
mGSDMD-F: GGTGCTTGACTCTGGAGAACTG;  
mGSDMD-R: GCTGCTTTGACAGCACCGTTGT;  
mIL-1β-F: CAACCAACAAGTGATATTCTCCATG;  
mIL-1β-R: GATCCACACTCTCCAGCTGCA;  
mIL-18-F: CAAACCTTCCAAATCACTTCCT;  
mIL-18-R: TCCTTGAAGTTGACGCAAGA;  
mGAPDH-F: AACTTTGGCATTGTGGAAGG;  
mGAPDH-R: GGATGCAGGGATGATGTTCT.  
RT-PCR data are represented compared to the untreated control. 

Supernatants and the respective cell lysates prepared with 0.3% Triton 
X-100 (Sigma Aldrich, St. Louis, MO, USA) were analysed for IL-1β 
secretion by immunoassay (R&D Systems, Minneapolis, MN, USA) 
according to the manufacturer’s instruction.  

2.3. Western blot 
RAW 264.7 cells were seeded at 1 × 106 cells/cm3 into 12-well plates. 

The following day serum-starved cells were primed with EMD for 1 h and 
then exposed to LPS for another 6 h. Extracts containing SDS buffer with 
protease and phosphatase inhibitors were separated by SDS-PAG 
(cOmplete ULTRA Tablets and PhosSTOP; Roche, Mannheim, Germany) 
and transferred onto PVDF membranes (Roche Diagnostics, Mannheim, 
Germany). Membranes were blocked and the binding of the Caspase-1 
(D7F10), Gasdermin D (E8G3F), and cleaved Gasdermin D (E7H9G) first 
antibodies (rabbit IgG, 1:1000; Cell Signaling Technology, Danvers, MA, 
USA) were detected with the second antibody labelled with HRP (goat 
anti-rabbit IgG, 1:10000; Cell Signaling Technology, Danvers, MA, USA). 



 

 

  

 

 

After exposure to the Clarity Western ECL Substrate (Bio-Rad 
Laboratories Inc., Hercules, CA, USA) chemiluminescence signals were 
visualized with the ChemiDoc imaging system (Bio-Rad Laboratories Inc., 
Hercules, CA, USA). Quantification of bands intensity was performed 
using ImageJ software. 

2.4. Mitochondrial reactive oxygen species (ROS) release 
RAW 264.7 cells were seeded at 3 × 105 cells/cm2 into 96-well plates 

and followed the standard stimulation with EMD, MCC950, or Ac-YVAD-
cmk, then challenged with LPS for 6 h. Cells were analysed for the release 
of mitochondrial reactive oxygen species (MitoROSTM 580, AAT Bioquest, 
Inc., Sunnyvale, USA) according to the manufacturer’s instructions. 

2.5. Statistical analysis 
All experiments were performed at least three times. Statistical 

analyses of gene expression and immunoassays were performed with 
paired t-test, while ROS release statistical analyses were performed with 
one-way ANOVA followed by Dunnett’s multiple comparison test. 
Analyses were performed using Prism v.9 (GraphPad Software, La Jolla, 
CA, USA). Significance was set at p <0.05. 

 

3. Results 
3.1. Pyroptosis inhibitors validate macrophages to serve as a pyroptosis model 

To establish a pyroptosis model, primary macrophages generated 
from murine bone marrow were exposed to E. coli LPS. MCC950 and Ac-
YVAD-cmk were introduced as inhibitors raised against NLRP3 and 
CAS1, respectively. MCC950 reduced the forced expression of NLRP3, 
CAS11, and IL-1β, but also a reduction in CAS1 and IL-18, in primary 
macrophages. Likewise, Ac-YVAD-cmk reduced the forced expression of 
NLRP3 and IL-18, and showed a trend to the reduction in the expression 
of CAS1, CAS11, and IL-1β, in primary macrophages (Figure 1). These 
findings support the LPS-induced primary macrophages to serve as a 
bioassay to test EMD and its potential for reducing pyroptosis signalling.  

 



 

  

 

 
Figure 1. LPS stimulation caused an increase in the expression of the pyroptosis genes NLRP3, CAS1, 
CAS11, IL-1β, and IL-18 in primary macrophages. The application of MCC950 prior to LPS stimulation 
in primary macrophages led to a significant reduction in the expression of NLRP3, CAS11, and IL-1β, 
and a trend in the reduction of CAS1 and IL-18. The application of Ac-YVAD-cmk prior to LPS 
stimulation in primary macrophages led to a reduction in the forced expression of NLRP3 and IL-18, and 
a trend in the reduction of CAS1, CAS11, and IL-1β. Different symbol shapes mean independent 
experiments. Paired t-test statistical analysis was applied to compare the groups. 

3.2. EMD reduces the expression of pyroptosis markers in LPS-induced primary 
macrophages 

To test EMD and its potential for reducing pyroptosis in the 
established bioassay, primary macrophages were primed with EMD 
before being challenged by LPS and then analysed for gene expression of 
pyroptosis signalling components. Our chosen dose of 30 µg/mL EMD did 
not lead to any cytotoxicity either alone or in combination with LPS (data 
not shown); therefore, proceed with the gene expression analyses. LPS 
caused a robust increase in the expression of the pyroptosis genes NLRP3, 
CAS1, CAS11, IL-1β, and IL-18 in primary macrophages, with a 
particularly strong increase in NLRP3 and IL-1β. EMD significantly 
lowered the LPS-induced expression of NLRP3, CAS1, and IL-18, 
suggesting that primary macrophages are susceptible to EMD and its 
pyroptosis-lowering activity (Figure 2).  

 
Figure 2. LPS stimulation caused an increase in the expression of the pyroptosis genes in primary 
macrophages. The application of EMD prior to LPS stimulation in primary macrophages led to a 
reduction in the forced expression of NLRP3, CAS1, and IL-18, and showed a trend in the reduction of 
CAS11 and IL-1β, in primary macrophages. Different symbol shapes mean independent experiments. 
Paired t-test statistical analysis was applied to compare the groups.  



 

 

  

 

 

3.3. EMD reduces the expression of pyroptosis markers in LPS-induced RAW 
264.7 macrophages 

To implement a cell line-based pyroptosis model, RAW 264.7 
macrophages were exposed to LPS followed by the screening for the 
respective pyroptosis marker genes. Consistent with the findings 
regarding the primary macrophages, EMD significantly reduced the LPS-
induced expression of NLRP3, CAS1, and IL-1β. There was also a trend 
toward reducing CAS11 expression (Figure 3). Differently from primary 
macrophages though, it was mainly the IL-1β but not the IL-18 expression 
that was reduced by EMD in RAW 264.7 cells. As expected,30 
immunoassays revealed negligible amounts of IL-1β in the supernatant 
(Supplement Figure 1A). Nevertheless, under the permeabilization of the 
cell membrane, IL-1β could be confirmed in LPS-stimulated RAW 264.7 
cells as well as the significant IL-1β reduction with the treatment with 
EMD (Figure 4A). Moreover, EMD reduced cleaved CAS1 at the protein 
level (Figure 4B), suggesting a decrease in the CAS1 activity and that EMD 
could lower the expression and the activation of CAS1 by NLRP3 
reduction. The bands were quantified regarding intensity (Supplement 
Figure 2), confirming what can be pictured in the Western blot images. 
Thus, the RAW 264.7 macrophages are suitable to identify EMD for 
lowering a pyroptosis response.  

 
Figure 3. LPS stimulation caused an increase in the expression of the pyroptosis genes in RAW 264.7 
macrophages. The application of EMD prior to LPS stimulation in RAW 264.7 cells led to a significant 
reduction in the forced expression of NLRP3 and IL-1β, and a trend in the reduction of CAS1 and CAS11. 
Different symbol shapes mean independent experiments. Paired t-test statistical analysis was applied to 
compare the groups. 

 

 
Figure 4. EMD reduces the pyroptosis factors in LPS-induced RAW 264.7 macrophages. (A) EMD 
protection on LPS-stimulated RAW 264.7 macrophages led to IL-1β reduction detected from the 
immunoassay. Different symbol shapes mean independent experiments. Paired t-test to compare LPS 
and EMD+LPS groups was applied. (B) Confirming the gene expression, Western blot analysis showed 



 

  

 

less cleaved CAS1 (20 KDa) protein expression in RAW 264.7 cells primed with EMD. Cleaved GSDMD 
was present for cells stimulated with LPS and GSDMD was present for all cells. 

 

3.4. EMD reduces reactive oxygen species (ROS) in LPS-induced RAW 264.7 
macrophages 

RAW 264.7 macrophages were again exposed to LPS and analysed 
for mitochondrial ROS release. EMD reduced the mitochondrial ROS 
release in RAW 264.7 cells to levels comparable to the untreated control, 
suggesting a reduction in cellular stress levels by the EMD treatment. 
Consistently, the pyroptosis specific inhibitors, MCC950 and Ac-YVAD-
cmk, diminished ROS release in activated RAW 264.7 cells (Figure 5). 

 

 
Figure 5. LPS stimulation caused an increase in the reactive oxygen species 
(ROS) release in RAW 364.7 macrophages. The application of EMD, MCC950, or 
Ac-YVAD-cmk in LPS-induced RAW 264.7 cells showed a trend in the reduction 
of ROS release. Different symbol shapes mean independent experiments. 
Repeated measures one-way ANOVA followed by Dunnett’s multiple 
comparison test, comparing every group to the LPS group, was applied. 

3.5. ST2 mesenchymal cells are not suitable to test for a potential role of EMD 
on pyroptosis 

Finally, we introduced LPS and saliva stimulation over ST2 murine 
mesenchymal cells to serve as a model for pyroptosis testing. However, 
LPS or saliva failed to considerably increase the expression of the most 
sensitive pyroptosis marker – NLRP3 – and all other pyroptosis markers, 
including the IL-1β and IL-18, suggesting that LPS or saliva stimulation in 
ST2 cells are not suitable as a model to evaluate EMD to change pyroptosis 
(Supplement Figure 2). When ST2 cells were exposed to IL-1β and TNF-
α, there was a strong increase of interleukin-6 and chemokines CCL2 and 
CXCL2 that was reduced by EMD (Figure 6). Nevertheless, no changes in 
NLRP3 and all other pyroptosis markers were found (Supplement Figure 
3). Thus, LPS, saliva, or IL-1β+TNF-α challenging to ST2 cells are not 
applicable to evaluate the potential role of EMD to reduce pyroptosis 
signalling.  
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Figure 6. IL-1β and TNF-α stimulation caused a strong expression of the 
interleukin IL-6 and chemokines CCL2 and CXCL2 in ST2 cells. The application 
of EMD prior to IL-1β and TNF-α stimulation in ST2 cells led to a trend in the 
reduction of the forced expression of inflammatory markers (IL-6, CCL2, and 
CXCL2). Different symbol shapes mean independent experiments. Paired t-test 
statistical analysis was applied to compare the groups. 

 

4. Discussion 
Pyroptosis is a major driver of inflammatory disorders, and it is 

chiefly activated by NLRP3 inflammasome and caspases. Thus, NLRP3 
and CAS1, the hallmarks of pyroptosis signalling, are increasingly 
expressed in periodontal disease compared to healthy tissue.10,12,31 
Considering EMD is widely used in periodontal regeneration and has 
demonstrated anti-inflammatory properties in vitro,20,25–27 we 
hypothesized that part of the beneficial activity of EMD might involve the 
modulation of pyroptosis signalling. Indeed, our major finding was that 
EMD lowered the forced expression of NLRP3 and CAS1 activity in 
murine macrophage models. Taken together, our findings suggest that 
EMD diminishes pyroptosis signalling in macrophages.  

If we relate our findings to those of other studies, our data completes 
the overall picture of the anti-inflammatory activity that EMD has in vitro 
on various models from human, rat, and mouse cells.25–27,32 However, these 
models mainly used TNFα or interferon-gamma (IFNγ) to simulate 
inflammation, but TNFα and IFNγ are not drivers of pyroptosis 
signalling. It was only the study on LPS-stimulated human osteoblastic 
cells and human gingival keratinocytes that studied EMD lowering the 
expression of IL-1β and it was not focused on pyroptosis.27 Hence, our 
findings that EMD reduces the expression of IL-1β in RAW 264.7 
macrophages support the existing knowledge on the anti-inflammatory 
properties of EMD while this observation is not sufficient to support the 
involvement of EMD in the reduction of the pyroptosis signalling. 

Macrophages can be polarized into either classically activated pro-
inflammatory (M1) or alternatively activated (M2) anti-inflammatory 
macrophages depending on the stimulation.33 The M1 macrophages are 
induced by pathogen-associated molecular patterns (PAMPs), such as the 
bacterial LPS used herein, or Th1 cytokines such as IFNγ, producing a 
wide range of cytokines, such as TNF-α, IL-1β, IL-6, and inducible nitric 
oxide synthase (iNOS), to aggravate inflammation. In contrast, the M2 
macrophages are induced by Th2 cytokines such as IL-4 and IL-13, and 
they possess the ability to express arginase-1 (Arg1), chitinase-like 3 (or 
Ym1), and IL-10 to promote reparative processes and relieve 
inflammation.34 Therefore, since we have applied LPS, we know we are 



 

  

 

working with M1 pro-inflammatory macrophages. Furthermore, since 
this is a pyroptosis related article, we did not focus on IFNγ, TNF-α, IL-6, 
or iNOS, but on IL-1β and IL-18, which are directly related to pyroptosis. 
Moreover, the production of ROS is a hallmark of M1 macrophages, which 
also contributes to the M2 polarization switch.35 Nevertheless, since we 
have scientific support that we are working with M1 macrophages, the 
release of ROS analyses is related to the pro-inflammatory aspect. 

Our data showing that EMD significantly reduced the expression of 
IL-18 in primary macrophages and that NLRP3 and CAS1 specific 
inhibitors (MCC950 and Ac-YVAD-cmk, respectively) exert a similar 
activity, can be considered indirect support for EMD to attenuate 
pyroptosis activity. These findings are in line with other observations 
showing that MCC950 inhibited IL-18 release in THP1 and monocytes,36,37 
reversed the forced IL-1β and IL-18 expression on periodontal ligament 
fibroblasts,38 HCT116 colorectal cells,39 and canine kidney epithelial cells.40 
Also, Ac-YVAD-cmk reduced the forced expression of IL-18 in whole 
blood cells,41 in THP-1 cells,42 and also in sepsis-induced acute kidney 
injury.43 Even though EMD performs similarly to MCC950 and Ac-YVAD-
cmk inhibitors, and reduces the expression of NLRP3, CAS1, and IL-18 in 
primary macrophages, this is not sufficient evidence that EMD reduces 
pyroptosis activity and should be supported by additional investigation.  

Support for EMD to regulate pyroptosis arises from findings that 
EMD reduces the LPS-induced expression of NLRP3 and IL-1β in RAW 
264.7 macrophages. Considering that NLRP3 together with IL-1β and IL-
18 are NF-kB-target genes, it can be hypothesized that EMD lowers the 
LPS-driven NF-kB signalling pathway and thereby the transcription of 
NLRP3 and IL-1β/IL-18. Consequently, the assembly of the 
inflammasome is limited by the accessibility of the reduced NLRP3, and 
our observation that EMD lowers the LPS-induced CAS1 activity supports 
this concept. Thus, our findings add to the existing knowledge on the anti-
inflammatory properties of EMD and encompass them towards the 
regulation of the pyroptosis pathway in macrophages. Furthermore, our 
data on EMD reducing inflammation in ST2 challenged cells also supports 
the anti-inflammatory potential of EMD in vitro. 

Consistent with other reports,30 immunoassays failed in detecting IL-
1β in the extracellular media in LPS-stimulated RAW 264.7 cells while, 
after cell membrane permeabilization, IL-1β was able to be detected. This 
seems to be related to the weak GSDMD activity that is herein reported. 
GSDMD is required for IL-1β release in pyroptotic cells or hyperactivated 
cells.30 GSDMD knockout cells were unable to form pores and release IL-
1β or lactate dehydrogenase (LDH), a molecule that shows signs of 
membrane pore formation.30 This agrees with our finding that LDH 
release was not substantially increased in LPS-stimulated RAW 264.7 
macrophages (Supplement Figure 1B). Furthermore, GSDMD is necessary 
for the release of cleaved IL-1β during infection but is not required for IL-
1β processing within cells.30 Hence, it seems like our model failed to cause 
membrane pore formation due to reduced GSDMD activity. Thus, our 
model is valid to test for pyroptosis signalling but not for full pyroptosis 
induction including membrane disintegration.  

Regarding ROS release, EMD in LPS-stimulated RAW 264.7 
macrophages reduced mitochondrial ROS, like the NLRP3 and CAS1 
specific inhibitors (MCC950 and Ac-YVAD-cmk, respectively). In 
agreement with our findings, MCC950 inhibited the excessive production 



 

 

  

 

 

of ROS in chondrocytes,44 and Ac-YVAD-cmk blocked the forced ROS 
production in HT22 cells45 and cerebellar granule neurons46. Increased 
ROS levels drive the transcription nuclear factor and induce the 
pyroptosis of nucleus pulposus cells through the NLRP3 pathway, which 
is related to the mechanism of degenerative disorders.47 More 
importantly, ROS acts downstream of gene transcription, mRNA 
translation, and IL-1β converting enzyme activation.46 Also, ROS 
production occurs after K+ deprivation,30,46 which can induce pyroptosis.12 
Therefore, evaluating ROS release is relevant to pyroptosis signalling as 
part of the downstream events occurring in the pyroptotic cells. 

The clinical relevance of our findings remains at the level of 
speculation. Clinically, EMD stabilizes blood clots and improves clinical 
healing in deep pockets after non-surgical periodontal treatment.48 
Minimally invasive periodontal surgery with EMD in periodontitis-
affected subjects results in lower values of C-reactive protein as no 
inflammatory perturbation was noticed.49 Also, EMD treatment reduced 
bleeding on probing and periodontal pockets depth, and post-surgical 
gingival recession was lowered.49 Moreover, EMD shows an antibacterial 
effect on the viability of ex vivo supragingival dental plaque flora 
collected from patients with periodontitis.50 Considering that EMD lowers 
the inflammation also in vivo51 and that periodontitis is linked to 
pyroptosis,11,12,16 we can speculate that EMD exerts its beneficial effect by 
reducing pyroptosis signalling at sites of chronic periodontitis, likely 
involving the NLRP3 expression.  

The complexity of the in vivo situation, however, is not fully 
represented by primary macrophages or cell lines. Primary macrophages 
are closer to the in vivo situation than cell lines and, therefore, we have 
used the primary macrophages to establish the pyroptosis system and to 
perform the proof-of-principle experiments. However, to reduce and 
replace animal organ donation – in this case, bone marrow – once we had 
established our model with the use of pyroptosis-specific inhibitors and 
evidence that EMD reduces pyroptosis-related genes, we switched to a 
macrophage cell line. As expected, the cell line performed similar 
although not identical to the primary cell line. Furthermore, in vitro 
models are useful to identify potential cellular responses and signalling 
pathways that can later be evaluated in a complex in vivo environment. 
By showing that EMD lowers the LPS-induced expression of pyroptosis-
related genes, we provide a fundament for future research in this 
direction. 

This study has the limitations of the in vitro research. For instance, 
what and how EMD component molecules responsible for the anti-
pyroptosis activity reach the target cells in vivo was not explored. Once 
we have not discovered the molecular structure and the characteristics of 
the anti-inflammatory components of EMD, the in vitro findings cannot 
easily be translated to a clinical perspective. Hence, further studies of 
EMD in the inhibition of pyroptosis in periodontal tissues should be 
conducted in vivo. Since EMD is available for clinical purposes, studies 
on its impact on the periodontium are feasible. Another limitation of our 
model is that LPS alone is not sufficient to increase the expression or 
activate GSDMD, an executor of pyroptosis and required for the IL-1β 
secretion in macrophages.52 Future studies could therefore include 
pyroptosis agonists such as α-hemolysin,53,54 nigericin,30 or ATP,55 together 



 

  

 

with LPS to impulse cytotoxicity and IL-1β secretion other than the gene 
expression of pyroptosis-related factors, i.e. the full picture of 
pyroptosis.52 It might also be worth considering the impact of EMD on the 
CAS3 dependent apoptotic pathway, downstream of CAS1 and 
independent of GSDMD.56 Further proof for EMD to reduce pyroptosis-
mediated periodontal destructing might be based on mouse models with 
genetic deletion of CAS1 and GSDMD; hypothetically, EMD cannot exert 
its beneficial activity when pyroptosis is blocked at the genetic level.  

In conclusion, our findings suggest that EMD is capable of 
dampening pyroptosis-related genes in macrophages. This is relevant as 
the clinical use of EMD in periodontal therapies might comprise the 
reduction of pyroptosis downstream under conditions of periodontal 
tissue inflammation. 

 

Acknowledgements: M.B.S. was supported by Osteology Foundation (Luzern, 
Switzerland) Scholarship. EMD was a kind gift from Straumann Österreich 
(Vienna, Austria). 

Ethical statement for care and use of animals: The bone marrow cells were 
collected from the femora and tibiae of BALB/c mice, which were purchased from 
Animal Research Laboratories, Himberg, Austria. According to Austrian law, 
organ donation from mice required an informal approval of the local veterinarian 
authorities but not a formal approval by the Ethics Committee.  

Conflicts of Interest: The authors state no conflicts of interest related to this 
project. 

Financial disclosure: The authors do not have any financial interests in any of the 
products mentioned in this article. 

Author Contributions: All authors have contributed to the conception, analysis, 
and development of this article. M.B.S has conducted experiments. All authors 
have been involved in drafting and revising the manuscript critically and have 
approved the final version for publication. 

 

 

References 
 
1.  Petersen PE, Ogawa H. The global burden of periodontal disease: towards integration with chronic disease 

prevention and control: Global periodontal health. Periodontology 2000. 2012;60(1):15–39.  

2.  Klinge B, Meyle J, Working Group 2. Soft-tissue integration of implants. Consensus report of Working 
Group 2. Clin Oral Implants Res. 2006;17 Suppl 2:93–6.  

3.  Berglundh T, Armitage G, Araujo MG, Avila-Ortiz G, Blanco J, Camargo PM, et al. Peri-implant diseases 
and conditions: Consensus report of workgroup 4 of the 2017 World Workshop on the Classification of 
Periodontal and Peri-Implant Diseases and Conditions. Journal of Clinical Periodontology. 
2018;45(S20):S286–91.  

4.  Ramanauskaite A, Becker K, Schwarz F. Clinical characteristics of peri-implant mucositis and peri-
implantitis. Clin Oral Implants Res. 2018;29(6):551–6.  

5.  Lindhe J, Meyle J, Group D of European Workshop on Periodontology. Peri-implant diseases: Consensus 
Report of the Sixth European Workshop on Periodontology. J Clin Periodontol. 2008;35(8 Suppl):282–5.  



 

 

  

 

 

6.  Schwarz F, Derks J, Monje A, Wang H-L. Peri-implantitis. J Periodontol. 2018;89 Suppl 1:S267–90.  

7.  Yuan X, Pei X, Chen J, Zhao Y, Brunski JB, Helms JA. Comparative analyses of the soft tissue interfaces 
around teeth and implants: Insights from a pre-clinical implant model. J Clin Periodontol. 2021;48(5):745–
53.  

8.  Kinane DF, Stathopoulou PG, Papapanou PN. Periodontal diseases. Nat Rev Dis Primers. 2017;3:17038.  

9.  Kajiya M, Kurihara H. Molecular Mechanisms of Periodontal Disease. Int J Mol Sci. 2021;22(2):930.  

10.  Yu C, Zhang C, Kuang Z, Zheng Q. The Role of NLRP3 Inflammasome Activities in Bone Diseases and 
Vascular Calcification. Inflammation. 2021;44(2):434–49.  

11.  Chen Q, Liu X, Wang D, Zheng J, Chen L, Xie Q, et al. Periodontal Inflammation-Triggered by Periodontal 
Ligament Stem Cell Pyroptosis Exacerbates Periodontitis. Front Cell Dev Biol. 2021;9:663037.  

12.  Sordi MB, Magini R de S, Panahipour L, Gruber R. Pyroptosis-Mediated Periodontal Disease. International 
Journal of Molecular Sciences. 2022;23(1):372.  

13.  Cheng R, Liu W, Zhang R, Feng Y, Bhowmick NA, Hu T. Porphyromonas gingivalis-Derived 
Lipopolysaccharide Combines Hypoxia to Induce Caspase-1 Activation in Periodontitis. Front Cell Infect 
Microbiol. 2017;7:474.  

14.  Cecil JD, O’Brien-Simpson NM, Lenzo JC, Holden JA, Singleton W, Perez-Gonzalez A, et al. Outer 
Membrane Vesicles Prime and Activate Macrophage Inflammasomes and Cytokine Secretion In Vitro and 
In Vivo. Front Immunol. 2017;8:1017.  

15.  Fleetwood AJ, Lee MKS, Singleton W, Achuthan A, Lee M-C, O’Brien-Simpson NM, et al. Metabolic 
Remodeling, Inflammasome Activation, and Pyroptosis in Macrophages Stimulated by Porphyromonas 
gingivalis and Its Outer Membrane Vesicles. Front Cell Infect Microbiol. 2017;7:351.  

16.  Zhang X, He S, Lu W, Lin L, Xiao H. Glycogen synthase kinase-3β (GSK-3β) deficiency inactivates the 
NLRP3 inflammasome-mediated cell pyroptosis in LPS-treated periodontal ligament cells (PDLCs). In Vitro 
Cell Dev Biol Anim. 2021;57(4):404–14.  

17.  Liu P, Cui L, Shen L. Knockdown of TRIM52 alleviates LPS-induced inflammatory injury in human 
periodontal ligament cells through the TLR4/NF-κB pathway. Biosci Rep. 2020;40(8):BSR20201223.  

18.  de Andrade KQ, Almeida-da-Silva CLC, Coutinho-Silva R. Immunological Pathways Triggered by 
Porphyromonas gingivalis and Fusobacterium nucleatum: Therapeutic Possibilities? Mediators Inflamm. 
2019;2019:7241312.  

19.  Pihlstrom BL, Michalowicz BS, Johnson NW. Periodontal diseases. Lancet. 2005;366(9499):1809–20.  

20.  Esposito M, Grusovin MG, Papanikolaou N, Coulthard P, Worthington HV. Enamel matrix derivative 
(Emdogain) for periodontal tissue regeneration in intrabony defects. A Cochrane systematic review. Eur J 
Oral Implantol. 2009;2(4):247–66.  

21.  Romanelli M, Dini V, Vowden P, Agren MS. Amelogenin, an extracellular matrix protein, in the treatment 
of venous leg ulcers and other hard-to-heal wounds: experimental and clinical evidence. Clin Interv Aging. 
2008;3(2):263–72.  

22.  Stout BM, Alent BJ, Pedalino P, Holbrook R, Gluhak-Heinrich J, Cui Y, et al. Enamel matrix derivative: 
protein components and osteoinductive properties. J Periodontol. 2014;85(2):e9–17.  



 

  

 

23.  Gruber R, Bosshardt DD, Miron RJ, Gemperli AC, Buser D, Sculean A. Enamel matrix derivative inhibits 
adipocyte differentiation of 3T3-L1 cells via activation of TGF-βRI kinase activity. PLoS One. 
2013;8(8):e71046.  

24.  Gruber R, Stähli A, Miron RJ, Bosshardt DD, Sculean A. Common target genes of palatal and gingival 
fibroblasts for EMD: the microarray approach. J Periodontal Res. 2015;50(1):103–12.  

25.  Sato S, Kitagawa M, Sakamoto K, Iizuka S, Kudo Y, Ogawa I, et al. Enamel matrix derivative exhibits anti-
inflammatory properties in monocytes. J Periodontol. 2008;79(3):535–40.  

26.  Myhre AE, Lyngstadaas SP, Dahle MK, Stuestøl JF, Foster SJ, Thiemermann C, et al. Anti-inflammatory 
properties of enamel matrix derivative in human blood. J Periodontal Res. 2006;41(3):208–13.  

27.  Ramenzoni LL, Annasohn L, Miron RJ, Attin T, Schmidlin PR. Combination of enamel matrix derivative 
and hyaluronic acid inhibits lipopolysaccharide-induced inflammatory response on human epithelial and 
bone cells. Clin Oral Investig. 2021;  

28.  Oishi S, Takano R, Tamura S, Tani S, Iwaizumi M, Hamaya Y, et al. M2 polarization of murine peritoneal 
macrophages induces regulatory cytokine production and suppresses T-cell proliferation. Immunology. 
2016;149(3):320–8.  

29.  Pourgonabadi S, Müller H-D, Mendes JR, Gruber R. Saliva initiates the formation of pro-inflammatory 
macrophages in vitro. Arch Oral Biol. 2017;73:295–301.  

30.  Evavold CL, Ruan J, Tan Y, Xia S, Wu H, Kagan JC. The Pore-Forming Protein Gasdermin D Regulates 
Interleukin-1 Secretion from Living Macrophages. Immunity. 2018;48(1):35-44.e6.  

31.  Lu WL, Song DZ, Yue JL, Wang TT, Zhou XD, Zhang P, et al. NLRP3 inflammasome may regulate 
inflammatory response of human periodontal ligament fibroblasts in an apoptosis-associated speck-like 
protein containing a CARD (ASC)-dependent manner. International Endodontic Journal. 2017;50(10):967–
75.  

32.  Yotsumoto K, Sanui T, Tanaka U, Yamato H, Alshargabi R, Shinjo T, et al. Amelogenin Downregulates 
Interferon Gamma-Induced Major Histocompatibility Complex Class II Expression Through Suppression of 
Euchromatin Formation in the Class II Transactivator Promoter IV Region in Macrophages. Front Immunol. 
2020;11:709.  

33.  Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage Polarization: Different Gene Signatures in 
M1(LPS+) vs. Classically and M2(LPS-) vs. Alternatively Activated Macrophages. Front Immunol. 
2019;10:1084.  

34.  Gordon S, Martinez FO. Alternative Activation Of Macrophages: Mechanism And Functions. Immunity. 
2010;32(5):593–604.  

35.  Seong JB, Kim B, Kim S, Kim MH, Park Y-H, Lee Y, et al. Macrophage Peroxiredoxin 5 Deficiency Promotes 
Lung Cancer Progression Via ROS-Dependent M2-Like Polarization. Free Radic Biol Med. 2021;176:322–34.  

36.  Gritsenko A, Yu S, Martin-Sanchez F, Diaz-Del-Olmo I, Nichols E-M, Davis DM, et al. Priming Is 
Dispensable for NLRP3 Inflammasome Activation in Human Monocytes In Vitro. Front Immunol. 
2020;11:565924.  

37.  Zeng W, Wu D, Sun Y, Suo Y, Yu Q, Zeng M, et al. The Selective NLRP3 Inhibitor MCC950 Hinders 
Atherosclerosis Development By Attenuating Inflammation And Pyroptosis In Macrophages. Sci Rep. 
2021;11(1):19305.  



 

 

  

 

 

38.  Peng W, Zhang B, Sun Z, Zhang M, Guo L. Targeting The Nod-Like Receptor Protein 3 Inflammasome 
With Inhibitor MCC950 Rescues Lipopolysaccharide-Induced Inhibition Of Osteogenesis In Human 
Periodontal Ligament Cells. Arch Oral Biol. 2021;131:105269.  

39.  Shi F, Wei B, Lan T, Xiao Y, Quan X, Chen J, et al. Low NLRP3 Expression Predicts A Better Prognosis Of 
Colorectal Cancer. Biosci Rep. 2021;41(4):BSR20210280.  

40.  Li H, Mao X, Liu K, Sun J, Li B, Malyar RM, et al. Ochratoxin A Induces Nephrotoxicity In Vitro And In 
Vivo Via Pyroptosis. Arch Toxicol. 2021;95(4):1489–502.  

41.  Tran TAT, Grievink HW, Lipinska K, Kluft C, Burggraaf J, Moerland M, et al. Whole Blood Assay As A 
Model For In Vitro Evaluation Of Inflammasome Activation And Subsequent Caspase-Mediated 
Interleukin-1 Beta Release. PLoS One. 2019;14(4):e0214999.  

42.  Huang X, Huang Q, He Y, Chen S, Li T. Mycophenolic Acid Enhanced Lipopolysaccharide-Induced 
Interleukin-18 Release In THP-1 Cells Via Activation Of The NLRP3 Inflammasome. Immunopharmacol 
Immunotoxicol. 2019;41(5):521–6.  

43.  Yang M, Fang J-T, Zhang N-S, Qin L-J, Zhuang Y-Y, Wang W-W, et al. Caspase-1-Inhibitor AC-YVAD-
CMK Inhibits Pyroptosis and Ameliorates Acute Kidney Injury in a Model of Sepsis. Biomed Res Int. 
2021;2021:6636621.  

44.  Ni B, Pei W, Qu Y, Zhang R, Chu X, Wang Y, et al. MCC950, the NLRP3 Inhibitor, Protects against Cartilage 
Degradation in a Mouse Model of Osteoarthritis. Oxid Med Cell Longev. 2021;2021:4139048.  

45.  Tan S, Sagara Y, Liu Y, Maher P, Schubert D. The Regulation Of Reactive Oxygen Species Production 
During Programmed Cell Death. J Cell Biol. 1998;141(6):1423–32.  

46.  Schulz JB, Weller M, Klockgether T. Potassium Deprivation-Induced Apoptosis Of Cerebellar Granule 
Neurons: A Sequential Requirement For New mRNA and Protein Synthesis, ICE-Like Protease Activity, 
And Reactive Oxygen Species. J Neurosci. 1996;16(15):4696–706.  

47.  Bai Z, Liu W, He D, Wang Y, Yi W, Luo C, et al. Protective Effects Of Autophagy And NFE2L2 On Reactive 
Oxygen Species-Induced Pyroptosis Of Human Nucleus Pulposus Cells. Aging (Albany NY). 
2020;12(8):7534–48.  

48.  Graziani F, Gennai S, Petrini M, Bettini L, Tonetti M. Enamel Matrix Derivative Stabilizes Blood Clot And 
Improves Clinical Healing In Deep Pockets After Flapless Periodontal Therapy: A Randomized Clinical 
Trial. J Clin Periodontol. 2019;46(2):231–40.  

49.  Graziani F, Peric M, Marhl U, Petrini M, Bettini L, Tonetti M, et al. Local Application Of Enamel Matrix 
Derivative Prevents Acute Systemic Inflammation After Periodontal Regenerative Surgery: A Randomized 
Controlled Clinical Trial. J Clin Periodontol. 2020;47(6):747–55.  

50.  Sculean A, Auschill TM, Donos N, Brecx M, Arweiler NB. Effect Of An Enamel Matrix Protein Derivative 
(Emdogain) On Ex Vivo Dental Plaque Vitality. J Clin Periodontol. 2001;28(11):1074–8.  

51.  Oliveira* RG, Junqueira A, Picinini LS, Montesino AC, Pearce M, Joly JC, et al. Histological Effects of 
Enamel Matrix Derivative Proteins (Emdogain®) on the Healing of Rats Wounds. Dentistry: Advanced 
Research. 2017; 

52.  He W, Wan H, Hu L, Chen P, Wang X, Huang Z, et al. Gasdermin D Is An Executor Of Pyroptosis And 
Required For Interleukin-1β Secretion. Cell Res. 2015;25(12):1285–98.  



 

  

 

53.  Craven RR, Gao X, Allen IC, Gris D, Wardenburg JB, McElvania-TeKippe E, et al. Staphylococcus aureus α-
Hemolysin Activates the NLRP3-Inflammasome in Human and Mouse Monocytic Cells. PLoS One. 
2009;4(10):e7446.  

54.  Muñoz-Planillo R, Franchi L, Miller LS, Núñez G. A Critical Role For Hemolysins And Bacterial 
Lipoproteins In Staphylococcus Aureus-Induced Activation Of The Nlrp3 Inflammasome. J Immunol. 
2009;183(6):3942–8.  

55.  Mariathasan S, Weiss DS, Newton K, McBride J, O’Rourke K, Roose-Girma M, et al. Cryopyrin Activates 
The Inflammasome In Response To Toxins And ATP. Nature. 2006;440(7081):228–32.  

56.  Tsuchiya K, Nakajima S, Hosojima S, Thi Nguyen D, Hattori T, Manh Le T, et al. Caspase-1 Initiates 
Apoptosis In The Absence Of Gasdermin D. Nat Commun. 2019;10(1):2091.  

  



 

 

  

 

 

3 CONCLUDING REMARKS 

 
The present thesis allowed to draw two main conclusions regarding the main objectives of this 

project and some insight for future research. 

First, scaffolds designed for bone tissue engineering are difficult to be produced but are 

promising for clinical applications considering the emerging technologies, especially three-

dimensional bioprinting, that permit a reproducible manner to fabricate scaffolds together with 

cells and growth factors. Abundant scientific research has been published in the field of bone 

tissue augmentation strategies; nevertheless, none has successfully achieved clinical application 

and long-term maintenance. Apart from the difficulty to regenerate a complex tissue such as 

bone, this is probably due to the enormous gap between in vitro research and in vivo conditions, 

especially regarding cell behaviour. Therefore, at this point, it is imperative to discuss the 

reasoning that prevents all the efforts made to develop scaffolds for bone tissue engineering to 

be translated into clinical application. First of all, a better understanding of the cell transitions 

from a quiescent and undifferentiated state up to the point that they respond to stimuli that allow 

them to differentiate into the desired lineage is mandatory. This is because the cells are the key 

for regenerative medicine and tissue engineering therapies. In addition, understanding cell 

transitions will give insights not only for craniofacial bone tissue regeneration but also for other 

fields throughout the human organism and additionally give responses to unmet demands on 

cell biology. 

Second, pyroptosis is a pathway of inflammatory diseases that have been recently raised 

as a concern in dentistry, especially in periodontal disorders. Nevertheless, some anti-

inflammatory compounds are promising as potential substances to dampen the exacerbation of 

pyroptosis in periodontal tissues. Since there is strong in vitro evidence that enamel derivative 

matrix has anti-inflammatory properties, it was proposed and successfully disclosed that such 

matrix has potential to reduce pyroptosis-related factors in inflammatory macrophages. 

Nevertheless, this was a very preliminary data finding in murine cell lineages. Further ways to 

induce pyroptosis downstream are required since the present model failed to fully provoke 

pyroptosis cascade. Also, the introduction of other human oral cell lineages, such epithelial and 

fibroblastic cells, are required prior to the translation to in vivo research. However, it was the 

first time that enamel derivative matrix was linked to pyroptosis on an oral biology approach. 

This gives plenty of insights for further research and open space for the experimentation of 



 

  

 

other substances that could be applied to reduce or inhibit pyroptosis exacerbation. 

Furthermore, understanding pyroptosis in an oral environment approach is fundamental to 

finding clinical solutions for periodontal and peri-implantar disorders. 

Finally, the broad and main conclusion that might be taken from all the pieces of 

research presented in this thesis project is that science luckily will certainly not stop evolving 

and scientists should be open to criticising their own research in order to move forward. After 

long years of post-graduation, the articles presented herein are just pieces of a puzzle resulting 

from personal and professional development made on a scientific journey. 
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