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ABSTRACT 

 
 

Role of DAMPS on the modulation of macrophage response after classical 
biomaterial (Ti) implantation and its impact on the subsequent repair and 

osseointegration processes. 
 
Despite the successful clinical application of titanium (Ti) as a biomaterial, the exact 
cellular and molecular mechanisms responsible for Ti osseointegration remain 
unclear. Indeed, specific knowledge still lacks on what elements are present at 
biomaterial/host interface and how these factors can trigger inflammatory pathways 
involved in the subsequent osseointegration process. In this context, we hypothesize 
that the surgical trauma inherent to the biomaterial grafting results in the release of 
DAMPs (damage-associated molecular patterns), endogenous proteins that act as 
triggers of immune inflammatory response upon cellular/tissue stress and/or damage. 
HMGB1 comprises the prototypic DAMP, which triggers host response via its cognate 
receptor RAGE, present at leucocytes and somatic cells surfaces. In this context, the 
aim of this thesis is to study the influence of DAMPs on the biomaterial/host interface 
and its role in mediating a ‘constructive’ inflammatory process along tissue repair and 
osseointegration outcome.  Methods and Results: In the article 1, we first 
characterized an oral osseointegration model in C57Bl/6 mice. This model of oral 
osseointegration was performed by using Ti screws (6AL-4V, Ø0.6mm, length of 1.5 
mm) implanted in the edentulous alveolar crest of mice maxilla. The peri-implant sites 
were evaluated by microCT, as well histological and molecular assessments. In the 
article 2, we confirm the presence of DAMPs (HMGB1, HSP60, HSP70, S100A, 
Byglican, and Fibronectin) at Ti/host interface, analyzing Ti discs (6AL-4V, Ø6mm, 
2mm of thick) implanted in the subcutaneous tissue of C57Bl/6 mice. Subsequently, 
the impact of HMGB1 and RAGE on the tissue repair around Ti discs was 
investigated by using HMGB1 (GZA 200mg/Kg) or RAGE (RAP, 4m/Kg/day) 
pharmacological inhibitors. The HMGB1/RAGE axis actively influences the 
inflammatory response post biomaterial implantation and the blocking of both 
molecules can negatively affect the subcutaneous tissue repair surrounding Ti disc in 
mice. In the article 3, Ti screws were implanted in the maxillary edentulous alveolar 
crest of C57Bl/6 mice, treated or untreated with GZA and RAP and the 
osseointegration process was evaluated by microscopic and molecular analysis 
(such as characterized in the article 1). The failure of osseointegration process was 
observed in mice treated with RAP or GZA, which present a disruption of the 
inflammatory process followed by foreign body reaction. In conclusion, HMGB1 and 
RAGE actively influence the tissue repair and osseointegration process in response 
to Ti-devices grafting, influencing the genesis and regulation of inflammatory immune 
response, which include the modulation of macrophages polarization state, MSC 
migration and differentiation in bone cells and consequent bone deposition.  
 
Keywords: DAMP. Macrophages. Osseointegration. Host/Biomaterial. HMGB1. 

 



 



 

RESUMO 

 
 

Apesar do sucesso clínico do Titânio (Ti) como biomaterial, os exatos mecanismos 
celulares e moleculares que levam à sua osseointegração permanecem incertos. De 
fato, ainda há uma lacuna de conhecimento sobre quais elementos estão presentes 
na interface hospedeiro/biomaterial e como esses fatores poder deflagrar as vias 
inflamatórias envolvidas no subseqüente processo de osseointegração. Neste 
contexto, sugere-se que o trauma cirúrgico inerente à implantação do biomaterial 
resulta na liberação de DAMPs (do inglês damage-associated molecular patterns), 
os quais são proteínas endógenas que agem como ativadoras da resposta 
imune/inflamatória sob um estresse ou dano celular e tecidual. HMGB1 constitui um 
DAMP prototípico, o qual ativa a resposta do hospedeiro via seu receptor cognato 
RAGE, que por sua vez está presente na superfície de leucócitos e células 
somáticas. Neste contexto, o objetivo da presente tese é estudar a influencia de 
DAMPs na interface hospedeiro/biomaterial e seu papel na modulação de um 
processo inflamatório construtivo ao longo do reparo tecidual e da osseointegração. 
Material e Métodos: No artigo 1, caracterizou-se um modelo de osseointegração oral 
em camundongos C57Bl/6 . Tal modelo foi desenvolvido utilizando parafusos de Ti 
(6AL-4V, Ø0,6mm, 1.5 de comprimento) implantados no rebordo alveolar edentulo 
da maxila de camundongos, cujos tecidos peri-implatares foram avaliados por meio 
de microCT, bem como análises histológicas e moleculares. No artigo 2, inicialmente 
confirmou-se a presença de DAMPs (HMGB1, HSP60, HSP70, S100A, Biglicana e 
Fibronectina) na interface Ti/hospedeiro, analisando amostras com discos de Ti 
(6AL-4V, Ø6mm x 2mm de espessura) implantados no tecido subcutâneo de 
camundongos C57Bl/6. Posteriormente, o impacto de HMGB1 e RAGE no reparo 
tecidual ao redor dos discos de Ti foi analisado por meio de uso de inibidores 
farmacológicos de HMGB1 (GZA 200mg/Kg/dia) e RAGE (RAP, 4m/Kg/dia). O eixo 
HMGB1/RAGE influencia ativamente a resposta inflamatória pós implantação do 
biomaterial, e o bloqueio de ambas as moléculas pode afetar negativamente o 
reparo tecidual subcutâneo ao redor de discos de Ti em camundongos. No artigo 3, 
parafuso de Ti foram implantados no rebordo edentulo da maxila de camundongos 
C57Bl/6, tratados e não tratados com GZA e RAP; e o processo de osseointegração 
foi avaliado por meio de análises microscópicas e moleculares (tal como 
caracterizado no artigo 1). A falha da osseointegração foi observada em 
camundongos tratados com RAP ou GZA, os quais apresentaram alterações 
importantes no processo inflamatório seguidas por uma reação de corpo estranho 
nos perídos mais tardios. Em suma, conclui-se que HMGB1 e RAGE influenciam 
ativamente o processo de reparo tecidual e de osseointegração frente à implantação 
de dispositivos de Ti, influenciando a geração e a regulação da resposta imune 
inflamatória, a qual inclui a modulação da polarização de macrófagos, a migração de 
MSCs e a diferenciação de células ósseas para subsequente deposição óssea. 
 
Palavras-chave: DAMP. Macrofágos. Osseointegração. Hospedeiro/Biomaterial. 
HMGB1. 
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1 INTRODUCTION 

 

 

The influence of immunological cells and their molecules on the bone system 

has been widely investigated in the osteoimmunology field, especially concerning 

bone loss in chronic inflammatory diseases (GARLET et al.,2006; GRAVES et al., 

2011; ARAUJO-PIRESa et al., 2014). In this context, chronic and exacerbated host 

responses, mediated by multiple pro-inflammatory and certain Th cytokines, have 

been associated with a destructive inflammatory response, whose molecules are 

directly associated with osteoclastogenic and bone resorption pathways (GRAVES et 

al., 2011; ARAUJO-PIRESb et al., 2014). By contrast, in a suitable environment for 

bone formation and maturation, the balance of pro- and anti-inflammatory molecules 

release is highly coordinated and is important to induce a transient and low 

magnitude response after bone injury, termed here as "constructive inflammation" 

(MOUNTZIARIS; MIKOS, 2008; VIEIRA et al., 2015).  

The knowledge generated from these studies also has highlighted the 

importance of immune system components on the bone regenerative therapies using 

biomaterials (PARK; BARBUL, 2004; AI-AQL et al., 2008; MOUNTZIARIS;MIKOS, 

2008). In particular, there is an increasing interest in the development of superior 

bone biomaterials, with immunomodulatory properties that could improve the 

outcome of reparative/regenerative treatments (CHEN et al., 2015; SRIDHARAN et 

al., 2015). In this sense, the current understanding of key immune cells and their 

regulatory molecules on bone healing in the presence of a biomaterial, has 

increasingly encouraged studies in the biomaterial science for developing future 

immune-engineering approaches with more clinical predictability (ALBREKTSSON et 

al., 2014). 

Among the biomaterials used for development of long-term implantable 

devices in bone, Titanium (Ti) is the gold standard biomaterial in oral implantology 

(DAVIES 2003; GITTENS et al., 2014), especially due to its high biocompatibility and 

osseointegration capacity (WILLIAMS 2008, OGLE 2015), which lead to high rates of 

clinical success (OGLE 2015, TRINDADE et al., 2015). In this context, it is mandatory 

to consider that Ti-based devices are non-antigenic and non-immunogenic, and 

consequently, theoretically Ti-based devices would not be able to activate host 

inflammatory immune response per se. However, the Ti devices placement is 
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associated with a small degree of inflammation, which probably results of host cells 

and molecules interacting with the material surface (DAVIES 2003, TRINDADE et al., 

2015). Interestingly, this low degree inflammation seems to be important to provide a 

proper chemoattraction, activation, and differentiation of mesenchymal stem cells 

(MSCs) into osteoblasts (DAVIES 2003). In other words, Ti-based devices seemingly 

allow a ‘constructive inflammation’ and the subsequent bone apposition towards its 

surface (COOPER et al., 1998; COLNOT et al., 2007; LIN et al., 2011; MOURARET 

et al., 2014, TRINDADE et al., 2016). For this reason, Ti is currently regarded as an 

immunomodulatory biomaterial rather than an inert metal (THALJIa et al., 2014; 

TRINDADE et al., 2016), although the immunological mechanisms that coordinate 

this ‘constructive’ host response at the Ti/host interface remain unclear, partly 

because of the limited methodological tools and animal models available in this field.  

In general, current researches on Ti-mediated osseointegration are specially 

conducted in larger animal models (such as rabbits, minipigs, dogs and goats), and 

the vast majority of these studies are based in microtomographic and histological 

analysis, aiming the evaluation of biomechanical performance and osseointegration 

capacity of new Ti-devices, with different topographies, coatings and shapes (WILLIE 

et al. 2010; FERRAZ et al. 2015; ZHANG et al., 2015; THOMA et al., 2016; FABBRO 

et al., 2017). While useful for certain pre-clinical applications, the large size/weight of 

these animal models does not permit the use of specific experimental tools and 

molecular assays, which are essential for a detailed understanding of the biological 

basis of osseointegration. In this scenario, mice models present a number of 

advantages in molecular biology, including availability of efficient genetic/molecular 

tools, and reduced quantities of drugs due to the small animal size, making it a cost-

efficient model (BECHER; HOLLAND 2006; VANDAMME, 2014). In fact, the use of 

mice allows valuable cause-and-effect experimentation to determine gene/cell 

functions in bioengineering and regenerative processes. Finally, there is a large 

inventory of wild-type strains with distinct host response features, as well numerous 

genetically engineered mice strains, particularly with the C57Bl/6 background 

(VANDAMME, 2014). 

 In our efforts to make available a suitable in vivo experimental model for 

studying the biological basis of osseointegration, we characterized the Ti-mediated 

osseointegration in the oral cavity of C57Bl/6 mice, as described in the article 1 

(BIGUETTI et al., 2018). In brief, this article (accepted for publication) provided a 
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molecular view of oral osseointegration kinetics in C57Bl/6 mice, evidencing potential 

elements responsible for orchestrating the immune and healing responses at the 

bone-implant interface in parallel with a novel microscopic analysis. Considering all 

findings of this study and comparing it with previous descriptions of osseointegration 

in other animal models and humans (THALJI; COOPER, 2013; THALJIa et al., 2014), 

this mice model was considered applicable for assessment of biological events upon 

osseointegration process and was subsequently used in the article 3. 

Currently, biomaterials concepts state that an ideal biomaterial, such as Ti, 

have surface properties (physicochemical and morphological) that direct and select 

an initial protein adsorption and a provisional matrix formation, resulting in the 

modulation of the future healing and consequently resulting in the biomaterial 

integration with a minimal or inexistent foreign body reaction (FBR) (ANDERSON et 

al., 2008; TRINDADE et al., 2015). In this way, the protein adsorption and the 

inflammatory reaction that takes place along the an ideal biomaterial osseointegration 

is supposed to involve the recruitment of a sufficient number of MSCs and 

inflammatory cells, such as macrophages (THALJI; COOPER, 2013, THALJIb et al. 

2013, THALJIa et al. 2014, VISHWAKARMA et al., 2016). In other words, 

theoretically Ti surface can direct a favorable protein adsorption and consequently, 

this protein layer directs beneficial cell activation for tissue regeneration around the 

biomaterial. Definitively, the key aspect of osseointegration is related to the Ti surface 

capability to modulate the protein adsorption, establishing the first bone/biomaterial 

interface and provisional matrix (VARIOLA et al., 2008; SANG et al., 2011; 

MARTINEZ-IBANEZ et al., 2017). Despite of these recent theories, one of the key 

issues yet to be solved in biomaterial science refers to the understanding of 

biomaterial/host interface composition, considering the presence of host proteins, 

and how these proteins are recognized by host cells at a biomaterial surface. 

In this context, it has been demonstrated by means of in vitro studies, some of 

which using plasma serum (ROMERO-GAVILAN et al., 2017) or bone powder 

(SUGIMOTO et al., 2016), that Ti surfaces are able to attract bone-like proteins, ECM 

proteins, growth factors, as well immunological mediators (cytokines and complement 

proteins), which contributes for cell adhesion, proliferation and differentiation, as well 

biomaterial recognition by macrophages (OTHMAN et al., 2018). In fact, these 

studies provide some explanations about Ti regenerative capacity, but it is important 

to remind that in vivo host/biomaterial interfaces are substantially more complex that 
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artificial environments generated for in vitro studies. Consequently, it is reasonable to 

hypothesize that molecules released from tissue damage during the aseptic surgical 

trauma, collectively known as DAMPs (Damage Associated Molecular Patterns), also 

might interact with a biomaterial surface and/or influence the inflammatory response 

in the site of biomaterial implantation, with or without the direct adsorption at the 

biomaterial surface (VISHWAKARMA et al., 2016).  

DAMPs are a family of endogenous molecules released from damaged, 

stressed and necrotic cells, and/or from the extracellular matrix, which activate the 

innate immune response in aseptic conditions by binding to specific receptors, such 

as Toll-like receptors (TLR2 and TLR4), RAGE (receptor for advanced glycation 

endproducts) and NOD-like receptors (FUKATA et al., 2009; LAND, 2015). Once 

released into the extracellular space following injury, DAMPs might trigger an 

immune/inflammatory response involving several inflammatory pathways, mainly 

expressed in macrophages (KANG et al; 2014, LAND, 2015; YANG et al., 2015). 

Importantly, recent studies have demonstrated that DAMPs are able to trigger tissue 

repair in different conditions (SCHIRALDI et al., 2012; AOYAGI et al., 2018), despite 

the lack of specific information about their role on bone repair and osseointegration of 

biomaterials.  

At this point, it important to consider that most of DAMP receptors are primarily 

expressed in macrophages, which constitute the sensors of danger in the organism 

and play a central role in biomaterial recognition and incorporation (KOKKOLA et al., 

2005). Furthermore, macrophages can contribute directly or indirectly in tissue 

healing by playing a number of functions, such as removing debris and dead cells 

after injury, as well as producing a large range of growth factors, immunological 

molecules and proteolytic enzymes(MOSSER;EDWARDS, 2008; MURRAY et al., 

2014). In this context, depending on the basis of environmental molecular mediators, 

macrophages can polarize to proinflammatory/classically activated (M1) or anti-

inflammatory/pro-reparative (M2) phenotypes (MOSSER;EDWARDS, 2008; 

BRANCATO; ALBINA, 2011; BROWN et al., 2012; JAGUIN et al., 2013; ALVAREZ et 

al., 2016). While M1-type response is related to a high expression of pro-

inflammatory cytokines (TNFα, IL-6, IL1β); the M2-type response is associated with 

an increased expression of the prototypical anti-inflammatory cytokine IL10 and 

different growth factors (TGFβ1, PDGF, VEGF) (MANTOVANI et al., 2004; 

MOSSER;EDWARDS 2008; MURRAY et al, 2014). Since the balance of all these 
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molecules are directly related to the bone formation and remodeling (TANG et al., 

2009; GRAVES et al., 2011) it is possible to assume that the ratio of M1:M2 

macrophages along different stages of bone healing, can potentially affect the final 

outcome of osseointegration.  

The interaction of DAMPs with their receptors in macrophage surface, such as 

TLRs and NLRs, can drastically change the protein surface expression and pro-

inflammatory cytokines production (e.g.TNFα, IL6), determining the polarization into a 

M1 phenotype, whose profile is also induced by PAMPs (Pathogens Associated 

Molecular Patterns) in infections conditions and destructive inflammatory response, 

such as the lipopolysaccharides (LPS) found in the outer membrane of gram-

negative bacteria (MARTINEZ et al. 2008; MOSSER;EDWARDS, 2008). In this 

sense, it is well described that DAMPs and PAMPs use, at least partially, the same 

receptors and signaling pathways when both are presented in inflammation(TANG et 

al., 2012). However, recent studies have also demonstrated that immune system 

deals with DAMPs and PAMPs in a different way, discriminating molecules from 

damage and infection by means CD24-Siglec G/10 receptor, which provide an 

additional ‘fine-tunning’ to cellular activation process (LIU et al., 2009). Also 

confirming the potential contribution of DAMPs in repair processes after injury, a pilot 

study on alveolar bone repair post tooth extraction in CD24KO mice, has recently 

demonstrated the bone healing is drastically impaired in the absence of CD24, 

suggesting an indirect role of DAMPs in a constructive inflammation along 

regenerative conditions (AOYAGI et al., 2018).  

In a similar context, the well-studied prototypical DAMP called HMBG1 has 

been highly associated with wound healing by stimulating MSC migration, 

proliferation and differentiation (DEGRYSE et al., 2001, SCHIRALDI et al., 2012), 

collagen synthesis (DEGRYSE et al., 2001) as well angiogenesis induction 

(BISCETTI et al., 2010) and bone healing post tooth extraction model in mice 

(AOYAGI et al., 2018), among others. Importantly, the most well-established receptor 

for HMGB1 is RAGE, which can be a receptor for other DAMPs (e.g. S100 family), 

but not for PAMPs (KOKKOLA et al., 2005; KANG et al., 2014; ROJAS et al., 2016). 

Despite very scarce information known about the functionality of RAGE in 

macrophage polarization, there is some in vitro evidence demonstrating the role of 

HMGB1 promoting angiogenesis by treated M2 macrophages by a RAGE-dependent 

mechanism (ROJAS et al., 2016). 
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In face of all these evidences about the link between the DAMPs and tissue 

regeneration, as well DAMPs and ratio of M1:M2 macrophage polarization, the article 

2 and article 3 presented in this thesis explore the role of DAMPS in the modulation 

of inflammatory response after Ti implantation in subcutaneous tissue (article 2), as 

well their role in the subsequent osseointegration in oral cavity of C57Bl/6 mice 

(article 3). Indirectly, the effect of HMGB1/RAGE axis on M1:M2 ratio is also indirectly 

demonstrated by the molecular analysis of M1 and M2 phenotype markers in both in 

vivo models. 

Specifically, the article 2 (in preparation) presents the results of a 

biocompatibility model using Ti-discs subcutaneous implantation in C57Bl/6 mice, 

considering the possible presence of DAMPs in the protein layer deposited on Ti 

surface or Ti/host interface after initial periods post-Ti implantation. Subsequently, the 

impact of DAMPs on the constructive inflammatory response and host tissue repair 

were evaluated by means of pharmacological inhibition of the HMGB1 or RAGE. 

The article 3 (in preparation) demonstrates the role of HMGB1 and RAGE on 

the constructive inflammatory response along osseointegration in C57Bl/6 mice, also 

by using pharmacological inhibition of the HMGB1 or the antagonism of its cognate 

receptor (RAGE). As previously mentioned, in this study we applied the oral 

osseointegration model already standardized in the article 1 (BIGUETTI et al., 2018). 

Thus, the general aim of this study is to determine the positive influence of 

DAMPs adsorption on the biomaterial surface or biomaterial/host interface and its 

role in mediating a ‘constructive’ inflammatory process along repair outcome. The 

body of work presented here serves as a complement to the understanding of 

possible beneficial interactions between the immune system and biomaterial surface, 

which drives a successful osseointegration. Finally, considering the scarce 

knowledge about the role of DAMPs at Ti/host interface, we believe that the findings 

provided by these studies could be useful for future development of immuno-based 

biomaterials. 
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2  ARTICLES 

 

 
The articles presented in this thesis were written according to the instructions 

and guidelines for article submission of the corresponding journals. 

� ARTICLE 1 – Oral implant osseointegration model in C57Bl/6 mice: 

microtomographic, histological, histomorphometric and molecular 

characterization. Journal of Applied Oral Science. (Accepted) 

� ARTICLE 2 – Evidences of HGMB1 and RAGE contributions in the 

regenerative host response to Ti-based biomaterials.  Journal - ACS 

Biomaterials Science & Engineering. (In preparation) 

� ARTICLE 3 – ARTICLE 3 – HGMB1 and RAGE mediates Ti oral 

osseointegration in C57Bl/6 mice.  Acta biomaterialia. (In preparation) 
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2.1 ARTICLE 1 – Oral implant osseointegration model in C57Bl/6 mice: 
microtomographic, histological, histomorphometric and molecular characterization*.  

 

ABSTRACT 

 
Despite the successful clinical application of titanium (Ti) as a biomaterial, the exact 
cellular and molecular mechanisms responsible for Ti osseointegration remains 
unclear, especially because of the limited methodological tools available in this field. 
Objective: In this study, we present a microscopic and molecular characterization of 
oral implant osseointegration model using C57Bl/6 mice. Material and Methods: 
Forty-eight male wild-type mice received a Ti implant placement in the edentulous 
alveolar crest and the peri-implant sites were evaluated by means microscopic (µCT, 
histological and birefringence) and molecular (RealTimePCRarray) analysis in 
different time points post surgery (3, 7, 14 and 21 days). Results: Early stages of 
osseointegration were marked by an increased expression of growth factors and 
MSC markers. Subsequently, a provisional granulation tissue was formed, with high 
expression of VEGFb and earlier osteogenic markers (BMPs, ALP and Runx2). The 
immune/inflammatory phase was evidenced by an increased density of inflammatory 
cells, and high expression of cytokines (TNF, IL6, IL1) chemokines (CXCL3, CCL2, 
CCL5 and CXC3CL1) and chemokine receptors (CCR2 and CCR5). Also, iNOS 
expression remained low, while ARG1 was upregulated, indicating predominance of 
a M2-type response. At later time points, the bone matrix density and volume was 
increased, in agreement with a high expression of Col1a1 and Col21a2. Remodelling 
process was marked by a peak of MMPs, RANKL and OPG expression at 14 days, 
and an increased density of osteoclasts. At 21 days, intimate Ti/bone contact was 
observed, with expression of final osteoblast differentiation markers (PHEX, SOST), 
as well as red spectrum collagen fibers. Conclusions: This study demonstrated an 
unique molecular view of oral osseointegration kinetics in C57Bl/6 mice, evidencing 
potential elements responsible for orchestrating cell migration, proliferation, ECM 
deposition and maturation, angiogenesis, bone formation and remodeling at the 
bone-implant interface in parallel with a novel microscopic analysis. 
 

Keywords: Osseointegration. Dental Implants. Peri-implant endosseous healing. 

Bone implant interface. 
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INTRODUCTION 

Titanium (Ti) is considered the gold standard biomaterial in oral implantology1, 

due to the material high biocompatibility, adequate mechanical properties, and 

osseointegration capacity1,2, which lead to long-term performance and high rates of 

clinical success1,3. Additionally, Ti is also currently regarded as an 

immunomodulatory biomaterial rather than an inert metal, since Ti implantation in 

bone is associated with a transitory small degree of inflammation, which seems to 

contribute to the activation of host pathways that leads to osseointegration2,4. 

However, despite the clinical success and widespread application of Ti-based 

devices in dentistry and medicine, the exact cellular and molecular mechanisms 

responsible for the osseointegration phenomenon remains unclear4, especially 

considering the immunological pathways involved in this process. 

The majority of studies in the field of osseointegration have focused on surface 

modifications of Ti and their possible impact in the bone apposition outcome5. 

Indeed, most in vitro studies have focused on Ti surface topography and surface 

chemical composition with different treatments and coatings, aiming at the 

improvement of bone cells differentiation and matrix apposition/mineralization5. While 

useful in several aspects, in vitro studies are limited by intrinsic characteristics of cell 

culture, which evidently does not simulate all the biomaterial-host tissue interactions 

that take place in vivo6. In addition, in vivo preclinical evaluation of bone formation 

and remodelling around Ti surfaces are usually performed in animals with robust 

skeletal bone, such as minipigs7 and dogs8, which can recapitulate the architecture of 

human craniofacial bones and allow the analysis of implant modification (i.e. shapes, 

coatings and/or surface topographies) on the osseointegration9. While such large 

animal-based models are useful for certain applications, inherent factors such as 

animal size/height, lack of specific experimental tools for cause-and-effect 

experiments, as well as absent or restricted molecular assays, limits the possibilities 

of understanding the biological basis of osseointegration. In this scenario, mice have 

been demonstrated as a suitable animal model to properly investigate cellular and 

molecular aspects of a series of biological processes due to a number of 

experimental tools available for dissecting biological mechanisms9. 

Mouse models present a number of advantages including: 99% similarity to 

the human genome; availability of a number of efficient genetic/molecular tools; the 
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animal small size facilitates the use of reduced quantities of drugs and reduced 

experimental periods, making it a cost-efficient model11. Additionally, there is a large 

inventory of wild-type strains with distinct host response features, as well numerous 

genetically engineered mice strains, particularly with the C57Bl/6 background11. 

Consequently, such model allows valuable cause-and-effect experimentation to 

determine gene/cell functions in bioengineering and regenerative processes9,12. 

Finally, the use of mice in the osteoimmunology field as an experimental 

model host results in additional advantages due to the extensive knowledge of mice 

inflammatory and immunological responses9,13. In this context, endochondral long 

bones osseointegration models have been developed in mice with different 

approaches, such as for investigation of molecular and cellular regulation of 

osseointegration under micromotion stimuli15, implant stability and insertion torque,16 

and acceleration of osseointegration17. In this context, osseointegration in 

long/endochondral bones is achieved through the program of endochondral 

ossification, which differs from the osseointegration in the maxillary/mandibular bone. 

In addition, there is a large proportion of marrow cavity in the implantation sites of 

long bones, which exhibit the slowest reaction to implant placement compared to the 

periosteum region16. Therefore, while these studies are useful to better understand 

the osseointegration process in orthopaedics applications, they cannot be fully 

translated for dentistry (i.e. maxillary/mandibular implants) framework. 

On the other hand, maxillary and mandibular intramembranous bones are 

characterized by distinctive functional, anatomical and embryological features when 

compared to long bones, which could result in different aspects in the outcome of 

bone repair during osseointegration3. Thus, two different mice strains have been 

used in oral osseointegration studies: CD1 and C57/Bl-6 mice. Using CD1 mice 

strain, oral osseointegration models have been developed in edentulous alveolar 

crest in front of the first maxillary molar17 or by using healed alveolar socket after 

upper molars extraction28. However, despite the advantage of having a robust 

skeletal phenotype compared to other mice strains, CD1 is an outbreed strain, which 

add some genetic variability as a limitation to this model, and also limits its genetic 

manipulation26. Alternatively, the use of C57Bl/6 mice overcome some of these 

limitations, since this inbred strain presents a widely known genetic background18, 

comprising the mostly used strain in immunological studies19. However, the C57Bl/6 

mice oral osseointegration model has been used for studying microtomographic and 
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histological aspects of peri-implantitis28, by focusing on late stages of 

osseointegration and not in the entire bone repair process by which osseointegration 

is achieved. 

Therefore, in this present study we propose to combine the advantages of  

previously developed models, using the edentulous alveolar crest (avoiding the 

limitations and complications of tooth extraction requirements) of C57Bl/6 mice 

(supported by the extensive knowledge and additional experimental possibilities 

inherent to this strain) as the implant placement site, followed by a detailed 

microtomographic, histological, histomorphometric, and molecular characterization of 

the osseointegration process. 

 

MATERIAL AND METHODS 

Animals 

Forty-eight male wild-type mice (C57Bl/6) (10 weeks old, 25 g of weight in 

average) were obtained from the bred in the animal facilities of FOB/USP. Thirty-six 

animals were used for microscopic analysis (microCT, histological, and birefringence 

analysis) and twelve animals were used for molecular assays, distributed along 4 

experimental periods: 3, 7, 14 and 21 days post surgical procedure. Throughout all 

experimental periods of this study, mice were provided sterile water ad libitum and 

were fed with sterile standard solid mice chow (Nuvital, Curitiba, PR, Brazil), except 

during the first 72 hours after surgery, in which diet was crumbled. No antibiotics and 

anti-inflammatory drugs were administered to the animals after implantation surgery 

and there was no evidence of weight loss, infection and persistent inflammation in 

surgical sites. This study was carried out in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health20, and the experimental protocol was approved by the 

local Institutional Committee for Animal Care and Use (#012/2014). 

Titanium implant screws 

In an attempt to employ a comparable titanium screw as clinically used in 

dentistry, a screw of Ø 0.6 mm, titanium-6 aluminum-4 vanadium alloy (NTI-Kahla 

GmbH Rotary Dental Instruments, Kahla, Thüringen, Germany) with machined 

titanium surface was used in this study, as previously described in oral 
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osseointegration model in CD1 mice10. The screws were cut at length of 1.5 mm and 

sterilized by autoclaving before surgical procedures. Subsequently, screws were 

analyzed by means of scanning electron microscopy (SEM) and energy dispersive X-

ray (EDX) before Ti implantation, in order to demonstrate the surface topography and 

chemical composition of screws used in this study. Screws were fixed on SEM-stub-

holders and imaged by means of an ultra-high resolution SEM (FEI Nova NanoSEM, 

Thermo Fisher Scientific, OR, USA) - at 8kV with a resolution of 127.8 eV. The 

chemical composition was analyzed in the same regions of interest for qualitative 

SEM images, by using the software TEAM™ EDS Analysis System (AMETEK 

Materials Analysis Division, Mahwah, NJ, USA) concerning the amount of 10 

chemical elements present in the bulk structure of titanium implants used in the clinic, 

as previously described21: Titanium (Ti), Aluminum (Al), Vanadium (V), Calcium (Ca), 

Nitrogen (N), Niobium (Nb), Oxygen(O), Phosphorus (P), Sulfur (S) and Zinc (Zn).  

 

Experimental protocol 

Previous to the surgical procedure, three different mouse maxillae were 

carefully measured by microtomographic images considering thicker areas to install 

the titanium implants, which comprised a 300 µm of thickness, between the maxillary 

right first molar and the incisors (Figure 1AB). For the surgical procedure, mice were 

anesthetized by intramuscular administration of 80 mg/kg of ketamine chloride 

(Dopalen®, Agribrands Brasil LTDA, Paulínia, SP, Brazil) and 160 mg/kg of xylazine 

chloride (Anasedan®, Agribrands Brasil LTDA, Paulínia, SP, Brazil) in the proportion 

1:1, which was determined according to animal weight. Subsequently, mice were 

placed on a surgical table with a mouth retractor, as previously described in other 

dentistry mice models14,22. Briefly, the animal was placed in dorsal decubitus position 

and the 4 limbs were affixed to a surgical table, under a stereomicroscope (DF 

Vasconcellos S.A., Sao Paulo, SP, Brazil), with 25x magnification. Oral titanium 

implant screws were placed in C57Bl/6 mice following a previous surgical protocol 

described for CD1 mice10, and each mouse received one oral implant inserted in the 

left edentulous alveolar crest. Oral mucosa was cleaned using topical chlorhexidine 

solution for 1 min followed by an incision of 2 mm width parallel to the palatal crease 

and 1 mm in front of the left first maxillary molar, by using a 22.5° angled micro 

scalpel blade (n.10316-14, Fine Science Tools®, British Columbia, CA, USA). A small 
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detachment of the mucoperiosteum was made and the subjacent bone was drilled 

using a pilot drill of Ø 0.50 mm (NTI-Kahla GmbH Rotary Dental Instruments, Kahla, 

Thüringen, Germany). The pilot hole was performed using a surgical motor (NSK-

Nakanishi International, Kanuma,Tochigi, Japan), with a speed of 600 rpm and 35 N 

to kilogram force, under continuous irrigation with cold saline solution, in order to 

avoid heating and subsequent bone necrosis. The Ti-implant was screwed down in 

the implant bed using a Castro Viejo Micro Needle Holder (Fine Science Tools®, 

British Columbia, CA, USA) (Figure 1C). All surgical procedures were performed by a 

single calibrated surgeon (FC). At the end of the experimental periods (days 3, 7, 14 

and 21 post-Ti- screw implantation), mice were killed with an excessive dose of 

anesthetic and the maxillae were collected. Nine maxillae were used for microscopic 

[micro-computed tomography (µCT), histological and birefringence] analyses; and 

three samples containing only the region of the implant bed were used for 

RealTimePCRarray analysis. Samples designated for microscopic analysis were 

fixed in PBS-buffered formalin (10%) solution (pH 7.2) for 48h at room temperature, 

subsequently washed over-night in running water and maintained temporarily in 

alcohol fixative (70% hydrous ethanol) until the conclusion of the µCT analysis, and 

them decalcified in 4.13% EDTA (pH 7,2). After sample decalcification, the Ti screw 

was carefully unscrewed from the implant bed with a Micro Needle Holder for 

histological processing and paraffin inclusion. Samples for molecular analysis were 

stored in RNAlater (Ambion, Austin, TX, USA) solutions9. 

Micro-computed tomography (µCT) assessment 

 

Thirty-six mouse maxillae containing the Ti-implants were scanned by Skyscan 

1176 System (Bruker Microct, Kontich, Belgium) at 80 kV, 300 µA, 180 degrees of 

rotation and exposure range of 1 degree. Images were captured with resolution of 

12.45µm pixel size. Projection images were reconstructed using NRecon software 

(Bruker Microct, Kontich, Belgium) using 35% of Beam Hardening Correction and 

subsequently aligned using Dataviewer 1.4.4.0 software (Bruker Microct, Kontich, 

Belgium) in order to standardize the position of all specimens for subsequent 

quantitative evaluation (Figure 3A-C). Three-dimensional images obtained by CT-Vox 

2.3 software. Quantitative evaluation of bone to implant interface was assessed using 

CTAn 1.1.4.1 software (Bruker Microct, Kontich, Belgium) in accordance with 



2 Articles 
28

recommended guidelines23. Briefly, for measuring the proportion of bone volume 

(BV/TV, %) at the implant-bone interface area, the data set of images saved in axial 

position was opened in the software CTAn and the region of interest (ROI) was 

determined using a cylindrical segmentation with axis length of 500 µm and diameter 

of 700 µm (Figure 3C). The first 200 um from the first third of Ti screw was excluded 

from ROI in order to standardize the positioning for starting bone quantification in all 

specimens, as demonstrated in Figure 3B. The bone quantification was performed 

considering 100 µm from the implant surface in an axial view, into the bone (Figure 

3C). After binarization and separation between titanium body and bone by the 

difference of hyperdensities, the BV/TV was acquired (Figure 3E). 

 

Histomorphometry 

The same mice maxillae used for microCT scanning were processed for 

histological analysis. Forty semi-serial sections were cut with 4 µm thickness, of 

which nine serial sections considering the central region of bone to implant contact 

were chosen for histomorphometry and stained for hematoxylin and eosin [H&E] 

staining. The analysis were performed by a single calibrated investigator with a 

binocular microscope (Olympus Optical Co., Tokyo, Honshu, Japan) using a 100x 

immersion objective. Six histological fields per HE section, comprising the region 

adjacent to thread spaces, were captured using a 100× immersion objective. A grid 

image was superimposed on each histological field, with 10 parallel lines and 100 

points in a quadrangular area, by using Image J software (Version 1.51, National 

Institutes of Health, Bethesda, MD, USA). Briefly, points were counted coinciding with 

the following parameters of the osseointegration process: blood clot, inflammatory 

cells, other elements (empty spaces left by implant space), blood vessels, fibroblasts, 

collagen fibers, osteoblasts, osteoclasts, and new bone matrix. Results were 

presented as the mean area density for each structure considered in each examined 

group. 

 

Picrosirius-polarization method and quantification of birefringent fibers 

 

For birefringence analysis, 4 sections with 5 µm thickness histological slides 

considering the central region of bone to implant contact were used for picrosirius red 
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staining and birefringence analysis. As previously described9, green birefringence 

color indicates thin fibers; yellow and red colors at birefringence analysis indicate 

thick collagen fibers. Three fields from each section were analyzed through polarizing 

lens coupled to a binocular inverted microscope (Leica DM IRB/E, Leica 

Microsystems Wetzlar GmbH, Wetzlar, Germany), by using 40x magnification 

immersion objective. All the images were captured with the same parameters (the 

same light intensity and angle of the polarizing lens at 90° to the light source) from 

Leica Imaging Software (LAX, Leica Microsystems Wetzlar GmbH, Wetzlar, 

Germany). Briefly, the quantification of birefringence brightness was performed using 

the software AxioVision 4.8 (Carl Zeiss Microscopy GmbH, Jena, Germany). Images 

were binarized for green, yellow and red spectra, and the quantity of each color 

pixels2 corresponding to the total area of each histological field was measured9. 

Mean values of 4 sections from each animal were calculated in pixels2. 

 

RealTimePCR array reactions 

Samples containing only the region of the implant bed were resected and 

storage in RNA Stabilization Solution (RNAlater®, Thermofisher, Waltham, MA, USA) 

until RealTime PCR array reactions. RealTimePCR array reactions were performed 

as previously described9,24,25. First, RealTimePCR array was performed from a pool 

of all experimental time-points (3 d, 7 d, 14 d and 21 d), providing targets in which 

expression variation presented a significant variation compared to the control side. 

Then, upregulated targets were analyzed regarding their kinetics of expression for 

specific time points of 3, 7, 14 and 21-days during osseointegration process. Briefly, 

the extraction of total RNA from implantation site was performed with RNeasyFFPE 

kit (Qiagen Inc, Valencia, CA, USA) according to manufacturers' instructions. The 

integrity of RNA samples was checked by analyzing 1 mg of total RNA on 

2100Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) according to 

manufacturers' instructions, and the complementary DNA was synthesized using 3 

µg of RNA through a reverse transcription reaction (Superscript III, Invitrogen 

Corporation, Carlsbad, CA, USA). The Real-time PCR array was performed in a Viia7 

instrument (LifeTechnologies, Carlsbad, CA, USA) using custom panels for "wound 

healing" (PAMM-121), "inflammatory cytokines and receptors" (PAMM-011) and 

"Osteogenesis" (PAMM-026) (SABiosciences, Frederick, MD, USA) for gene 
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expression profiling. Data were analyzed by RT2 Profiler PCR Array Data Analysis 

online software (SABiosciences, Frederick, MD, USA) for normalizing the initial 

geometric mean of three constitutive genes (GAPDH, ACTB, Hprt1), following 

normalizing the control group. Data are expressed as heat map fold change relative 

to the control group. 

Statistical analysis 

Differences among data sets were statistically analyzed by One-Way Analysis 

of variance (ANOVA) followed by Bonferroni's multiple comparison post-hoc test or 

student's t-test where applicable; for data that did not fit in the distribution of normality 

Kruskal-Wallis test (followed by Dunn's test) and Mann-Whitney test were used The 

statistical significance of the experiment involving PCR Array was evaluated by the 

Mann-Whitney test, and the values tested for correction of Benjamini and Hochberg26 

(1995). Values of p<0.05 were considered statistically significant. All statistical tests 

were performed with GraphPad Prism 5.0 software (GraphPad Software Inc., San 

Diego, CA, USA).  

RESULTS 

Development of the surgical protocol 

Our focus is this study was to address a pre-clinic murine model of oral 

osseointegration, previously developed in CD1 mice10 for C57Bl/6 mice. We first 

analyzed the anatomy of three different maxillae from 10 weeks C57Bl/6 male mice, 

by microtomographic images, and then selected the most robust skeletal area as an 

implant bed, specifically in the edentulous space between the maxillary right first 

molar and the incisor, along the alveolar crest, comprising an average of 300 µm of 

thickness (Figure 1AB).  

SEM micrographs demonstrated uniform unidirectional threads, with no 

deposits and no particular features or deformation and features of a clearly machined 

surface topography, such as small irregularities. In the composition characterization, 

Ti screw alloy presented a mass of 75.35% of Ti, 14.66 % of V, 5% of N and 4.20% 

of Al. Other evaluated chemical elements were found in minor concentration, less 

than 1% (Figure 2D).  

For developing the surgical protocol, Ti-screw was implanted in the edentulous 

space between the maxillary right first molar and the incisor. After a day of surgery, 
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animals were able to eat crumbled chow and were acting normally, with no signs of 

distress. All animals presented complete oral mucosal healing by day 7, as clinically 

demonstrated in Figure 1D. Importantly, of the 36 implants placed and investigated 

with microscopy, 33 demonstrated primary stability immediately from screw insertion 

and 28 achieved osseointegration, observed by microCT and histologic assessment, 

and totaling a 77.78% success rate in terms of osseointegration. Additionally, the 5 

implants which presented failure post 14 and 21 days, did not present signs of 

infection in histological and clinical examination. 

 

µCT assessment 

Subsequently, we evaluated sites of Ti-implantation by microtomographic 

qualitative and quantitative analyses of mineralized bone matrix (Figure 3A-C). The 

three-dimensional images of maxillae containing sites of Ti implants (Figure 3D), as 

well as the quantitative assessment (BV/TV) indicated a gradual and significant bone 

apposition (BV/TV, %) around implant threads throughout 7 d (23.19±2.014), 14 d 

(31.20±3.82) and 21 d (42.12±3.01) (Figure 3E). At 3 d, the bone detected by 

microCT (16.73±1.11) was predominantly comprised by native/remaining bone 

supporting the Ti-screw, as demonstrated by the representative three-dimensional 

image (Figure 3D). Newly formed bone matrix was detected at 7 days post-

implantation, as evidenced by Figure 3E. The maximum amount of osseointegration 

was achieved by 21 days, when the interface of bone/Ti was covered with an 

average of 42.12±3.01% of BV/TV (Figure 3E).  

 

Histology, histomorphometry and birefringence 

Considering the histological analysis, the panoramic transversal image of 

mouse maxillae, demonstrated that the Ti-screw was projected through the palatal 

bone into the olfactory epithelium of maxillary sinus (histological section at 14 days, 

Figure 4A), as also described previously in CD1 mice10. The histological and 

histomorphometric analysis were performed in the spaces occupied by three initial Ti-

screw threads, from coronal to apical, on each side of the Ti-screw, as indicated by 

arrows in Figure 4A. At 3 days, the bone-implant interface was filled mainly by a 

blood clot and inflammatory infiltrate, as demonstrated by histomorphometry (Figure 

5A, B). The blood clot was evidenced by erythrocytes, surrounded by an eosinophilic 

and slight matrix of fibrin network, also permeated by an inflammatory infiltrate with 
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predominance of mononuclear cells (Figure 4B and B’). Importantly, there was no 

newly formed bone matrix at 3 days. Consequently, the bone matrix quantified at 3 

days was merely native viable bone and bone debris observed around Ti threads. 

At 7 days post-implantation, there was a significant decrease in blood clot 

(Figure 5A), while fibroblasts and blood vessels area density were significantly 

increased (Figure 5D, E), as a consequence of a transitory granulation tissue 

formation (Figure 4C and C’). Aligned robust and cuboids cells, with a typical 

morphology of osteoblasts, were also observed producing newly bone matrix 

between the implant surface and pre-existing bone. Also at 7 days, osteoclastic 

resorption lacunae and a few quantity of osteoclasts were found around bone debris 

and pre-existing bone. From 14 to 21 days, granulation tissue components 

significantly decreased surrounding Ti threads spaces (Figure 5D, E, F), while newly 

formed bone matrix increased in these regions (Figure 5I). Newly produced bone 

matrix was deposited immediately adjacent at the bone threads spaces (Figure 4D, 

D', E, E'), indicating a direct contact between the implant surface and bone by 14 and 

21 days. Scattered areas surrounding Ti thread spaces and bone were left with soft 

tissue, including connective tissue and bone marrow at 21 days. Furthermore, by 

days 14 and 21 post-implantation, the peri-implant mucosa presented a well 

organized connective tissue attachment, composed mainly of fibroblasts and collagen 

fibers, with slight quantities of inflammatory cells.  

For analyzing the dynamic of collagen fibers maturation, we quantified 

different birefringent collagen fibers (green, yellow and red) from the new bone matrix 

and initial granulation tissue. A negligible quantity of collagen fibers was found 

starting at 3 to 7 days around the Ti threads, emitting birefringence in the green 

spectrum (i.e. immature and thinner fibers) (Figure 6A). From 7 to 21 days, there was 

a significant increase in the quantity of total collagen fibers (Figure 6C), as well as in 

organic matrix maturation, as evidenced by the presence of red color spectrum fibers 

upon polarized light (Figure 6A) in parallel with sequential increase of red color 

intensity pixels area (Figure 6B).  

 

Gene expression patterns in the osseointegration process 

A pool of samples from all periods post-Ti implantation were initially analyzed 

by means of an exploratory RealTimePCR array (Figure 7), considering molecules 

involved in inflammatory response and bone healing (growth factors; 
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immunological/inflammatory markers; extracellular matrix, MSC and bone markers) in 

order to select targets with a significant expression in comparison with the control 

samples. Subsequently, those targets with a significant variation expression in pooled 

samples were analyzed according to their kinetics of expression during experimental 

periods (Figure 8). Among several growth factors, the molecules BMP2, BMP4, 

BMP7 and TGFβ1 expression were upregulated during osseointegration in 

comparison with the control (Figure 7) with a peak of mRNA levels at 7 and 14 days 

(Figure 8). Considering immunological markers analyzed (cytokines, chemokines, 

chemokine receptors and other inflammatory mediators) the IL1β, IL6, IL10, TNF, 

ARG2, CCR2, CCR5, CCL2, CCL5, CCL17, CXCL3, CXCL12, CX3CL1 were 

positively regulated in the osseointegration process in comparison with the control 

samples (Figure 7). The kinetics analysis demonstrated that some immunological 

markers (IL1β, IL6, IL10, TNF, CCR2, CCR5, CCL2, CXCL12, and CX3CL1) were 

upregulated from 3 days post-implantation, but all those markers peaked at the 7 day 

time point, followed by a gradual decrease in their expression in subsequent 

experimental periods (Figure 8). Among the extracellular matrix markers, Col1a1, 

Col21a1, Col2a1, MMP1a, MMP2 and MMP9 were upregulated through oral 

osseointegration process in comparison with the control samples (Figure 7). The 

kinetics analysis demonstrated that Col1a1 peaked at 7 and 14 days, with gradual 

decrease at 21 days; while Col21a1, Col2a1, MMP1a, MMP2 and MMP9 was 

upregulated from 7 days and peaked at 14 days with gradual decrease at 21 days. 

MSC markers CD106, OCT-4, NANOG, CD34, CD146 and CD105 were found 

positively upregulated in osseointegration sites, with a peak of expression for CD106 

at 3 days, while OCT-4, NANOG, CD34, CD146 and CD105 peaked at 7 days 

(Figure 8). All these cited MSC markers present a significant upregulation at 3, 7 and 

14 days, with a significant decrease at 21 days (Figure 8). Among bone markers, 

early bone formation markers Runx2 and Alpl, late bone formation markers Phex and 

Sost, as well as remodeling markers RANKL and OPG were found upregulated in 

osseointegration sites compared to control samples (Figure 7). The kinetic analysis 

demonstrated that Runx2 and OPG presented higher mRNA levels mainly at 7 and 

14 days, while Alpl peaked at 7 days with a gradual decrease at 14 and 21 days. 

Also in the kinetics analysis, late bone formation markers Phex and Sost were 

upregulated at 14 and 21 days, and RANKL presented higher mRNA levels at 14 and 

21 days. 
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DISCUSSION 

 

Despite the successful clinical application of Ti-based devices, the exact 

cellular and molecular mechanisms responsible for the osseointegration 

phenomenon remains unclear, especially considering the immunological pathways 

involved in this process. In view of the multiple experimental advantages conferred by 

the use of mice as the experimental host for Ti implantation, in this study we describe 

the microtomographic, histological/histomorphometric and molecular characterization 

of an oral maxillary osseointegration model along early (3 and 7 days) to late 

experimental periods (14 and 21 days) in the oral cavity of C57Bl/6 mice (Figure 9).  

While C57Bl/6 strain was used in a previous study as recipients/hosts of Ti 

devices in the oral cavity28, implants were placed in the maxillary bone after 

extraction of 3 upper molars. Considering the complex anatomic feature of mice 

upper molars and the potential surgical complications/intercurrences due exodontic 

procedures, and the requirement for 2 surgical procedures, we initially performed 

measurements of palatal bone thickness in C57Bl/6 mice to verify the possible 

implant insertion in the palatal edentulous area. The thicker region of palatal bone in 

the edentulous alveolar ridge of C57Bl/6 corresponded to 300 µm, which was 

considered suitable to receive a miniature Ti implant screw cut at length of 1.5 mm. 

The implant placement in this area, without preceding multiple tooth extraction, was 

previously reported in CD1 mice, which due to its increased size was suitable for a 2 

mm implant insertion10. Additionally, the Ti screw used in this present study was 

based on a conventional Ti6Al4V alloy, with a machined surface without any 

treatments and/or topography alterations, as demonstrated by SEM and X-ray 

analysis (Figure 2), in order to characterize the osseointegration process per se, as 

has been frequently used in experimental studies using craniofacial10 and long 

bones16,25 as osseointegration models. 

The surgical procedures used in this study were performed following the same 

principles and procedures used in dentistry, in order to avoid lack of primary stability 

and overheating. Of all titanium implants with adequate primary stability, 77.78% 

achieved osseointegration, demonstrated by means of µCT and histological data 

(Figures 3 and 4), which is in agreement with success rates previously described in a 

similar model performed in CD1mice (74% of osseointegration at 21 day)10. 

Additionally, the 5 implants which presented failure post 14 and 21 days, exhibited a 
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fibrous connective tissue surrounding the Ti screw area with no signs of infection. 

Possibly, osseointegration failure in those specimens could be a result of loosening 

of the primary stability in the first periods post-Ti implantation. 

Initially, our histological characterization demonstrated that blood is the first 

biological element in contact with Ti surface, evidenced by the formation of a highly 

organized clot in contact with Ti threads and native bone at 3 days (Figures 4B and 

B´) as also observed in larger models in rats27, where blood components, such as the 

fibrin network, provide a structural support for initial cell adhesion and migration 

toward the implant surface28. Indeed, at early stages, a protein adsorption layer is 

created on Ti surfaces, constituted mainly by blood molecules, platelets and plasma 

fibronectin, as also demonstrated by in vitro studies29 where the presence of plasma 

fibronectin at Ti surface supports the first events of osteogenesis. Of note, 

theoretically this first protein layer on Ti surfaces also contains molecules required for 

regulation of subsequent steps that will lead to osseointegration30, such as growth 

factors and immunologic mediators, that orchestrates bone formation in the peri 

implant space27. In agreement, our molecular data demonstrated an up regulation of 

TGFb1 and CXCL12 in the early stages after Ti implantation (Figure 8), which were 

also observed in early times of oral osseointegration in rats 27. In the osseointegration 

context, TGFb1 and CXCL12 have been shown to enable migration of mesenchymal 

osteoprogenitor cells at the implant surface and threads spaces2,31. Accordingly, 

MSC are among the first cells to migrate to the Ti surface31, and in fact, several MSC 

markers (CD106, OCT-4, NANOG, CD34, CD146 and CD105) also presented an 

early up regulation post-Ti implantation (Figure 8). 

Concurrently with the early upregulation of MSCs markers, a provisional 

extracellular matrix is formed and gradually evolves to a high vascularized 

granulation tissue (Figures 4 and 5), which will provide further support for cell 

migration and differentiation. A similar response was observed in peri-implant sites in 

mice10,22 and rats27, but the presence of biomaterials was associated with a delayed 

healing dynamic compared to alveolar intramembranous bone healing in the absence 

of biomaterials9,10. Indeed, the earlier granulation tissue formed in the space between 

Ti threads and remaining bone works as a preosteoblastic supportive connective 

tissue10,22, as evidenced in this study by an increased area density of blood vessels 

(Figure 5D), fibroblasts (Figure 5E) and osteoblasts (Figure 5G) after 7 days in 

implantation sites, with an up regulation of angiogenic (VEGFb) and earlier 
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osteogenic markers (BMP2,4 and 7, ALP and Runx2) (Figure 8). Indeed, BMPs 

(BMP2, BMP4 and BMP7) are key factors related to the commitment of MSC into 

osteoblast fate during physiological osteogenesis32, bone repair10 and 

osseointegration33, since BMPs can stimulate the transcription factor RUNX232. 

Importantly, RUNX-2 directly binds to enhancer regions of osteoblast-specific genes, 

such as the earlier matrix mineralization ALP34, which is also in agreement with our 

findings. 

Also in these earlier stages of the osseointegration, the immune/inflammatory 

response is triggered at the Ti/host interface, which integrate the key molecular 

events for determining the success or failure of the osseointegration3,35. Indeed, in 

this study the area density of inflammatory cells peaked in the earlier periods of the 

osseointegration process, in parallel with an up-regulation of a variety of 

immunological factors involved in leukocyte migration, such as pro-inflammatory 

cytokines (TNF, IL6, IL1) and monocytes/macrophages chemoattractants (i.e. the 

chemokines CXCL3, CCL2, CCL5, CC17, CXCL12 and CXC3CL1) and the 

chemokine receptors (CCR2 and CCR5), were highly expressed in the sites of 

implantation (Figures 7 and 8). In agreement with these findings, an early molecular 

assessment of osseointegration process in humans revealed a similar pattern of 

chemokines and interleukins expression in the early periods post-Ti implantation30, 

which was also observed in rats27, reinforcing the validity of the mouse model in the 

view of the similar inflammatory response pattern. Of note, while TNF, IL6 and IL1 

comprise part of a macrophage cytokine portfolio, CCR2 and CCR5 are involved 

mainly in monocytes/macrophages migration into wound healing, suggesting an 

important involvement of macrophages with the oral regenerative processes35. 

Indeed, in addition to the classical role of macrophages on debris clearance 

after injury, these cells are key regulators of inflammatory and regenerative 

processes, by releasing different mediators in response to the state of polarization 

towards M1 (inflammatory) or M2 (reparative) phenotype, and orchestrate the 

outcomes of inflammation and bone healing36. Interestingly, it has been proposed 

that activation of these cells into M1 and M2 macrophages is a crucial step for 

orchestrating a foreign body reaction (FBR) post biomaterial implantation and also to 

determine the equilibrium between osteogenic factors/cells and osteolytic 

factors/cells around the Ti implant after osseointegration2,3. In this study, while iNOS 

(a M1 marker) expression remained low at the osseointegration sites, ARG1 (a M2 
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marker) was up regulated after Ti implantation, indicating a predominance of a M2-

type response. Indeed, in enhanced osseointegration models observed in long bones 

in rats, the upregulation of ARG1 and downregulation of iNOS is correlated with a 

high proportion of M2 macrophages and beneficial bone healing around Ti 

surfaces37. Accordingly, a marked up regulation of reparative/regulatory M2-type 

macrophages is also observed after Ti implant placement in humans30. Indeed, the 

M2-type response has been suggested to be critical to wound healing outcomes by 

expressing several pro-resolutive molecules, including ARG1, IL10 and TGFb138. 

These data are also compatible with the transitory nature of the inflammatory infiltrate 

surrounding the Ti surface, which presented a gradual decrease over time in this 

study (Figure 4B, C, D and Figure 5). 

Following the resolution of inflammation (Figure 4D), while the expression of 

inflammatory factors and density of inflammatory infiltrate tend to decrease over time 

post- implantation, the expression of osteogenic factors and ECM components were 

gradually increased, in agreement with previous findings in rats27. In line with the 

events of intramembranous bone repair, the granulation tissue is directly replaced by 

bone over time (Figures 3 and 4), as also previously reported in other oral 

osseointegration animal models10,27, while Ti osseointegration in long bones is 

dependent on hypertrophic cartilage formation15. As density area of primary bone 

matrix significantly increased at 14 days, also followed by expression of Col1a1 and 

Col21a2 and a gradual maturation of collagen fibers detected by birefringence 

analysis (Figure 6), there was a remarkable remodeling process, evidenced by peaks 

corresponding to MMPs (MMP1, MMP2 and MMP9), RANKL and OPG, and also an 

increased area density of osteoclasts (Figure 5H). As also demonstrated in other 

models28,30, all these events collectively will determine bone quality and influence the 

mechanical properties of osseointegration37. Indeed, the quality of osseointegration is 

dependent on a high organized bone matrix and its ECM components, in which 

collagen plays a crucial role38. 

Consequently, in late stages, there was intimate bone contact over the Ti 

threads, associated with the expression of several bone markers typical of final 

osteoblast differentiation (PHEX, SOST)9. Noteworthy, the maximum amount of 

osseointegration was achieved in C57Bl/6 mice at day 21, with an average of 

42.12±3.01% mineralized bone matrix (BV/TV) detected around Ti threads by 

microCT analysis (Figure 3), and also 87% of red spectrum collagen fibers of total 
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collagen content detected by birefringence analysis (Figure 6), possibly as a 

indicative of a well organized collagen bundles fibers9,10. Interestingly, in the 

complementary histomorphometry analysis, the percentage of bone matrix 

around/and in contact with  Ti threads represented a density area of 81.03±3.87% in 

average, which is in agreement with histological investigations of Ti dental implants 

placed in humans, where bone area in individual threads achieved an average of 

81.8%38. However, even 60% of histological bone-to-implant contact is considered as 

enough osseointegration for successful implants in humans for up to 17 years3. 

 

CONCLUSIONS 

In summary, this study originally demonstrated a unique molecular view of the 

kinetics of osseointegration, evidencing potential elements responsible for 

orchestrating cell migration, proliferation, ECM deposition and maturation, 

angiogenesis, bone formation and remodeling at the bone-implant interface in 

parallel with a novel histological, birefringence and µCT analysis. Considering all of 

these observations and comparing with previous descriptions of osseointegration, 

this C57Bl/6 mice oral osseointegration model would be a suitable tool for the 

assessment of biological events upon osseointegration process. 
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FIGURES AND LEGENDS 

 

Figure 1- Experimental protocol for oral osseointegration in C57Bl/6 mice. A-B) 

Microtomographic tridimensional images from mouse maxilla bones showing the area of 

interest for screw implantation between the maxillary right first molar and the incisor (A-

dotted square, B arrow); C) Ti-screw was screwed down in the implant bed (arrow), using a 

castroviejo Micro Needle Holder (Fine Science Tools®, British Columbia, CA); D) 

Macroscopic clinical view from oral mucosa covering the Ti-screw (arrow head) after day 7 

post implantation and E) the same specimen without soft tissues post euthanasia; F) 

Representative microtomographic sagital slice from mouse maxilla at day 7 post Ti screw 

implantation 
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Figure 2- Ti screw used in oral osseintegration model in C57Bl/6 mice. A) Ti-screw (NTI-

Kahla GmbH Rotary Dental Instruments, Kahla, Thüringen, Germany) of  Ø0.6 mm was cut 

at length of 1.5 mm; B) Surface morphology of the body of titanium screw (385x 

magnification, scale bar 300 µm) and its (C) machined surface topography (5225x, scale bar 

20 µm) from scanning electron microscopy (SEM) micrograph; D) Representative graph with 

surface composition from EDX analysis 
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Figure 3- Micro-computed tomography (µCT) analysis of oral osseointegration model in 

C57Bl/6 mice. A) 2-D sagittal view of maxilla containing Ti screw for bone quantification; B) 

2-D sagittal view with delimitation of a region of interest in the contact area of bone-to-

implant, covering the region of contact bone threads throughout 500 µm of implant body and 

in the interface between the threads. The first 200 µm from the first third of Ti screw was 

excluded analysis in order to standardize the positioning for starting bone quantification in all 

specimens; (C) Axial view of Ti screw and bone inside the region of interest, considering 100 

µm from the implant surface into the bone; D) Three-dimensional images were obtained with 

the CT-Vox software (Bruker Microct, Kontich, Belgium) along 3,7,14 and 21 days along 

osseointegration; E) Proportion of bone volume/tissue volume (BV/TV, %) in the interface 

bone-Ti were evaluated using CTAn software (Bruker Microct, Kontich, Belgium) to measure 

along days 3, 7, 14 and 21 post implantation. Different letters indicate significant statistical 

differences (p<0.05) among time periods 
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Figure 4- Hematoxylin & eosin (HE) staining of oral osseointegration model in C57Bl/6 mice 

and its histological aspects. A) Representative panoramic section of mouse maxilla and 

region of Ti implantation at day 14 post surgery. Arrows show threads space in direct contact 

with newly formed bone (NB); B-E’) Chronology of oral osseointegration is observed 

throughout days 3 (B10x, B’40x), 7 (C10x, C’40x), 14 (D10x, D’40x) and 21 (E10x, E’40x). 

HE staining. NB= Newly formed bone. Ti= Ti screw space. 1M= first molar. NC= Nasal 

Cavity. MS= Maxillary sinus 
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Figure 5- Histomorphometric analysis of healing components along oral osseintegration 

process in C57Bl/6-WT mice. Results are presented as the means (±SD) of area density for 

each component related to osseointegration process: (A) Blood clot; (B) Inflammatory cells; 

(C) Other elements; (D) Blood vessels; (E) Fibroblasts; (F) Collagen fibers; (G) osteoblasts; 

(H) Osteoclasts; (I) New bone matrix. Different letters indicate a statistically significant 

difference between the different time periods (p<0.05) 
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Figure 6- Birefringent fibers by picrosirius-polarization method in the oral osseointegration 

process. A) Representative sections from oral osseointegration process upon polarized and 

conventional light, to evaluate collagen fibers maturation along days 3, 7, 14 and 21 post-Ti-

screw implantation. As visualized upon polarized light, green birefringence color indicates 

thin fibers; yellow and red colors at birefringence analysis indicate thick collagen fibers. 

Original magnification 40x; B-C) Intensity of birefringence measured from Image-analysis 

software (AxioVision, v. 4.8, Carl Zeiss Microscopy GmbH, Jena, Germany) to identify and 

quantify (B) area of collagen from each birefringence color (pixels 2) and total area of 

collagen fibers (pixel2) throughout experimental periods. Results are presented as the mean 

and SD of pixels2 for each color in the birefringence analysis. Different letters indicate a 

statistically significant difference (p 0.05) between the different time periods (p<0.05) 
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Figure 7- Gene expression patterns in the osseointegration process in C57Bl/6 mice. 

Molecular analysis of the gene expression patterns in the region of Ti screw implantation was 

comprised of an initial exploratory analysis by RealTimePCR array, considering a pool of 

samples from all the experimental time periods (3 d, 7 d, 14 d, 21 d). RealTimePCR array 

analysis was performed with the VIA7 system (Applied Biosystems Limited, 

Warrington,Cheshire, UK) using a customized qPCRarray comprised of the major targets 

from the Osteogenesis, Inflammatory Cytokines & Receptors and Wound Healing panels of 

the PCRarrayRT2 Profiler (SABiosciences/QIAGEN, Gaithersburg, MD, USA). Results are 

depicted as the fold increase change (and the standard deviation) in mRNA expression from 

triplicate measurements in relation to the control samples and normalized by internal 

housekeeping genes (GAPDH, HPRT, β-actin) 

 

 



2 Articles 
49

 

Figure 8- Kinetics of gene expression in the oral osseointegration process in C57Bl/6 mice. 

RealTimePCR array pooled from of all the experimental time periods was used to identify 

targets with a significant expression variation for their subsequent analyses in different time 

points along osseointegration process (0 h, 7 d, 14 d, 21 d). RealTimePCRarray analysis 

was performed with the VIA7 system (Applied Biosystems, Warrington, UK) using a 

customized qPCRarray comprised of the major targets from the Osteogenesis, Inflammatory 

Cytokines & Receptors and Wound Healing panels of the PCRarrayRT2 Profiler 

(SABiosciences/QIAGEN, Gaithersburg, MD, USA). Results are depicted as the fold increase 

change (and the standard deviation) in mRNA expression from triplicate measurements in 

relation to the control samples and normalized by internal housekeeping genes (GAPDH, 

HPRT, β-actin) 
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Figure 9- Graphic representation of microscopic and molecular events along oral 

osseointegration model in mice. Osseointegration process in oral cavity of C57Bl/6 exhibited 

overlapping phases along 3, 7, 14 and 21 days post Ti implantation. The healing process 

takes place with an organized blood clot an increased expression of growth factors (TGFb, 

VEGFb), immunological factors and MSC markers. Subsequently, a provisional granulation 

tissue is formed, with a high expression of growth factors and earlier osteogenic markers 

(BMPs, ALP and Runx2). Cytokines (TNF, IL6, IL1, IL10) chemokines (CXCL3, CCL2, CCL5, 

CC17, CXCL12 and CXC3CL1) and chemokine receptors (CCR2 and CCR5) regulate the 

infiltration of inflammatory cells and immune response. ARG1 (a M2 marker) is up regulated 

in implantation sites, indicating a predominance of a M2-type response for macrophages. At 

late time points (14 and 21 days), bone matrix is significantly increased, also followed by 

expression of Col1a1 and Col21a2. Remodeling/maturation process of bone is marked by a 

peak of MMPs, RANKL and OPG expression at 14 days, and an increased presence of 

osteoclasts. Finally, there is an intimate Ti/bone contact, with an expression of final 

osteoblast differentiation markers (PHEX, SOST) 
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2.2 ARTICLE 2 - Evidences of HGMB1 and RAGE contributions in the 
regenerative host response to Ti-based biomaterials. ACS Biomaterials Science & 
Engineering. 

 

Abstract 

DAMPs have been suggested to act as possible mediators of inflammation at 
biomaterial/host interface since theoretically they are released after the surgical 
trauma for biomaterial implantation. In this context, HMGB1 (the prototypic DAMP) 
and its cognate receptor RAGE, can comprise a potential regulatory axis for 
triggering inflammation and regulating healing outcomes. Aim: to investigate the 
impact of HMGB1 and RAGE on the constructive immune/inflammatory response and 
tissue repair around a classic biomaterial (Ti) implantation. Material and Methods: 
MC3T3-E1 and RAW 264.7 cells were treated with HMGB1 or HMGB1+ RAP (a 
RAGE inhibitor) for 48h, when the supernatants were collected for ELISA multiplex 
assays. C57Bl/6 mice received a subcutaneous implantation of Ti-disc (6AL-4V, 
Ø6mm, 2mm thick) and were euthanized at different time points, including early time 
points (0min, 5min, 4h, 24g, 48h, 72h, 7d) for DAMPs and acute inflammatory 
response analyses (microscopy, ELISA and PCR array) and healing time points (3d, 
7d, 14d) for host response analysis (microscopy and PCR array). For host response 
analysis, mice were divided into 4 groups: Control; Vehicle (1.5% DMSO solution); 
GZA (Glycyrrhizic Acid) at a dosage of 200mg/Kg/day for HMGB1 inhibition; or RAP 
(RAGE Antagonistic Peptide) at a dosage of 4mg/Kg/day. Results: In vivo 
experiments showed different DAMPs (HMGB1, HSP60, HSP70, S100A9, 
Fibronectin and Biglycan) on Ti/host interface, mainly at early periods post Ti 
implantation. In vitro studies showed that antagonism of RAGE abolished the CCL5 
production by MC3T3 cells and the HMGB1-induced VEGF production by RAW264-7 
macrophages. Microscopic analysis in vivo evidenced a significant impairment of 
inflammatory response around Ti disc in GZA and RAP groups compared to the 
Control, with a drastic reduction of GR1+ cells and macrophages (F4/80+, CD80+, 
and CD206+ cells) in the implantation sites at 3 days. Molecular analysis 
demonstrated an up regulation of different immunological markers (e.g. TNFα, IL6, 
IL1b), including M2-type response markers (ARG1, IL10) in the control, while the 
same markers were significantly reduced in the GZA and RAP groups. At later time 
points, histological analysis evidenced a reduction of collagen deposition in GZA and 
RAP groups compared to the control. In parallel, the molecular analysis showed a 
drastic reduction of ECM formation and remodelling markers (e.g.Col1a2 and MMP9) 
in GZA and RAP groups compared to the control.  Conclusion: Different DAMPs are 
released to the Ti/host interface. Particularly, the axis HMGB1/RAGE actively 
influences the inflammatory response post Ti implantation and the blockade of both 
molecules can negatively affect regenerative host response to Ti-based biomaterials. 
 
Keywords: DAMP. HMGB1. RAGE. Macrophages. Regeneration. Titanium.  
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INTRODUCTION 

Healing response associated with biomaterials grafting comprises an 

inflammatory immune reaction, which is theoretically triggered by host proteins 

adsorption at biomaterial surface [1]. Importantly, it has been suggested these initial 

events are directly connected to the positive outcome of classic permanent 

biomaterials used for osseointegration (such as Ti-based devices), supporting the 

recruitment of monocytes/macrophages and MSCs to the biomaterial surface [2-4]. In 

this context, the research on biomaterial science have focused on determinative 

interactions that take place in the biomaterial-cells/tissues interface, specially drawing 

the attention to the crosstalk between the first layer of protein deposited on 

biomaterial surface and macrophages, which is suggested to be critical for 

determining the biocompatibility and healing outcome [1, 5-7]. 

It is important to consider that host response to the biomaterial initiates 

immediately after the surgical procedure for a device implantation, which involves a 

tissue damage and consequently some damage degree of extracellular matrix 

(ECM), somatic cells and vasculature [8]. It has been postulated that mainly blood 

components, such as complement and clotting cascade proteins, adsorbs to the 

biomaterial surface and mediate the recognition of biomaterial by macrophages and 

MSCs [4, 9, 10]. In this context, the recent knowledge about ‘damage-associated 

molecular patterns’ (DAMPs) role on inflammatory immune response activation also 

brought to light the possible role of this molecules as host response triggers at the 

host/biomaterials interface [1, 11]. However, this putative interaction between DAMPs 

and biomaterials and its consequences for host response and healing outcomes 

remains unknown. 

DAMPs are a family of endogenous molecules released upon cellular or tissue 

damage, which elicit the innate immune cells through binding to pattern recognition 

receptors (PRRs), such as Toll-like receptors (TLR2 and TLR4) and RAGE (receptor 

for advanced glycation endproducts); some of which are able to trigger inflammatory 

response by LPS (a pathogen associated molecular pattern – PAMP) binding [12-15]. 

DAMPs are contained in the nucleus (HMGB1), cytoplasm (e.g. S100A8 and 

S100A9, heat shock proteins in the exosomes [HSP60, HSP70])[15], and in the ECM 

(hialuronic acid, fibronectin and biglycan)[16].  Interestingly, the role of DAMPs have 

been investigated in a number destructive inflammatory conditions, such as tumour 

growth and local invasion, bone resorption during periodontitis, rheumatoid arthritis, 
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liver fibrosis and coagulopathies [11, 13, 14, 17-22]. However, recent studies have 

also suggested the potential contributions of DAMPs on tissue regeneration, 

especially HMBG1, the prototypical and most studied DAMP molecule  [23]. 

HMBG1 has been associated with wound healing by stimulating the 

recruitment of inflammatory cells [24], MSCs migration, proliferation and 

differentiation [25], proliferation and collagen synthesis by osteoblasts [26, 27] and 

angiogenesis [24, 28]. Some studies demonstrate that HMGB1 can drastically 

change the pro-inflammatory cytokines production (e.g. TNFα, IL6) and expression of 

surface receptors (CD80/86) by macrophages, mainly via TLR receptors [29, 30]. 

Indeed, in pro-inflammatory conditions/environments, these interactions are 

suggested to facilitate M1-macrophage differentiation [31, 32], resembling the classic 

activation of macrophages by PAMPs (e.g. LPS) in infectious conditions. However, 

other studies suggest that immune system deals with DAMPs and PAMPs in a 

different way, discriminating molecules from damage and infection by means of 

additional receptors (such as CD24-Siglec G/10 receptor), which provide a fine-

tunning to the signaling process resulting in different outcomes [33].  

Importantly, among all receptors for HMGB1 binding, the most well established 

and studied is RAGE, which is not activated by PAMPs [34]. Interestingly, in the 

presence of complement protein C1q and RAGE, HMGB1 also can induce the 

differentiation of anti-inflammatory M2 phenotype [35]. Furthermore, the interaction of 

HMGB1 with already M2-polarized macrophages, has been associated with 

increased angiogenesis, in a manner RAGE dependent manner [36]. In this context, 

it is clear that the extracellular milieu and the predominance of specific receptors on 

cell surface, also influence the HMGB1 effects on cells.  

At this point, understanding how HMGB1 and its receptors contribute to the 

biomaterial recognition and healing may provide important insight into the current 

knowledge of the role of host proteins in cell–biomaterial and tissue–biomaterial 

interactions. Thus, the aim of this study is to investigate the impact of HMGB1 or its 

cognate receptor RAGE on the constructive inflammatory response and tissue repair 

around a classic biomaterial (Ti) implantation.  
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MATERIALS AND METHODS 

 

Material preparation. Machined 6AL-4V Titanium discs (Ti-discs) (Neodent®, 

Curitiba, PR, Brazil) of Ø6mm and 2mm thick from commercially pure grade 2 alloy 

were used for in vivo experiments. All Ti specimens were cleaned and autoclaved as 

previously describe [37]. 

Cell cultures. MC3T3-E1 subclone 4 (murine preosteoblasts) and RAW264-7 

(murine macrophages) were purchased from American Type Culture Collection 

(ATCC®). MC3T3-E1 cells were cultured in Alpha Minimum Essential Media (αMEM) 

without ascorbic acid and supplemented with 10% Fetal Bovine Serum (FBS), while 

RAW264-7 cells  were cultured in Dulbecco Minimal Essential Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum (FBS). Both cell culture media were 

added with 1% penicillin-streptomycin (Gibco™) and 1% Fungiezone (Amphotericin 

B, HyClone™) antibiotics, 1% L-glutamine (Thermo Fisher®). During the culture 

period, cells were incubated at 37°C in a humidified atmosphere of 5% CO2, and the 

medium was replaced every 2 days. MC3T3-E1 confluent cells were sub-cultured 

through trypsinisation, with Gibco™ Trypsin-EDTA (0.5%). MC3T3-E1 osteoblasts 

and RAW264-7 macrophages were seeded in 96-well culture plates at a cell density 

of 1x104 cells per well for 24 hours. Then, both cell types were stimulated with 

HMGB1 (Recombinant Human HMGB1 Protein, R&D Systems, #1690-HMB-050) or 

LPS (Escherichia coli 0111:B4) as positive control. Additionally, one triplicate of each 

cell type was treated with a RAGE antagonist (RAP, Calbiochem, #553031) 10 

minutes after HMGB1 addition. For MC3T3-E1 treatments were used 4µg/mL of LPS, 

2 µg/mL of HMGB1 or 2 µg/mL of HMGB1+10 µM of RAP.  For RAW264-7 

treatments were used 8µg/mL of LPS, 1 µg/mL of HMGB1 or 1 µg/mL of HMGB1+40 

µM of RAP. After 48h of treatment, the supernatants of MC3T3-E1 and RAW 264.7 

cells were collected and then treated with protease inhibitor cocktail (cOmplete™, 

Sigma-Aldrich, #04693159001). The samples were subsequently analyzed by ELISA 

multiplex assays.  

Cell secretion assays. The supernatants of MC3T3-E1 and RAW 264.7 cells were 

collected after all mentioned treatments and then treated with protease inhibitor 

cocktail (cOmplete™, Sigma-Aldrich, #04693159001). Subsequently, the 

supernatants were concentrated 5x using AMICON centrifugal filters units (3K) 

(Merck Millipore, MerckMillipore, Billerica, MA, USA). The average of protein 
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concentration was 1µg/µL. The cell response was evaluated by assaying the 

secreted concentration for a mouse inflammatory custom plate (MCYTOMAG 70K, 

MerckMillipore, Billerica, MA, USA) containing: IL6, TNFalpha, MCP1 (CCL2), 

RANTES (CCL5), VEGFa and LIX (IL8). The ELISA Multiplex assays were performed 

according to the manufacturer´s recommendations (MerckMillipore, Billerica, MA, 

USA). 

Animals. Seventy five male wild-type mice (C57Bl/6) (10 weeks old, 25g of weight in 

average) were used in this study. The animals were bred in the animal facilities of 

University of Sao Paulo, School of Dentistry of Bauru (FOB/USP) and cared 

according the recommendations in the Guide for the Care and Use of Laboratory 

Animals of the National Institutes of Health[38]. Fifteen animals were used for very 

early experimental periods for kinetics of inflammatory cell migration on Ti-discs 

surface, considering 3 animals for each early time point post Ti-disc implantation (0 

and 5min, 4, 24 and 48 hours), with no additional treatment.  Sixty animals were used 

for analysis of host response to Ti-disc implantation at 3, 7 and 14 days and were 

distributed into 4 groups, containing 5 animals for each experimental period and 

group. Groups were divided according to each treatment: Control [with no treatment]; 

Vehicle [IP injection of 1.5% DMSO solution]; IP injection of Glycyrrhizic Acid (GZA, 

Sigma Aldrich) at a dosage of 200mg/Kg/day for HMGB1 inhibition [39]; or IP 

injection of RAGE antagonistic peptide (RAP, Merck Millipore, USA)  at dosage of 

4mg/Kg/day [17]. Vehicle or drugs were administered one day before the surgical 

procedure and were given until the end of experimental periods.  The experimental 

protocol was approved by the local Institutional Committee for Animal Care and Use 

(#012/2014).  

Animal experimentation protocol. For Ti implantation on subcutaneous tissue, mice 

were given intramuscular administration of 80 mg/kg of ketamine chloride (Dopalen®, 

Agribrands Brasil LTDA, Paulínia, SP, Brazil) and 160 mg/kg of xylazine chloride 

(Anasedan®, Agribrands Brasil LTDA, Paulínia, SP, Brazil) in the proportion 1:1, in 

order to provide anesthesia. Then, a longitudinal dermal incision was performed in 

the back of the animals, and a Ti-disc was implanted in each side. Immediately 

bellow Ti implantation, pockets were left empty for a sham sample, while the control 

region remained intact. Ti discs containing the surrounding tissues, as well sham and 

control samples were collected from the left side for microscopy 

(imunohistochemistry, H&E staining and collagen birefringence) and from the right 
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side for molecular analysis (ELISA assays and RealTimePCRarray analysis). 

Samples collected for microscopic analysis were fixed in PBS-buffered formalin 

(10%) solution (pH 7.2) for 24h at RT, then washed over-night in running water and 

processed for routine histology. Samples collected for molecular analysis were first 

rubbed on protein saver cards (Whatman®, Millipore Sigma, Darmstadt, Germany) 

for following ELISA assays of proteins adsorbed on Ti surface and the tissue 

surrounding the Ti was stored in RNAlater (Ambion, Austin, TX, USA) solutions for 

RealTimePCRarray [40]. 

In vivo DAMP adsorption assays. Ti-discs retrieved with surrounding tissues and 

the protein layer, as well the provisional matrix formed on Ti-disc surfaces, were 

absorbed onto five circles on Protein Saver cards (Whatman 903  Filter Protein Saver 

Cards, GE Healthcare Bio-Science Corp.; Whatman Biohazard). It was used one 

protein card, containing five circles/spots for sample collection, for each sample. The 

spots on the Protein Saver cards were dried overnight and storage at room 

temperature in foil barrier ziploc bags, following manufacture recommendations. 

Subsequently, the five spots from the cards impregnated with proteins were added to 

24 wells plate containing 100-300 µl PBS-Tween and enzyme inhibitor (cOmplete™, 

Sigma-Aldrich, #04693159001). The plate was incubated at room temperature for 

24hours on a rotary shaker to elute 100uL of samples from the spots. ELISA for 

DAMPs detection was performed according to the protocol recommended by the 

manufacturer, using a pool of five spots from each mice and the following kits 

(HMGB1 - LSBio, LifeSpan #LS-F4040; HSP60 - LSBio, LifeSpan #LS-F11128, 

HSP70 - R&DSystems #DYC1663E, Fibronectin - LSBio, LifeSpan, #LS-

F3999,Biglycan - LSBio, LifeSpan #LS-F15938, S100A9 – LSBio, LifeSpan 

BioSciences #LS-F6833). The results were expressed as mean values ± standard 

deviation nanogram (ng) of protein per milligram of tissue, and represent values of 

duplicates of each sample obtained in two independent experiments.  

Immunohistochemistry of subcutaneous tissue. After specimen’s fixation with 4% 

paraformaldehyde, the Ti-discs from early time point (0 and 5min, 4, 24 and 48 

hours) were removed from original implantation sites and the tissues were embedded 

in paraffin for sectioning at 4µm of thickness. Additionally, specimens from intact 

subcutaneous tissue were sectioned for a control. Three semi-serial sections 

(technical replicate) of each biological replicate were used for individual 

immunodetection of  Ly6g-GR1 (sc-168490), F4/80 (a pan marker for murine 
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macrophages, sc-26642), CD80 (M1 macrophage, sc-376012) and CD206 (M2 

macrophage, sc-34577), all primary antibodies  purchased from Santa Cruz 

Biotechnology (Santa Cruz Biotechnology, Santa Cruz, CA, USA). 

Immunohistochemistry protocol was performed as previously described [40]. Briefly, 

histological sections were rehydrated and retrieved the antigens by boiling the 

histological slides in 10mM sodium citrate buffer pH6 for 30 minutes at 300°C. 

Subsequently, the sections were pre-incubated with 3% Hydrogen Peroxidase Block 

(Spring Bioscience Corporation, CA, USA) and subsequently incubated with 7% 

NFDM to block serum proteins. All primary antibodies were diluted at 1:100 in diluent 

solution for 1 hour at room temperature. Universal immuno-enzyme polymer method 

was used and sections were incubated in immunohistochemical staining reagent for 

30 min at room temperature. The identification of antigen–antibody reaction was 

performed using 3-3'-diaminobenzidine (DAB) and counterstaining with Mayer's 

hematoxylin. Positive controls were performed by using mouse spleen for F4/80, 

CD80 and CD206 macrophages while Ly6g-Gr1+ were directly visualized in the 

inflamed tissues post surgical trauma.  

Quantification of immunolabeled inflammatory cells. The analysis of 

immunolabeled cells (Gr1, F4/80, CD80, CD206) was performed by a single 

calibrated investigator using a 100x magnification, considering eight histological fields 

per section, comprising subcutaneous tissue surrounding the Ti-disc. Briefly, at least 

three samples (biological replicate) for each experimental period and strains were 

used for quantitative analysis and a total of 3 sections of each biological replicate 

were quantified. A grid image was superimposed on the histological 

photomicrographs, with 10 parallel lines and 100 points in a quadrangular area, by 

using Image J software (Version 1.51, National Institutes of Health, Bethesda, MD, 

USA). Only the points coincident with the immunolabeled cells were considered in 

cell counting and the mean for each section was obtained for statistical analysis. 

Histological processing and staining. After 3, 7 and 14 days post Ti-disc 

implantation in control and all experimental groups (Vehicle, GZA and RAP), 

specimens were collected and fixed with 4% paraformaldehyde. After fixation, Ti-

discs were removed from original implantation sites and the tissues were embedded 

in paraffin for sectioning at 4µm of thickness, following standardized procedures. 

Seven semi-serial sections (technical replicate) of each implanted area were stained 
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with hematoxylin-eosin (H&E) and four semi-serial (technical replicate) sections were 

stained with picrosirius red for subsequent birefringence analysis. 

Histomorphometry. Eight histological fields per H&E stained section, comprising the 

region adjacent to the Ti-disc space were observed using a 100× immersion 

objective. Images from each histological field were captured with a Leica Imaging 

Software (LAX, Leica Microsystems Wetzlar GmbH, Wetzlar, Germany). A grid image 

was superimposed on the histological photomicrography, with 10 parallel lines and 

100 points in a quadrangular area, by using Image J software (Version 1.51, National 

Institutes of Health, Bethesda, MD, USA) and the structures involving inflammatory 

and healing process surrounding the Ti-disc space (presence of blood clot, 

inflammatory cells, fibers, fibroblasts and blood vessels) were quantified. Only the 

points coincident with each structure were considered in the histomorphometry and 

the mean for each section was obtained for statistical analysis. 

Birefringence analysis. Four histological fields picrosirius red sections were 

analyzed at 40x magnification through polarizing lens coupled to a binocular inverted 

microscope (Leica DM IRB/E, Leica Microsystems Wetzlar GmbH, Wetzlar, 

Germany) and images were captured with a Leica Imaging Software (LAX, Leica 

Microsystems Wetzlar GmbH, Wetzlar, Germany), as previously described [40]. 

Images from each field were captured and the measurements of each color spectrum 

(for green, yellow and red) for birefringent fibers were obtained using the software 

AxioVision 4.8 (Carl Zeiss Microscopy GmbH, Jena, Germany). Amount of each color 

pixels2 equivalent to the total area of each histological field was calculated and used 

in statistical analysis 

Gene expression patterns of host response to Ti-disc implantation. 

Subcutaneous samples tissue of C57Bl/6 mice was retrieved after 3, 7 and 14 days 

post Ti-disc implantation of different experimental groups, weighed and 

homogenized. The extraction of total RNA from Ti-discs implantation sites into 

subcutaneous was performed with RNeasyFFPE kit (Qiagen Inc, Valencia, CA, USA) 

according to manufacturers' instructions. The integrity of RNA samples was checked 

by analyzing 1 mg of total RNA on 2100Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA) according to manufacturers' instructions. Then, the complementary 

DNA was synthesized with 3 µg of RNA through a reverse transcription reaction 

(Superscript III, Invitrogen Corporation, Carlsbad, CA, USA). Viia7 instrument 

(LifeTechnologies, Carlsbad, CA, USA) was used for running the Real-time PCR 
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array plates, by using customized panels for "wound healing" (PAMM-121) and 

"inflammatory cytokines and receptors" (PAMM-011) for gene expression profiling. 

Subsequently, data were analyzed by RT2 Profiler PCR Array Data Analysis online 

software (SABiosciences, Frederick, MD, USA) for normalizing the initial geometric 

mean of three constitutive genes (GAPDH, ACTB, Hprt1), following normalizing the 

control group. Data were expressed as heat map fold change relative to the control 

group.  

Statistical analysis. The statistical analysis was performed considering One-Way 

Analysis of variance (ANOVA) followed by Bonferroni's multiple comparison post-hoc 

test or student's t-test where applicable. For data which have not been in the 

distribution of normality Kruskal-Wallis test (followed by Dunn's test) and Mann-

Whitney test were used The statistical significance of the experiment involving PCR 

Array was evaluated by the Mann-Whitney test, and the values tested for correction 

of Benjamini and Hochberg[41]. Values of p<0.05 were considered statistically 

significant. All statistical tests were performed with GraphPad Prism 5.0 software 

(GraphPad Software Inc., San Diego, CA, USA).  

 

RESULTS AND DISCUSSION 

Presence of DAMPs on Ti/host interface post subcutaneous Ti implantation 

Our analysis confirmed that DAMPs characteristically released by cells 

(HMGB1, HSP60, HSP70, S100A9) and derived from ECM (Fibronectin and 

Biglycan) are found on Ti/host interface, mainly at very early periods post Ti 

implantation or post surgical trauma (Sham) (Figure 1). Importantly, HMGB1, 

S100A9, Biglycan and Fibronectin were similarly detected in both, Ti and Sham, 

demonstrating that the presence of Ti as a biomaterial in the surgical site does not 

cause the DAMPs release by itself. Indeed, such DAMPs are described to be 

released by different cell types after damage/stress [15] and from EMC [16]. 

Also, this result demonstrates that DAMPs are supposed to be adsorbed on Ti 

surface, constituting the protein layer with other molecules already described, such 

as blood proteins [42, 43]. 

DAMPs significantly decrease at day 7, as also demonstrated in the sham 

group. Thus, in regenerative conditions, DAMPs are present mainly in the initial 

inflammatory stages. As suggested by previous studies, this early host response to 

the biomaterial is activated by the contact of inflammatory cells and blood 
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components (coagulation proteins system and complement fragments) with exposed 

extracellular matrix proteins, as well the biomaterial surface by itself [1]. 

 

Role of HMGB1 and RAGE on MC3T3-E1 osteoblasts and RAW 264-7 

macrophage cytokines and growth factors production.  

When DAMPs are released in the tissue, these molecules bind in specific 

receptors on cells, such as TLR4 or RAGE, triggering the cellular/tissue/host 

response, which include the upregulation of pro-inflammatory cytokines, such as IL-6 

and TNFα [12, 44]. Since macrophages and osteoblasts are the key players on Ti-

mediated osseointegration, we evaluated the in vitro response of MC3T3-E1 

osteoblasts and RAW-264.7 macrophages treated with HMGB1 (Figure 2). 

Importantly, these two cell lineages have been used for in vitro studies on 

osseointegration [45]. Additionally, an experimental group for both cell cultures was 

treated with RAP, an antagonist for RAGE, and after 10 minutes of RAP treatment, 

cells were treated with HMGB1. RAGE constitutes the prototypical receptor for 

HMGB1 and other DAMPs, such as S100A9, but not for PAMPs [15]. LPS was used 

as a positive control, since is a PAMP and can trigger a strong inflammatory 

response by binding in TLR4 [15].  

The response of both cell types, MC3T3-E1 osteoblasts and RAW-264.7 

macrophages was observed by the production of pro-inflammatory mediators (IL-6, 

CCL5, TNF-α), as well the growth factor VEGFa (Figure 2AB). CCL5 is a chemokine 

involved with macrophage recruitment to the chronic inflammation and has been 

positively correlated with high levels of M1-inflammatory macrophages markers (IL-6 

and TNF-α) and macrophage survival in chronic inflammation [46]. Considering 

VEGF, besides its role as an angiogenic growth factor, it has also been supposed 

that it enhances osteoblasts differentiation and bone formation [47], as well as it 

induces M1 macrophages to shift to an M2 reparative phenotype [48].  

In the present article, LPS induced high levels of IL6 and CCL5 by osteoblasts 

(Figure 2A), as expected by the activation of NFkB via TLR-MyD88-dependent 

mechanism [49]. Interestingly, HMBG1 it is also supposed to trigger an inflammatory 

response by treated cells, but in our results the stimulation of osteoblasts by HMGB1 

did not induce increased levels of IL6 or CCL5. As previously observed, HMGB1 can 

cross-link TLR with another intracellular complex (CD24-Siglec G/10), which 

consequently brings SHP-1 to the signaling complex and inhibits NFkB activation; 
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thus, the immune system can be differently activated by PAMPs and DAMPs, even 

using the same  PRRs [33]. Additionally, HMGB1 can activates other receptors which 

are not common for PAMPs, such as RAGE and CXCR4 [11].  In our results, the 

inhibition of RAGE completely abolished the CCL5 production by osteoblasts, 

evidencing the role of  RAGE as a critical receptor for HMBG1 osteoblasts mediated 

responses   [50] . 

Considering the response of RAW264-7 macrophages, their activation with 

LPS increased the levels of IL6 and TNF-α compared to the control (Figure 2B). On 

the other hand, the stimulation with HMGB1 significantly increased the secretion of 

VEGFa. Additionally, RAGE antagonism significantly abolished the HMGB1-induced 

VEGF production by RAW264-7 macrophages. Since RAW264-7 is a cell line and not 

a primary culture, it is not possible to determine a state of M1/M2 polarization. 

However, the higher levels of HMGB1-induced VEGF, probably mediated by 

HMGB1/RAGE axis, indicate a potential contribution of this HMGB1 in the early 

stages of granulation tissue formation along tissue repair. Accordingly, it has been 

demonstrated that HMGB1 can significantly increase the VEGF production by M2-

polarized macrophages via RAGE [36], also evidencing the importance of RAGE in 

macrophage responses and sterile inflammation.  

 

Involvement of DAMPs on host response after subcutaneous Ti implantation  

The inflammatory cell recruitment into the Ti disc could be triggered by the 

presence of DAMPs, also present in the Ti/host interface, such as HMGB1, S100A9, 

Fibronectin and Biglycan. 

Considering the inflammatory cells recruited to the Ti-implantation sites, we 

evaluated the kinetics of GR1+, F4/80+, CD206+ and CD80+ cells migration along 

0min, 5min, 4h, 24h, 48h, 72h and 7 days post implantation (the same stages 

involving protein layer formation and maturation) (Figure 3AB).   Our study 

demonstrated migration of GR1+ cells with a peak at 48hours post Ti implantation 

and was drastically reduced by 3 to 7 days.  In this context, GR1+ cells are mainly 

constituted by neutrophils, which are the first inflammatory cells recruited from 

adjacent blood vessels to the implantation site [1], followed by a sequence of events 

involving macrophages and other inflammatory cells. Accordingly, the cell number of 

F4/80+ macrophages peaked at 72hours post Ti-disc implantation, gradually 

decreasing at 7 days. 
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Macrophages are the major cells for determining biomaterial healing outcomes 

[51, 52], because of the range of biologically active mediators they are able to 

produce [30] and also because they determine the fate of functional or non-functional 

biomaterial incorporation [53, 54]. Indeed, macrophages are extremely plastic cells 

[30]; depending on the nature and balance of signalling molecules present in the 

microenvironment, they can reprogram their phenotypes toward a proinflammatory 

M1 profile or M2 profile. As mentioned, M1 pro-inflammatory macrophages is 

characterized by increased production of pro-inflammatory markers  (TNF-α, IL-1, IL-

6, IL-12, IL-23, IL17, INFγ), the expression of inducible NO synthase (iNOS), as well 

as surface markers, such as CD80/86. On the other hand, the cytokine profile for M2 

anti-inflammatory macrophages includes increased production of IL-4, IL-10, TGFβ, 

VEGFa production, as well as expression of CD206, CD163, Arginase 1 (ARG1) [55]. 

These differential profiles are currently used as a tool to identify the distinctive 

macrophage population in tissue specimens [51, 56]. Importantly, the balance of 

macrophages quantities and states of polarization around implanted biomaterials is 

essential for determining a ‘constructive’ inflammatory and remodeling response or a 

persistent/foreign body response [51, 57].  

In our results, while the CD80+ cells (suggested M1-phenotype) gradually 

decrease at 7 days, the CD206+ cells (suggested M2-phenotype) show a tendency of 

increasing along 3 and 7 days (Figure 3B) Interestingly, the mRNA levels of ARG1 (a 

M2 marker), as well IL10 and TGFβ, were significantly higher around Ti samples at 7 

and 21days, compared to Sham group. These upregulation confirm the hypothesis of 

Ti as an immunomodulatory biomaterial, inducing a predominant M2-Type response 

along the resolution of inflammation [58, 59] (Figure 4). 

Several growth factors (EGF, FGF1, FGF2, FGF3, FGF7, VGFa, TFGβ) and 

immunological markers (IL6, IL10, TNF, iNOS, ARG1, CXCL10, CXCL11, CXCL12) 

were positively regulated in the subcutaneous tissue repair in Ti and Sham samples 

compared to the  control samples, evidencing their role along tissue healing. The 

molecules TGFβ, FGF1, FGF2 and VEGFa in Ti compared to the Sham samples. 

Indeed, TGFβ and FGFs are mainly related to regulation of cell proliferation and 

wound healing, while VEGFa contributes to the blood vessel development [45], 

reinforcing the beneficial role of Ti in mediating host response compared to sham 

group (Figure 4).   
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Host response kinetics to Ti-disc implantation disc under inhibition of HMGB1 

(GZA 200mg/Kg/day) or RAGE (RAP 4mg/Kg/day). 

After confirming the presence of DAMPs on Ti/host interface and their possible 

role on the modulation of M1/M2 macrophages, we next evaluated the host response 

post Ti-disc implantation under inhibition of HMGB1 or under the antagonism of 

RAGE. The subcutaneous tissue repair was evaluated at 3, 7 and 14 days post Ti-

disc implantation by means of H&E description and histomorphometry (Figure 5), and 

birefringence (Figure 6). Molecular assays revealed target genes upregulated from 

pooled samples (Figure 7) and immunohistochemistry was performed to observe the 

impact of HMGB1 or RAGE inhibition on inflammatory cells. Besides the control 

group (animals with no treatment), mice were distributed into 3 experimental groups: 

Vehicle [IP injection of 1.5% DMSO solution]; IP injection of Glycyrrhizic Acid (GZA, 

Sigma Aldrich) at a dosage of 200mg/Kg/day for HMGB1 inhibition [39]; or IP 

injection of RAGE antagonistic peptide (RAP, Merck Millipore, USA)  at dosage of 

4mg/Kg/day [17]. All treatments were performed one day before the surgical Ti-disc 

implantation and were given until the end of experimental periods.  

Control and vehicle treated mice showed a suitable blood clot formation and a 

slight inflammatory infiltrate at 3 days, followed by a dense connective tissue 

formation, containing fibroblasts and negligible quantities of inflammatory cells 

surrounding region of Ti-disc implantation at 14 days (Figure 5). Also, birefringence 

analysis revealed a yellow/red spectrum of collagen fibers surrounding the Ti at 14 

days, consistent with an upregulation of Col1a2 and Col2a1 in Ti Control samples.  

In parallel and in agreement with these microscopic results on Ti control, 

growth factors involved in cell proliferation (FGF1, FGF2, FGF3, TGFb1, EGF) and 

angiogenesis (VEGFa,b) [60-62]  were significantly up-regulated in the Ti Control 

group compared to the endogenous control (Figure 7). Consistently, connective 

tissue growth factor (CTGF), integrins (ITGA-2,4,5) and vitronectin (VTN) are 

involved with cell adhesion and migration [60, 63]. Additionally, SERPINE 1, a 

molecule positively associated with cell adhesion and migration [60], was also up-

regulated in the Ti control samples.  

It is known that all these markers are positively related with tissue repair, and 

are in balance with ECM remodeling markers expression [40, 60, 62, 64] and 

cytokines [62].  Indeed, tissue healing and maturation of the ECM was also 

evidenced in Ti control by a high upregulation of ECM remodeling markers, such as 
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the matrix metalloproteinases (MMP1a, MMP2, MMP9) and their tissue inhibitors 

TIMPs (TIMP1, TIMP3), as well the protease cathepsin G (CTSG). Among the 

upregulated cytokines in Ti control samples, IL1β, IL6, TNF are up regulated in the 

inflammatory phase of healing [62], while IL10 contributes to the resolution of 

inflammation [65]. Also, CXCL10 and CXCL11 contribute to leucocytes recruitment, 

while CXCL12 is also related to angiogenesis, reepithelialization and MSC 

proliferation [62].  

Importantly, the inhibition of HMGB1 by GZA treatment caused a disruption of blood 

clot formation at 3 days (arrow, Figure 5) and a persistence of blood clot and a 

decreased area density of blood vessels around Ti disc implantation at 7 days 

(Figure 5). Indeed, the HMGB1 is important to promote coagulation in vivo [20]. 

  Similarly, both treatments, the inhibition of HMGB1 and the antagonism of 

RAGE, impaired the host response to the Ti disc by a decreased collagen fiber 

formation compared to the control and vehicle, but with no negative effects in the 

amount of fibroblasts (Figure 5,6).These results were compatible with decreased 

molecular analysis (Figure 7). Growth factors involved in cell proliferation, mainly for 

FGF family, were up regulated in GZA and RAP, such as in the Control group, while 

several ECM formation (Col1a2, Col2a1) and remodeling markers (MMP1a, MMP2, 

MMP9, , TIMP1, TIMP3, CTSG) were down regulated GZA and RAP compared to the 

control. Importantly, GZA and RAP group presented a downregulation of molecules 

involved in cell adhesion and migration (CTGF, VTN, ITGA2, ITGA4, ITGA5). All 

together, these results indicate a role of HMGB1 and RAGE on fibroblasts migration, 

differentiation and matrix deposition along tissue repair surrounding a classic 

biomaterial. Indeed, other studies have confirmed that HMGB1 is involved in MSCs 

migration, proliferation and differentiation [25], as well proliferation and collagen 

synthesis by osteoblasts [26, 27, 66], and some of these effects on MSCs have been 

related to the RAGE activation [66]. Also, the administration of RAP at the same 

dosage in this present study (4mg/Kg/day), significantly inhibit the cell migration in a 

subcutaneous model of tumor growth in mice and blocked NFκB activity induced by 

DAMPs, such as S100 and HMGB1  [17]. Despite of the differences and purposes 

between the cited study and the present study, it is clear that RAGE has an important 

role in triggering cell response mediated by DAMPs. 

Despite of supposed effects of HMGB1 and RAGE on somatic cells 

(fibroblasts and MSCs), it is important to consider that HMGB1, such as other 
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DAMPs (S100A and fibronectin), were mainly detected at early phase post Ti disc 

implantation (1 day and 3 days) in this study, and can be responsible for triggering 

the inflammation (Figure 2).  

Thus, the reduced tissue repair in GZA and RAP could be mainly associated 

with an ineffective inflammatory response caused by the inhibition of inflammatory 

signals induced by HMGB1 and RAGE. Definitely, the molecular analysis 

demonstrated a downregulation of chemokines (CXCL10, CXCL11) and pro-

inflammatory cytokines (TNFα, IL6, IL1β). These results suggest that, HMGB1 and 

RAGE can play a role in triggering inflammation and leucocytes recruitment. In 

accordance with these results, the immuhistochemistry of GZA and RAP group also 

confirmed a drastic reduction of GR1+ cells and macrophages (F4/80+ cells, CD80+ 

cells, CD206+ cells) migration towards the implantation sites at 3 days post Ti 

implantation. 

Finally, ARG1 (a marker for M2 macrophages) was upregulated in Ti control 

samples and downregulated in GZA and RAP. Considering the concept of 

constructive inflammatory environment, HMGB1 and RAGE seem to be involved with 

macrophage recruitment and their polarization states during the healing surrounding 

the biomaterial. In fact, the early stage of the host response around highly 

biocompatible biomaterials is mainly coordinate by immune/inflammatory cells and 

their mediators, when most of those cells are M1-macrophages, which efficiently 

switch from M1 to M2 phenotype along initial periods of inflammatory response, 

resulting in a suitable tissue repair [67].  

Conclusion 

In conclusion, this study demonstrated that different DAMPs from cellular 
(HMGB1, HSP60, HSP70, S100A9) and ECM (Fibronectin and Biglycan) origin are 
released at Ti implantation sites, and adhere to Ti surface. Importantly, HMGB1 and 
RAGE influence the host inflammatory immune response post biomaterial 
implantation in mice, and the blockade of both molecules negatively affect the 
subcutaneous tissue repair surrounding Ti discs. 
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FIGURES AND LEGENDS 

 

Figure 1. Protein concentrations from MC3T3-E1 and RAW 264-7 cells treated with 
HMGB1 in presence or absence of RAGE antagonist. A) VEGFa, IL-6 and CCL5 protein 
concentrations were analyzed from supernatant of MC3T3 cells using ELISA multiplex assay. 
B) VEGFa, IL-6 and TNFα protein concentrations were analyzed from supernatant of 
RAW264.7 cells using ELISA multiplex assay. Briefly, MC3T3-E1 or RAW 264.7 cells were 
seeded in 96-well culture plates at a cell density of 1x104 cells/well for 24 hour until treatment 
with LPS (positive control), HMGB1 or HMGB1+RAP. The supernatant were collected after 
48h of treatment. Columns = triplicates from 3 independent experiments; bars, ±SD. *p < 0.05 
vs Control. 
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Figure 2. DAMPs adsorption on Ti/host interface and in the inflammatory exudates 
post subcutaneous Ti implantation. Ti-discs were retrieved from subcutaneous tissue of 
C57Bl/6 mice after 1d, 3d, 7d and 14d post implantation. Surrounding tissues and the protein 
layer Ti-disc samples were absorbed onto five circles on Protein Saver cards (Whatman 903  
Filter Protein Saver Cards, GE Healthcare Bio-Science Corp.; Whatman Biohazard). Sham 
samples were submitted to the same treatment and were used for comparison. After elution 
and treatment of proteins, ELISA for DAMPs detection was performed according to the  
manufacturer, using a pool of five spots from each mice and the following kits (HMGB1 - 
LSBio, LifeSpan #LS-F4040; HSP60 - LSBio, LifeSpan #LS-F11128, HSP70 - R&DSystems 
#DYC1663E, Fibronectin - LSBio, LifeSpan, #LS-F3999,Biglycan - LSBio, LifeSpan #LS-
F15938, S100A9 – LSBio, LifeSpan BioSciences #LS-F6833). The results were expressed 
as mean values ± standard deviation nanogram (ng) of protein per milligram of tissue, and 
represent values of duplicates of each sample obtained in two independent experiments. 
Different letters indicate significant differences in each time point (p<0.05) 
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Figure 3. Inflammatory cells recruited to the Ti disc implantation sites in early periods 
post Ti implantation in subcutaneous tissue of C57Bl/6 mice. Mice received Ti-disc 
implantation in the subcutaneous tissue and were divided into 7 early experimental periods: 
0min, 5min, 4h, 24h, 48h, 72h and 7 days. (A) Representative sections from subcutaneous 
tissue surrounding the Ti disc at 72 hours post Ti disc implantation with immunolabeling for 
GR1+, F4/80+, CD80+ and CD206+ cells (40x magnification). (B) Quantitative analysis of 
GR1+, F4/80+, CD80+ and CD206+ cells post Ti disc implantation. Results are presented as 
mean and SD. 
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Figure 4. Kinetics of gene expression patterns post subcutaneous Ti disc implantation 
in C57Bl/6 mice. Mice received Ti-disc implantation in the subcutaneous tissue and were 
divided into 3 experimental periods: 3d, 7d and 14d. Immediately down from Ti implantation, 
pockets were left empty for a sham sample, while the control region remained intact. Ti discs 
containing the surrounding tissues, as well sham and control samples were collected in 
RNAlater solution (Ambion, Austin, TX, USA) and then homogenized for extraction of total 
RNA according to manufacturers' instructions ( RNeasyFFPE kit, Qiagen Inc, Valencia, CA, 
USA). Gene expression was performed  by using exploratory analysis by RealTimePCR 
array, with the VIA7 system (Applied Biosystems, Warrington, UK) and a customized 
qPCRarray comprised of the major targets (Inflammatory Cytokines & Receptors and Wound 
Healing panels) of the PCRarrayRT2 Profiler (SABiosciences/QIAGEN).  
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Figure 5. Histophatological and histomorphometric analysis of subcutaneous tissue 
post implantation of Ti-disc in C57Bl/6 mice treated with HMGB1 inhibitor or RAGE 
antagonist.  Mice received Ti-disc implantation in the subcutaneous tissue and were divided 
in according to each treatment: Control (C group, with no treatment); Vehicle (1.5% DMSO 
solution); Glycyrrhizic Acid at a dosage of 200mg/Kg/day (GZA group); or RAGE antagonistic 
peptide at dosage of 4mg/Kg/day (RAP group). Vehicle or drugs were administered one day 
before the surgical procedure and were given until the end of experimental periods (3d, 7d 
and 14d). (A) Comparative morphology of the healing phases post Ti disc implantation for 
each group, stained with H&E (40 x magnification). (B) Results from histomorphometry of 
healing parameters (blood clot, inflammatory cells, fibroblasts, fibers and blood vessels) are 
presented as the mean of area density for each structure measured in each examined group. 
Symbols indicates a statistically significant difference (p<0.05) between experimental groups 
(GZA and RAP) vs Control* and experimental groups vs Vehicle# at the same time point. 
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Figure 6. Birefringence analysis of collagen fibers post Ti-disc implantation in C57Bl/6 
mice treated with HMGB1 inhibitor or RAGE antagonist. Mice received Ti-disc 
implantation in the subcutaneous tissue and were divided in according to each treatment: 
Control (C group, with no treatment); Vehicle (1.5% DMSO solution); Glycyrrhizic Acid at a 
dosage of 200mg/Kg/day (GZA group); or RAGE antagonistic peptide at dosage of 
4mg/Kg/day (RAP group). Vehicle or drugs were administered one day before the surgical 
procedure and were given until the end of experimental periods (3d, 7d and 14d). (A) 
Representative sections from subcutaneous tissue surrounding Ti implantation space at 14 
days post Ti implantation. Staining: Picrosirius red upon polarized (20x magnification). Green 
birefringence color indicates thin fibers, while yellow and red colors indicate thick collagen 
fibers. (B) Intensity of birefringence performed using image-analysis software (AxioVision, v. 
4.8, CarlZeiss) for total area of collagen fibers (pixels 2) and (C) from each color spectrum. 
Results are presented as mean and SD of pixels2. Symbols indicates a statistically 
significant difference (p<0.05) between experimental groups (GZA and RAP) vs Control* and 
experimental groups vs Vehicle# at the same time point. 

 



2 Articles 
79

 

Figure 7. Gene expression patterns post subcutaneous Ti disc implantation in C57Bl/6 
mice treated with HMGB1 inhibitor or RAGE antagonist. Mice received Ti-disc 
implantation in the subcutaneous tissue and were divided in according to each treatment: 
Control (C group, with no treatment); Glycyrrhizic Acid at a dosage of 200mg/Kg/day (GZA 
group); or RAGE antagonistic peptide at dosage of 4mg/Kg/day (RAP group). Subcutaneous 
tissue samples were removed at 3, 7 and 14 days post Ti implantation and a pool of samples 
from all the experimental time periods in each experimental group was used for a gene 
expression pattern analysis. Samples of subcutaneous tissue without surgery were used as 
control. Gene expression was performed  by using exploratory analysis by RealTimePCR 
array, with the VIA7 system (Applied Biosystems, Warrington, UK) and a customized 
qPCRarray comprised of the major targets (Inflammatory Cytokines & Receptors and Wound 
Healing panels) of the PCRarrayRT2 Profiler (SABiosciences/QIAGEN). Results are depicted 
as the fold increase change (and the standard deviation) in mRNA expression from triplicate 
measurements in relation to the control samples and normalized by internal housekeeping 
genes (GAPDH, HPRT, β-actin). 
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Figure 8. Inflammatory cells recruited to the Ti disc implantation sites in C57Bl/6 mice 
treated with HMGB1 inhibitor or RAGE antagonist.  Mice received Ti-disc implantation in 
the subcutaneous tissue and were divided in according to each treatment: Control (C group, 
with no treatment); Vehicle (1.5% DMSO solution); Glycyrrhizic Acid at a dosage of 
200mg/Kg/day (GZA group); or RAGE antagonistic peptide at dosage of 4mg/Kg/day (RAP 
group). Vehicle or drugs were administered one day before the surgical procedure and were 
given until the end of experimental periods (3d, 7d and 14d). Quantitative analysis of GR1+, 
F4/80+, CD80+cells, CD206+ cells was performed for each group at days 3, 7 and 14 days 
post Ti implantation. Different letters indicate significant differences in each time point 
(p<0.05); symbol * indicate significant differences between experimental groups (GZA and 
RAP) vs control at the same time point. Results are presented as mean and SD. 
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2.3  ARTICLE 3 – HGMB1 and RAGE mediates Ti oral osseointegration in C57Bl/6 

mice.  Acta biomaterialia. 

 

Abstract.  

The releasing of HMGB1 into extracellular environment and its binding with RAGE 
has been implicated with several cellular effects which are important for triggering 
inflammation and regulating healing outcomes. While several studies have identified 
HMBG1/RAGE signaling effects in different tissues and by distinct approaches, 
mainly considering inflammatory diseases, their role on osseointegration remains 
unexplored. Aim: In this study, we investigated the effects of HMGB1 or RAGE 
inhibition in the Ti-mediated osseointegration in C57Bl/6 mice. Material and 
Methods: C57Bl/6 mice received a Ti implant placement in the edentulous alveolar 
crest and peri-implant sites were evaluated by means microscopic and molecular 
analysis in different time points (3, 7, 14 and 21 days). According to each treatment, 
mice were divided into 4 groups: Control (with no treatment); Vehicle (IP% DMSO 
solution); GZA (IP injection of Glycyrrhizic Acid for HMGB1 inhibition); RAP (IP 
injection of RAGE antagonistic peptide). Results: Effectively, the inhibition of both 
HMGB1 and RAGE caused the impairment of Ti-mediated osseointegration in mice 
C57Bl/6 mice, affecting the dynamics of mineralized bone and organic matrix 
deposition. The administration of GZA significantly disrupted the blood clot formation, 
affecting fibrin network formation. Stages of osseointegration were marked by a slight 
inflammatory response at early time points, followed by a gradual bone apposition 
and matrix maturation in the C and Vehicle group. On the other, GZA and RAP 
treated mice presented a foreign body reaction (FBR) around Ti threads, with 
persistence of macrophages along experimental groups, as well FBGC and necrotic 
bone. C group presented a balance between M1 and M2-type response, with a 
higher expression of ARG1, IL10, TGFb, VEGFb, CXCL12 and several MSC 
markers. Conversely, the GZA and RAP group present a higher expression  pro-
inflammatory cytokines (IL1b, IL6, TNFα), chemokines (CCL5 and CXCL3), 
chemokine receptors (CCR2, CCR5) and  MMPs (MMP1a, MMP2, and MMP9). 
Finally, Col1a and a number of bone differentiation/remodelling markers were 
significantly up-regulated in C group compared to the RAP and GZA treated mice. 
Conclusions: This study demonstrated that HMGB1 and RAGE have a role in the 
osseointegration process, influencing the genesis and regulation of inflammatory 
immune response, which include the modulation of macrophages polarization state, 
MSC migration and differentiation in bone cells and consequent bone deposition.  
 
 

Keywords: DAMP. HMBG1. RAGE. Macrophages. Osseointegration. Titanium. 
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1. INTRODUCTION 

Ti-based devices are classically used in dentistry, due to its osseointegration 

capacity which is translated in a remarkable clinical success [1-3]. However, the 

understanding of molecular interactions at Ti/host interface which provides a 

beneficial equilibrium between immune/inflammatory response and subsequent bone 

apposition towards Ti surface remains unclear and constitute a delicate task in 

biomaterial science [3], mainly because of the limited tools available in this field.  

In this context, in a recent study of molecular and histological characterization 

of Ti mediated osseointegration in C57Bl/6 mice [4] a highly orchestrated and 

transient inflammation coordinating the early stages of osseointegration was 

demonstrated. Indeed, in the beginning of the osseointegration several bone healing 

[VEGFb, BMPs, ALP and Runx2] and inflammation-related molecules [TNF, IL6, IL1, 

CXCL3, CCL2, CCL5 and CXC3CL1]) are up-regulated, with a predominance of 

macrophage M2-type response.  The balance of M1 (pro-inflammatory) and/or M2 

(regenerative) macrophage polarization is suggested as a crucial step for determining 

the success or failure of biomaterial osseointegration [5-7]. Indeed, macrophages 

play regulatory functions by secreting a range of different mediators (chemokines, 

cytokines, enzymes and growth factors) in the inflammatory microenvironment, which 

consequently drives the intensity and duration of immune response, affecting the 

healing outcomes [7, 8].  

Macrophage polarization around biomaterial begins immediately after the 

biomaterial implantation, with biomaterial surface recognition and a transient 

polarization state, which are influenced by varying microenvironmental cues, some of 

which biomaterial-based [7]. In this way, it has been supposed that the type and the 

quantity of proteins adsorbed on biomaterial and influenced by its surface critically 

affects its recognition by macrophages and consequently influence the ratio of M1:M2 

polarized macrophages [7, 9].  

Considering the candidate proteins for adsorbing on Ti surface, it is known that 

the surgical trauma caused by the biomaterial placement results in a number of 

released proteins, which are from blood extravasations, but also proteins from 

necrotic cells and disrupted extracellular matrix, constituting a group of ‘danger 

signals’ called danger-associated molecular patterns (DAMPs) [10]. While blood 

exudates consist of platelets forming a fibrin-rich clot and serves as a depot for 
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cytokines and growth factors at host/biomaterial interface [10, 11], the role o DAMPs 

is still not described on osseointegration sites.  

DAMPs or ‘danger signals’ are a group of endogenous intracellular or 

extracellular molecules, which are released from their original sites into the 

microenvironment upon a breakage of tissue components caused by trauma or stress 

[12].  After their release from damage, DAMPs are recognized by a number of pattern 

recognition receptors (PRRs) primarily expressed on macrophages [8, 13, 14]. 

Among several DAMPs already described in the literature, the High Mobility Group 

Box 1 (HMGB1) is the prototypical and most well-studied HMG family protein and has 

been highly associated with the activation of inflammatory responses, but also with 

wound healing [15]. 

HMGB1 is a 30-kDa abundant non-histone nuclear protein and can also be 

secreted by activated macrophages or injured cells [15]. Either alone or associated 

with other molecules, HMGB1 can play pleiotropic functions by activating multiple 

receptors (TLR4 and TLR2, RAGE, CD24, Integrin/Mac1, TIM3, CXCR4) and 

consequently can generate different effects (cytokine and growth factors release, cell 

migration, angiogenesis and/or anti-inflammatory effects), depending on the context 

and intensity of immune/inflammatory response [15-17]. Among all receptors for 

HMGB1 binding, the most well established and studied is RAGE [18, 19] and 

constitute the major receptor for studying HMGB1 activities in rodent macrophages 

[20]. Importantly, the axis HMGB1/RAGE is related with several cellular effects which 

are important to inflammatory and healing outcomes, such as: neurovascular 

remodeling and recovery [21], induction of inflammatory response in endothelial cells 

[22], inhibition and protection of apoptosis in somatic cells [23], stimuli of muscle 

satellite cell for muscle regeneration  [24], RANKL-induced osteoclastogenesis [25] 

and angiogenesis by M2 macrophages [19] and endothelial cells [26]. Importantly, 

these previous studies have identified HMBG1/RAGE functions in different tissues 

and for distinct approaches, while their possible role on macrophages on biomaterial 

recognition and also in bone regenerative therapies remains non-explored. 

In this present study, we investigate the role of HMGB1 along Ti-mediated oral 

osseointegration in C57Bl/6 mice and its impact on macrophage responses, by 

means a cause-effect study of pharmacological inhibition of the HMGB1 or its 

cognate receptor RAGE.   
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2. MATERIALS AND METHODS 

2.1 Material preparation 

Titanium implant screws (titanium-6 aluminum-4 vanadium alloy, NTI-Kahla 

GmbH Rotary Dental Instruments, Kahla, Thüringen, Germany) of Ø 0.6 mm were cut 

at length of 1.5 mm and sterilized by autoclaving before surgical procedures, as 

previously described in oral osseointegration model in C57Bl/6 mice. 

 

2.2 Animals 

  A total of hundred sixty male wild-type mice (C57Bl/6) (10 weeks old, 25g of 

weight in average) were used in this study. The animals were bred in the animal 

facilities of University of Sao Paulo, School of Dentistry of Bauru (FOB/USP) and 

cared for according to the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health [27]. Animals were distributed 

according to experimental periods (3, 7, 14 and 21 days) into 4 experimental groups, 

containing 10 animals for each experimental period and group. Of 10 animals for 

each group and time point, 6 animals were used for microscopic analysis (microCT, 

histological, and birefringence analysis) and 4 animals were used for molecular 

assays. Experimental groups were divided according each treatment: Control [with no 

treatment]; Vehicle [IP injection of 1.5% DMSO solution]; IP injection of Glycyrrhizic 

Acid (GZA, Sigma Aldrich) at a dosage of 200mg/Kg/day for HMGB1 inhibition[28]; or 

IP injection of RAGE antagonistic peptide (RAP, Merck Millipore, USA)  at dosage of 

4mg/Kg/day[29]. Mice were given IP injections of drugs or vehicle one day before the 

surgical procedure, continuing by the end of experimental periods. Mice were 

provided sterile water ad libitum and were fed with sterile standard solid mice chow 

(Nuvital, Curitiba, PR, Brazil) along all experimental periods of this study, except 

throughout the first 72 hours post-Ti implantation, in which diet was crumbled. No 

antibiotics and anti-inflammatory drugs were administered to the animals after 

implantation surgery, in order to avoid interferences on investigated immunological 

pathways [30]. The experimental protocol was performed according to ARRIVE 

guidelines [31] and approved by the local Institutional Committee for Animal Care and 

Use (#012/2014).  
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2.3 Experimental protocol 

 The Ti-implant placement in edentulous alveolar crest of the oral cavity of 

C57Bl/6 mice was performed as previously described (Biguetti et al, 2018). Briefly, 

mice were anesthetized previous to the surgery by intramuscular administration of 80 

mg/kg of ketamine chloride (Dopalen®, Agribrands Brasil LTDA, Paulínia, SP, Brazil) 

and 160 mg/kg of xylazine chloride (Anasedan®, Agribrands Brasil LTDA, Paulínia, 

SP, Brazil) in the proportion 1:1, which was determined according to animal weight. 

Then, the mouse was placed in dorsal decubitus position and the 4 limbs were 

affixed to a surgical table, under a stereomicroscope (DF Vasconcellos S.A., Sao 

Paulo, SP, Brazil), and oral mucosa was cleaned using topical chlorhexidine solution 

for 1 min.  An incision of 2 mm width parallel to the palatal crease and 1 mm in front 

of the left first maxillary molar was made and the subjacent bone was drilled using a 

pilot drill of Ø 0.50 mm (NTI-Kahla GmbH Rotary Dental Instruments, Kahla, 

Thüringen, Germany) adapted to a surgical motor (NSK-Nakanishi International, 

Kanuma,Tochigi, Japan), with a speed of 600 rpm. The Ti-implant was screwed down 

in the implant bed using a Castro Viejo Micro Needle Holder (Fine Science Tools®, 

British Columbia, CA, USA). The right edentulous alveolar crest was used as control 

side, without implant placement.  At the end of experimental periods, mice were killed 

by anesthetic overdose and maxillae were removed for microscopic 

(microtomographic, histological, histomorphometric) or molecular analysis. Samples 

selected for microscopic analysis were fixed in PBS-buffered formalin (10%) solution 

(pH 7.2) for 48h at room temperature, washed overnight in running water and 

maintained in alcohol fixative (70% hydrous ethanol) until the conclusion of the µCT 

scanning. Then, the specimens were decalcified in 4.13% EDTA (pH 7,2) for 

following histological processing protocols. Samples for molecular analysis were 

stored in RNAlater (Ambion, Austin, TX, USA) solutions [32]. 

 

2.4 Micro-computed tomography (µCT) assessment 

Mice maxillae containing the Ti-implants were scanned by Skyscan 1176 

System (Bruker Microct, Kontich, Belgium) at 80 kV, 300 µA, 180 degrees of rotation 

and exposure range of 1 degree. After scanning and previous reconstructions 

(NRecon software, Bruker Microct, Kontich, Belgium), representative three-

dimensional images were obtained by CT-Vox 2.3 software, while quantitative 
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evaluation of bone to implant interface was assessed using CTAn 1.1.4.1 software 

(Bruker Microct, Kontich, Belgium) in accordance with recommended guidelines [33] 

and previous standardization for this model [4]. Briefly, for quantification of bone 

volume proportion (BV/TV, %) at the implant-bone interface area, a cylindrical region 

of interest (ROI) with axis length of 500 µm and diameter of 700 µm and the bone 

quantification. After binarization and separation between titanium body and bone by 

the difference of hyperdensities, the BV/TV was acquired. 

 

2.5 Histomorphometry 

  The mice maxillae used for microCT scanning were processed for histological 

analysis following standardized procedures (Biguetti et al, 2018). Semi-serial sections 

were cut with 4 µm thickness, and nine serial sections from the central region of 

implantation sites were taken for hematoxylin and eosin [H&E] staining. The 

histomorphometry was performed by a single calibrated investigator with a binocular 

microscope (Olympus Optical Co., Tokyo, Honshu, Japan) using a 100x immersion 

objective. Briefly, six histological fields per HE section, comprising the region 

adjacent to thread spaces, were observed under a 100 points grid in a quadrangular 

area, by using Image J software (Version 1.51, National Institutes of Health, 

Bethesda, MD, USA). Points were quantified coinciding with the following structures 

found in the osseointegration sites or in implant failure sites: blood clot, inflammatory 

cells, blood vessels, fibroblasts and fibers, osteoblasts, osteoclasts, bone matrix, 

necrotic bone and foreign body giant cells (FBGC) and other elements (empty spaces 

left by implant space). Results were presented as the mean area density for each 

structure considered in each examined group. 

 

2.6 Birefringence analysis 

  A total of 4 sections with 4 µm thickness from the central region of bone to 

implant contact were used for picrosirius red staining and birefringence analysis. As 

previously described [4, 32], green birefringence color indicates thin fibers; yellow 

and red colors at birefringence analysis indicate thick collagen fibers. Three fields 

from each section were analyzed through polarizing lens coupled to a binocular 

inverted microscope (Leica DM IRB/E, Leica Microsystems Wetzlar GmbH, Wetzlar, 
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Germany), by using 40x magnification immersion objective. Images were captured 

with a Leica Imaging Software (LAX, Leica Microsystems Wetzlar GmbH, Wetzlar, 

Germany) and the quantification of birefringence brightness was performed using the 

software AxioVision 4.8 (Carl Zeiss Microscopy GmbH, Jena, Germany) considering 

green, yellow and red spectra pixels2 . Mean values of 4 sections from each animal 

were calculated and submitted to statistical analysis. 

 

2.7 RealTimePCR array reactions 

To comprehensively compare the osseointegration and impact of DAMPs or its 

receptors inhibition on investigated mediators along this process, a robust molecular 

method by RealTimePCR array was applied. Maxillae from all experimental groups 

and time points were dissected and samples containing only the region of the implant 

bed were storage in RNA Stabilization Solution (RNAlater®, Thermofisher, Waltham, 

MA, USA) until RealTime PCR array reactions, while samples from the right side 

(without implant placement) were used and a control. RealTimePCR array reactions 

were performed as previously described [32], using first a pool of all experimental 

time-points (3 d, 7 d, 14 d and 21d) for each group, in order to select targets in which 

expression variation presented a significant variation compared to the control side. 

Upregulated targets were analyzed regarding their kinetics of expression for specific 

time points of 3, 7, 14 and 21-days during osseointegration process or 

osseointegration failures. Briefly, the extraction of total RNA from implantation sites 

or controls was performed with RNeasyFFPE kit (Qiagen Inc, Valencia, CA, USA) 

according to manufacturers' instructions. The integrity of RNA samples was checked 

by analyzing 1 mg of total RNA on 2100Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA) according to manufacturers' instructions, and the complementary 

DNA was synthesized using 3 µg of RNA through a reverse transcription reaction 

(Superscript III, Invitrogen Corporation, Carlsbad, CA, USA). As previously 

standardized bone repair models in mice [4], the Real-time PCR array was performed 

in a Viia7 instrument (LifeTechnologies, Carlsbad, CA, USA) using custom panels for 

"wound healing" (PAMM-121), "inflammatory cytokines and receptors" (PAMM-011) 

and "Osteogenesis" (PAMM-026) (SABiosciences, Frederick, MD, USA) for gene 

expression profiling. Data obtained post amplifications were analyzed by RT2 Profiler 

PCR Array Data Analysis online software (SABiosciences, Frederick, MD, USA) for 
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normalizing the initial geometric mean of three constitutive genes (GAPDH, ACTB, 

Hprt1), following normalizing the control group. Data are expressed as heat map fold 

change relative to the control group. 

 

2.8 Statistical analysis 

Statistical treatment of quantitative data was performed using GraphPad Prism 

5.0 software (GraphPad Software Inc., San Diego, CA, USA).Normally distributed 

data were analyzed using One-Way Analysis of variance (ANOVA) followed by 

Bonferroni's multiple comparison post-hoc tests or student's t-test where applicable. 

For non-normal distributions, data were analyzed by means Kruskal-Wallis test 

(followed by Dunn's test) and Mann-Whitney test. The statistical significance of the 

experiment involving PCR Array was evaluated by the Mann-Whitney test, and the 

values tested for correction of Benjamini and Hochberg[34]. Values of p<0.05 were 

considered statistically significant.  

 

3. Results 

3.1 µCT assessment of bone apposition along osseointegration  

Qualitative and quantitative analyses of mineralized bone matrix revealed a 

non-significant quantity of bone around Ti threads at 3 days among all groups, which 

just characterize the native bone supporting the Ti-implant (Figure 1AB). Detectable, 

but not statistically significant newly formed bone matrix was observed at 7 days 

(22.33±1.93) compared to 3 days (17.18±1.11) post Ti-implantation in the Control 

group, and the osseointegration was achieved throughout a gradual and proportion of 

bone apposition (BV/TV, %) around implant threads at 14 d (32.88±3.16%) and 21d 

(42.25±3.86%) (Figure1B). On the other hand, RAP and GZA treated animals 

showed a significantly reduced BV/TV around Ti threads at 14 and 21 days 

compared to the Control group (Figure1B), and vehicle treated group as well (data 

not shown). The mean of BV/TV around implant threads in RAP treated animals was 

18.53±1.60% at 14 days and 23.69±1.40% at 21 days, while in the GZA treated 

animals was 14.76±4.06% at 14 days and 16.58±3.40% at 21 days. The vehicle 

treated group also achieved osseointegration with no statistical differences compared 

to the control (data not shown).  
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3.2 Birefringence of collagen fibers on granulation tissue and bone matrix  

To comprehensively analyze the impact of HGMB1 inhibition or RAGE 

antagonism along the quality of organic bone matrix during the osseointegration 

process in mice, we quantified green, yellow and red spectrum fibers from the bone 

matrix and initial granulation tissue of Control and Experimental groups (Figure 2AB). 

All groups showed a negligible quantity of collagen fibers starting at 3 days around 

the Ti threads, emitting birefringence in the green spectrum (i.e. immature and 

thinner fibers). From 7 to 21 days, the control group showed a gradual and significant 

increase of yellow and red collagen fibers, resulting in evidenced matrix maturation 

along osseointegration. Conversely, RAP treated mice showed impaired formation 

and maturation of collagen fibers, with a significantly reduced amount of total fibers at 

14 and 21 days compared to the control. In the same way, GZA treated mice had a 

drastic impairment of collagen fibers formation, with significantly reduced amount of 

all birefringent type of fibers from 7 to 21 days compared to the control. No significant 

differences were observed in the dynamic of collagen fibers formation and maturation 

along osseointegration between control vehicle treated group (data not shown). 

 

3.3 Histopathological description and histomorphometry of healing 

components along osseointegration  

Histopathological analysis revealed a suitable osseointegration process in the 

control group, with an intramembranous bone healing following overlapping phases 

from 3 days to 21 days post Ti-implant placement in mice (Figure 3). Similar 

histological dynamics of osseointegration were observed in the vehicle treated group 

(Supplementary Figure 1). On the other hand, both experimental groups treated with 

RAP or GZA, exhibited failure of osseointegration, with the typical presence of fibrous 

connective tissue and FBGC along 14 and 21 days post-Ti implantation (14 and 21 

days). 

At 3 days the bone-implant interface in the control group was filled 

predominantly by a blood clot (Figure 4A) providing support for cell infiltration (Figure 

3). At 7 days increased quantities of granulation tissue components were observed 

(blood vessels, fibroblasts and fibers) (Figure 4CD), as well an initial differentiation of 
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osteoblasts and bone matrix from the Ti threads and bone edges (Figure 3, 

arrowheads). At 14 and 21 days, granulation tissue components significantly 

decreased around Ti threads spaces, followed by an increased quantity of 

osteoblasts and bone matrix in the same regions (Figure 3, Figure 4E and G) 

resulting in a direct contact between the implant and bone (Figure 3, arrowheads). 

Furthermore, control and vehicle group exhibited osteoclastic resorption lacunae and 

a few quantities of osteoclasts were found around bone debris and pre-existing bone 

along 3 and 7 days post Ti implantation, followed by osteoclastic remodeling of newly 

formed bone at 14 and 21 days.  

Comparatively to the Control group, RAP treated mice also showed a suitable 

blood clot formation the bone-implant interface, but in a slighted reduced number, 

surrounded by an eosinophilic and slight matrix of fibrin network, with identifiable 

support for cell migration (Figure 3, arrows).   On the other hand, GZA treated mice 

presented a disorganized blood clot, with agglomerated platelets and red blood cells 

separated from the malformed fibrin networks (MFN) (Figure 4, GZA group) and a 

drastically reduced area density of this component (Figure 4A). Both RAP and GZA 

treated mice showed necrotic/non-viable bone persisting at 7 days to 21 days post Ti-

implantation, as well a foreign body reaction (FBR) with the presence of FBGC 

(Figure 3, Figure 4H-I). RAP group exhibited a negligible higher quantity of 

osteoblasts and bone formation in scattered areas surrounding Ti thread spaces 

compared to GZA group (Figure 3, Figure 4E). No statistical differences were 

observed in quantitative results for other elements (empty spaces, artifacts and Ti 

space) (data not shown). 

 

Gene expression patterns in the osseointegration sites under HGMB1 

inhibition or RAGE antagonism 

A pool of samples from all periods post-Ti implantation were initially analyzed 

by means of an exploratory RealTimePCR array (Figure 5), considering molecules 

involved in inflammatory response and bone healing (growth factors; 

immunological/inflammatory markers; extracellular matrix, MSC and bone markers). 

Osseointegration experimental groups (C, GZA and RAP) were depicted as the fold 

increase change in relation to control samples (C*), which are from the right side of 

maxilla of C57Bl/6 untreated mice, without surgery.  
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Among growth factors, TGFβ1 and VEGFb were significantly upregulated in C 

group, such as several MSC putative markers (CD206, OCT-4, NANOG, CD44, 

CD34, CD73, CD146, CD105, CXCL12); while GZA and RAP presented an important 

reduction in the mRNA levels for all these targets. In the same way, several bone 

markers related to osteoblasts differentiation (BMP2, BMP4, BMP7, Runx2, ALPL, 

DMP1, Phex, Sost, VDR) and bone remodeling (RANKL, OPG, CTSK), were 

positively upregulated in C group during osseointegration, whereas their expression 

were drastically reduced in GZA and RAP group. On the other hand, especially RAP 

group present an upregulation for FGF1 and FGF2. 

Considering immunological markers for M1/M2 macrophages, a higher 

expression of ARG1 and IL10 was particularly found on C group, but not observed in 

GZA and RAP groups. The majority of chemokines and their receptors involved in 

inflammatory cells migration (CCR1, CCR2, CCR5, CCL2, CCL3, CCL5, CCL9, 

CCL12, CCL17, CCL20, CCL25, CXCL3, CXC3CL1) were upregulated in all 

osseointegration groups. GZA and RAP presented a higher expression of CCR2, 

CCR5, CCL5 and CXCL3 compared to the control. Also, pro-inflammatory cytokines 

were differentially expressed in C group compared to the GZA and RAP. IL1b, IL6, 

TNF were upregulated in the three osseointegration groups (C, GZA and RAP), but 

with increased mRNA levels in GZA and RAP groups compared to the C. 

 Among the extracellular matrix markers, Col1a2, MMP1a, MMP2 and MMP9 

were upregulated during osseointegration process in all groups. However, mRNA 

levels of Col1a2 were higher in the C group, while GZA and RAP group presented 

higher mRNA levels for MMPs. 

 

Discussion 

In this present article, it was hypothesized that HMGB1 (as a DAMP released 

from tissue damage during the aseptic surgical trauma) might interact with Ti/host 

interface and might influence inflammatory and healing responses upon the oral 

osseointegration. Consequently, to investigate the role of HMGB1 along 

osseointegration process, C57Bl/6 mice were subjected to Ti-implant surgical 

placement in the edentulous area and were treated with GZA (an HMGB1 inhibitor), 

at concentrations previously used in C57Bl/6 mice [28]. Additionally, considering that 

RAGE is cognate receptor for HMGB1 [18] and is the major receptor involving 
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HMGB1 pro-inflammatory signalling in rodents [20], an additional experimental group 

was treated with RAP, a RAGE antagonist, at a dosage previously described for 

using in C57Bl/6 [29].  

Effectively, the inhibition of both, HMGB1 or RAGE, caused the failure of Ti-

mediated osseointegration in mice C57Bl/6 mice, affecting the dynamics of 

mineralized (Figure 1) and organic (Figure 2) bone matrix formation. Despite the 

limited information about a connection between bone healing and HMGB1, the 

inhibition of HMGB1 in a model of tooth extraction in mice (by using an anti-HMGB1 

antibody), significantly delayed the bone healing process, but without inhibiting it 

completely [17]. It is important to remind, in our present experimental model, the 

presence of a biomaterial is an important variable in the healing site, which requires a 

more delicate balance compared to the bone repair by itself.  

Subsequently, the histological and molecular analysis were used in parallel for 

a detailed exploration of GZA and RAP effects on the unsuccessful osseointegration 

compared to the successful osseointegration along the events of acute inflammation, 

cell proliferation and differentiation, and finally bone apposition in the specific time 

points post Ti implant placement.  

The process of osseointegration starts by preparing the bone defect for 

implant placement, when coagulation proteins from blood are released and then 

activated to provide the clot formation and consequently a provisional matrix for cell 

recruitment and migration [10]. A suitable blood clot was evidenced at the host/Ti 

interface around 3 days in the control, vehicle and RAP treated mice. However, the 

GZA treatment caused a disruption of fibrin network formation and impairment in the 

blood clot structure (Figure 3, 4). Indeed, it has been demonstrated that HMGB1 acts 

synergistically with thrombin to promote coagulation in vivo, evidencing its role as an 

organizer in post-injury wound healing [35]. Thus, the failure of osseointegration in 

GZA was initially caused by the disruption of the blood clot, the first provisional matrix 

around Ti threads.  

Previous studies demonstrated that HMGB1 promotes the secretion of multiple 

cytokines in the injury sites, strongly activating and driving the acute inflammatory 

response [36]. In this context, the activation of inflammatory response at acute phase 

post biomaterial implantation is an essential step for triggering a suitable healing [7]. 

In our histological and histomorphometric analysis, while control and vehicle treated 

mice presented a peak of inflammatory cells at 3 days and significantly decreased at 
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7 and 14 days, RAP and GZA treated mice had a disruption in the inflammatory 

response, resulting in higher counts of inflammatory cells around Ti threads until the 

late periods post Ti implantation, mainly macrophages as suggested by the cellular 

morphology. Indeed, GZA and RAP presented a higher expression of CCR2, CCR5, 

CCL5 and CXCL3 compared to the C group. While CCR2, CCR5 and CCL5 are 

mainly involved in monocyte/macrophages migration [8], the CXCL3 plays a role in 

PMN recruitment [37]. Consistently, in the first phase of biomaterial recognition and 

the beginning of inflammatory cascade, the balance of quality and quantities of blood 

clot components (e.g. platelets), neutrophils (PMN) and macrophages is considered 

critical for  healing outcomes [5]. For example, the persistence of macrophages along 

late periods post biomaterial implantation is implicated with biomaterial encapsulation 

[3].  

In this present study, we observed a persistence of macrophages and 

fibroblasts around Ti threads in GZA and RAP groups. Accordingly, RAP presented 

an upregulation of mRNA for growth factors involved in fibroblasts proliferation (FGF1 

and FGF2), compatible with a fibrous soft tissue demonstrated at birefringence. In 

this way, it has been suggested that a persistence of macrophages and fibroblasts 

along late periods post biomaterial implantation is implicated with a dysregulation of 

macrophage phenotype (M1: M2 ratios) [5]. Accordingly, the expression of ARG1 and 

IL10, related to a M2-type response, were particularly found on C group, but not in 

GZA and RAP. Furthermore, GZA and RAP group showed increased mRNA levels of 

IL1β, IL6, TNFα, suggesting a persistence of M1-type response. 

Thus, it is evident that HMGB1 and RAGE contribute to the ratio of M1:M2 

polarized macrophages in the healing sites post biomaterial implantation. As a 

consequence, both GZA and RAP treated mice had impairment in the area density of 

blood vessels at 7 days compared to the control, and also a decreased expression of 

growth factors involving angiogenesis (VEGFb) and MSCs recruitment and 

proliferation (TGFβ1, CXCL12) [32]. Indeed, mRNA levels of MSC putative markers 

(CD206, OCT-4, NANOG, CD44, CD34, CD73, CD146, CD105) were also 

significantly reduced in GZA and RAP groups compared to the control (CD206, OCT-

4, NANOG, CD44, CD34, CD73, CD146, CD105). Accordingly, it has been 

demonstrated that HMGB1 can induce VEGFa expression by M2-type macrophages 

[19] and in sites of injury [26] in a manner dependent on RAGE, in both situations. 

Additionally, endothelial cells also express RAGE in their surface and are 
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demonstrated to respond to HMGB1 stimulation through multiple mechanisms, 

including endothelial cell proliferation, migration and sprouting, and upregulation of 

proangiogenic factors [38, 39].  

The primary clinical failure of implants is characterized by an enveloping soft 

tissue layer around the Ti, also known as FBR [3]. Here we demonstrated a FBR with 

increasing quantities of necrotic remaining bone and FBGC in GZA and RAP treated 

mice. The reduced quantities of osteoclasts in GZA and RAP treated mice were in 

according to reduced expression of remodelling bone markers (RANKL, OPG, CTSK) 

in these both groups, compared to the C group. As a consequence, FBGC were 

observed around bone fragments, in a temptation to remove remaining necrotic bone, 

besides of the encapsulation of biomaterial in both, GZA and RAP group.  Indeed, it 

has been suggested that apoptotic osteocytes can release HMGB1 as a danger 

signal to activate RANKL-induced bone resorption in non-viable bone [40], and this 

activation has been reported to occur in a manner dependent on RAGE [25, 41]. 

Thus, inhibition of HMGB1 and RAGE significantly impaired the removal of non-viable 

bone in the implantation sites after drilling.  

Finally, after the deposition of higher amounts of ECM around biomaterial 

(predominantly collagens type I) during the proliferative phase, starts the remodeling 

phase [4]. The remodelling phase is important for bone maturation and begins with a 

higher balance of MMPs- and tissue inhibitor of metalloproteinase (TIMP), and also 

bone matrix enzymes (e.g. CTSK), mediating the degradation and remodelling of the 

newly deposited bone matrix and generally resulting in bone remodelling and 

maturation [32]. In accordance, these stages were observed along osseointegration 

in the C group, in parallel with an upregulation of osteoblast differentiation markers 

(BMP2, BMP4, BMP7, Runx2, ALPL, DMP1, Phex, Sost, VDR) and Col1a2. 

Conversely, the expression of bone markers were drastically reduced in GZA and 

RAP group. Also, in the birefringence analysis, the quality and quantities of collagen 

fibers were drastically impaired, mainly in GZA group, but also with the RAGE 

antagonism. At this moment, it was reported that HMGB1 could stimulate osteoblasts 

migration in a toll-like receptor (TLR) 2/TLR4- and NF-κB-dependent manner [42], 

osteogenic differentiation from adipocytes [43]  and also can induce matrix 

mineralization by human dental pulp cells via RAGE expression [44]. However, 

considering the presence of HMGB1 mainly at acute inflammatory stage as a DAMP, 

the negative effects of GZA and RAP on bone healing could also be associated with 
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the imbalance of M1:M2 macrophages and the negative impact on macrophage 

activation.  Indeed, the inhibition of HMGB1 and RAGE negatively affect the 

triggering of a constructive inflammatory response, culminating in a cascade of 

negative effects on osseointegration. 

Finally, despite the inflammatory roles implicated to HMGB1 in destructive 

inflammatory environments, several studies have suggested that HMGB1 can also 

act as a regenerative mediator [15-18, 26, 36, 38], as also demonstrated by this 

cause-effect study.  Furthermore, since the animals received the GZA and RAP along 

all experimental periods, future studies are required to investigate the inhibition 

HMGB1 and/or RAGE only in initial time points along Ti-mediated osseointegration, 

when these molecules are main required, in order to determine their role in each 

phase of osseointegration. 

Conclusion 

Taking together, our findings suggest that HMGB1 and RAGE actively 

influence the osseointegration process, by their influence in the balance of 

inflammatory markers, macrophages polarization state, MSC migration and 

differentiation in bone cells and consequent bone deposition.  
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FIGURES AND LEGENDS 

 

Figure 1. Micro-computed tomography (µCT) analysis of oral osseointegration model 
in C57Bl/6 mice under RAGE antagonism (RAP 4mg/Kg/day) or HMGB1 inhibition (GZA 
200mg/Kg/day). Mice received Ti-screw  implantation in the edentulous ridge of maxilla and 
were divided in according to each treatment: Control (C group, with no treatment); 
Glycyrrhizic Acid at a dosage of 200mg/Kg/day (GZA group); or RAGE antagonistic peptide 
at dosage of 4mg/Kg/day (RAP group). A) Three-dimensional representative images 
obtained with the CT-Vox software at 21 days post Ti implantation from Control, RAP and 
GZA groups. B) Quantitative analysis of bone volume/tissue volume (BV/TV, %) in the 
interface bone-Ti along days 3, 7, 14 and 21 post implantation for Control, RAP and GZA 
groups. Symbol * indicate significant statistical differences (p<0.05) in comparison with 
control. 
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Figure 2 – Birefringence analysis of collagen fibers along osseointegration model in 
C57Bl/6 mice under RAGE antagonism (RAP 4mg/Kg/day) or HMGB1 inhibition (GZA 
200mg/Kg/day). Mice received Ti-screw  implantation in the edentulous ridge of maxilla and 
were divided in according to each treatment: Control (C group, with no treatment); 
Glycyrrhizic Acid at a dosage of 200mg/Kg/day (GZA group); or RAGE antagonistic peptide 
at dosage of 4mg/Kg/day (RAP group). A) Representative sections from oral 
osseointegration process upon polarized and conventional light, to evaluate collagen fibers 
maturation along days 3, 7, 14 and 21 post-Ti-screw implantation in the different 
experimental groups. As visualized upon polarized light, green birefringence color indicates 
thin fibers; yellow and red colors at birefringence analysis indicate thick collagen fibers. 
Original magnification 40x. B) Intensity of birefringence measured from Image-analysis 
software (AxioVision, v. 4.8, CarlZeiss) to identify and quantify area of collagen from each 
birefringence color (pixels 2) and C) total area of collagen fibers (pixel2) throughout 
experimental periods. Results are presented as the mean and SD of pixels2 for each color in 
the birefringence analysis. Symbol * indicate a statistically significant difference vs control 
(p<0.05). 
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Figure 3. Histopathological analysis along oral osseointegration model in C57Bl/6 
mice under RAGE antagonism (RAP 4mg/Kg/day) or HMGB1 inhibition (GZA 
200mg/Kg/day). Mice received Ti-screw  implantation in the edentulous ridge of maxilla and 
were divided in according to each treatment: Control (C group, with no treatment); 
Glycyrrhizic Acid at a dosage of 200mg/Kg/day (GZA group); or RAGE antagonistic peptide 
at dosage of 4mg/Kg/day (RAP group). Chronology of oral osseointegration is observed 
throughout days 3, 7, 14 and 21 days. Histological slides were stained with H&E and images 
were captured at 10 and 100x magnification. Ti = Ti screw space. BC = Blood clot. Arrows = 
fibrin supporting cell migration. Arrowheads = bone/Ti contact region. O = osseointegration. 
MFN = Malformed fibrin network. NB = Necrotic bone. FBR = Foreign bone reaction. 
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Figure 4. Histomorphometric analysis of healing components along oral 
osseointegration model in C57Bl/6 mice under RAGE antagonism (RAP 4mg/Kg/day) 
or HMGB1 inhibition (GZA 200mg/Kg/day). Mice received Ti-screw  implantation in the 
edentulous ridge of maxilla and were divided in according to each treatment: Control (C 
group, with no treatment); Glycyrrhizic Acid at a dosage of 200mg/Kg/day (GZA group); or 
RAGE antagonistic peptide at dosage of 4mg/Kg/day (RAP group). Results are presented as 
the means (±SD) of area density for each component related to osseointegration process: 
(A) Blood Clot, (B) Inflammatory cells, (C) Fibers + Fibroblasts, (D) Blood vessels, (E) 
Osteoblasts, (F) Osteoclasts, (G) Bone matrix, (H) Necrotic Bone and (I) FBGC. Symbol 
*indicate a statistically significant difference vs control, # indicate differences between RAP 
and GZA groups (p<0.05). 
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Figure 5. Gene expression patterns in the osseointegration sites under inhibition of 
HMGB1 (GZA 200mg/Kg/day) or RAGE antagonism (RAP 4mg/Kg/day). Mice received 
Ti-screw  implantation in the edentulous ridge of maxilla and were divided in according to 
each treatment: Control (C group, with no treatment); Glycyrrhizic Acid at a dosage of 
200mg/Kg/day (GZA group); or RAGE antagonistic peptide at dosage of 4mg/Kg/day (RAP 
group). Right side without Ti-screw implantation was used as tissue control and represented 
as C*. Molecular analysis of the gene expression patterns in the region of Ti screw 
implantation was comprised of an initial exploratory analysis by RealTimePCR array for each 
experimental group (Control, GZA and RAP), considering a pool of samples from all the 
experimental periods (3 d, 7 d, 14 d, 21 d). RealTimePCR array analysis was performed with 
the VIA7 system (Applied Biosystems Limited, Warrington,Cheshire, UK) using a customized 
qPCRarray comprised of the major targets from the Osteogenesis, Inflammatory Cytokines & 
Receptors and Wound Healing panels of the PCRarrayRT2 Profiler 
(SABiosciences/QIAGEN, Gaithersburg, MD, USA). Results are depicted as the fold increase 
change (and the standard deviation) in mRNA expression from triplicate measurements in 
relation to the control samples and normalized by internal housekeeping genes (GAPDH, 
HPRT, β-actin) 
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Supplementary figure 1. Oral osseointegration model in C57Bl/6 mice at 14 and 21 

days post Ti implantation. H&E stained histological images captured at 100x magnification. 
Ti = Ti screw space. 
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3 DISCUSSION 

 

 

In this present thesis, we focused on the role of DAMPs in the modulation of 

inflammatory response, especially considering macrophage response, upon a classic 

biomaterial (Ti) implantation and its impact in the subsequent repair (article 2) and 

osseointegration processes (article 1 and 3). Particularly, we used Ti as a model of a 

traditional biomaterial widely used in dentistry and orthopedics, because of its high 

biocompatibility and osseointegration capacity (DAVIES 2003; ALBREKTSSON et al, 

2014). In fact, Ti has been suggested as an immunomodulatory biomaterial rather 

than an inert metal, partially because of TiO2 surface layer created immediately post 

Ti implantation, which is supposed to drive a favorable protein adsorption into the 

biomaterial and contribute to modulate the biological environment (OTHMAN et al., 

2018).  

At this moment, the initial biological reaction that leads to Ti-mediated 

osseointegration is still not fully understood, since a number of studies are at the 

stage identifying proteins adsorbed on the Ti surface, and describing the process of 

protein adsorption by artificial methods in vitro (OTHMAN et al., 2018). Additionally, 

immunological mechanisms upon protein adsorption stages that coordinate this 

‘constructive’ host response at the Ti/host interface remain unclear, partly because of 

the limited methodological tools and animal models currently used for these 

purposes. 

In order to solve this limitation, the article 1 provides a comprehensive 

description of an oral Ti implant osseointegration model in C57Bl/6 mice, with a 

microtomographic, histological, histomorphometric and molecular characterization 

(BIGUETTI et al., 2018). This oral osseointegration in C57Bl/6 mice resembles 

healing events described along osseointegration in other larger animal models and in 

humans. Importantly, in this article we demonstrated potential immunological targets 

responsible for orchestrating cell migration, proliferation, ECM deposition and 

maturation, angiogenesis, bone formation and remodeling at the bone-implant 

interface. Therefore, animal model and strain was used in the next studies as suitable 

tool for the assessment of biological events upon osseointegration and repair 

process. 
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Previous in vitro studies, using artificial Ti incubation with plasma serum 

(ROMERO-GAVILAN et al., 2017) or bone powder (SUGIMOTO et al., 2016) have 

shown that Ti surfaces are able to attract bone proteins, ECM proteins, growth 

factors, as well immunological mediators. Of note, this information is useful for the 

comprehension of the blood and bone proteins adsorption on the biomaterial and 

suggests some insights about Ti surface properties and regenerative capacity. 

However, it is important to remind that the in vivo host/biomaterial interface is 

substantially more complex than simulated conditions in vitro and controlled 

environments. In this context, we suggest that the protein layer might have DAMPs 

originated from the surgical for biomaterial implantation, as also considered in recent 

reviews in biomaterial science (VISHWAKARMA et al., 2016) 

In the article 2, Ti-discs were placed in the subcutaneous tissue of C57Bl/6 

mice and collected at different time periods (1d,3d,7d,14d) for ELISA assays. Our 

analysis confirmed that DAMPs from cellular (HMGB1, HSP60, HSP70, S100A9) and 

ECM (Fibronectin and Biglycan) origin are found in Ti/host interface, mainly at 1day 

post-Ti implantation or post-surgical trauma (Sham), gradually decreasing at 3days, 

as also demonstrated in the sham group.  

Subsequently or simultaneously to the protein adsorption step, macrophages 

recruited to the host/biomaterial interface will recognize and interact with all these 

molecules (SRIDHARAN et al., 2015). In the article 2, the kinetics of inflammatory 

cells demonstrated a peak of GR1+ cells  (neutrophils) at 48hours post Ti 

implantation, which are the first leucocytes recruited from adjacent blood vessels to 

the implantation site(LIN et al. 2014), followed by a sequence of events involving 

macrophages (F4/80+, CD80+ and CD206+). Interestingly, the mRNA levels of 

ARG1, IL10, TGFβ  (M2-markers), were significantly upregulated in Ti implantation 

sites, at 7 and 21days, confirming that Ti can favor an M2-Type along tissue repair 

(ALBREKTSSON et al., 2014; THALJI et al., 2014). 

Considering that protein layer on Ti surface establishes the biomaterial-cells 

interface (ALBREKTSSON et al., 2014; OTHMAN et al., 2018), the presence of 

DAMPs mediating Ti/host interactions could be a critical step for triggering the host 

response, which in turn will direct cell migration and differentiation into a suitable 

healing. In this context, the role of HMGB1 and its cognate receptor RAGE was 

investigated upon Ti implantation. In this context, the pharmacological 

inhibition/antagonism of these molecules was the rational approach in providing 
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strategies for studying a cause-effect relation between the HMGB1 and RAGE on the 

host response post-Ti implantation in subcutaneous tissue (article 2) and bone 

(article 3).  

Of note, the inhibition of HMGB1 (GZA 200mg/Kg/day) and the antagonism of 

RAGE (RAP 4mg/Kg/day) negatively impacted the host response to the Ti disc 

implantation in subcutaneous tissue, evidenced by a decreased collagen fiber 

formation, reduced mRNA levels for ECM markers (Col1a2, Col2a1, MMP1a, MMP2, 

MMP9, TIMP1, TIMP3, CTSG) and molecules involved in cell adhesion and migration 

(CTGF, VTN, ITGA2,ITGA4, ITGA5). Furthermore, an ineffective inflammatory 

response was demonstrated in the mice treated with GZA (HMGB1 inhibitor) and 

RAP (RAGE antagonist), with a reduced expression of chemokines (CXCL10, 

CXCL11) and pro-inflammatory cytokines (TNFα, IL6, IL1b) in pooled samples, 

followed by a reduction of GR1+ cells and macrophages (F4/80+ cells, CD80+ cells, 

CD206+ cells) at 3 days post Ti implantation. Finally, the mRNA levels of ARG2 (a 

marker for M2 macrophages) was increased in the Control and reduced in GZA and 

RAP treated mice. 

Considering the concept of constructive inflammatory environment, our results 

in the article 2 indicated that HMGB1 and RAGE influence different steps of Ti-

mediated tissue repair, including: blood clot formation (only observed in GZA group), 

inflammatory cell recruitment, macrophages polarization into a M2 phenotype, 

angiogenesis, cell proliferation and migration, collagen deposition and matrix 

remodeling. 

In the article 3, the emphasis was placed on the role HMGB1 and RAGE on 

the Ti-mediated osseointegration. As expected based on the results of subcutaneous 

tissue, the blockade of  HMGB1 or RAGE caused the failure of Ti-mediated 

osseointegration in mice C57Bl/6 mice, affecting the dynamics of bone cells 

differentiation, bone deposition and decreased mRNA levels of bone markers. As 

also observed on subcutaneous Ti-implantation model (article 2), the GZA group 

caused a disruption of blood clot formation in the oral osseointegration model in mice 

(article 3). In fact, HMGB1 is supposed to act synergistically with thrombin to promote 

blood coagulation in vivo (ITO et al., 2007). Thus, the failure of osseointegration in 

GZA was initially caused by the disruption of the blood clot, which is the first 

provisional matrix for MSCs and inflammatory cells recruitment around Ti threads.  
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The failure of osseointegration in GZA and RAP group was marked with a 

persistent FBR. Importantly, FBR around Ti implants is demonstrated as a 

persistence of macrophages and fibroblasts along late periods post biomaterial 

implantation, and is correlated with a dysregulation of macrophage phenotype (M1: 

M2 ratios) (BROWN et al., 2012). In this way, is desirable to have a predominance of 

M1-type response along acute inflammatory response and a predominance of M2-

type response along the resolution of inflammation and regenerative phase (Brown et 

al., 2012). Importantly, the expression of ARG1 and IL10, related to M2-type 

response, were particularly found on C group along with a suitable osseointegration, 

but not in GZA and RAP treated mice. On the other hand, GZA and RAP group 

showed increased mRNA levels of IL1b, IL6, TNFα, suggesting a persistence of M1-

type response. In face of these findings, it reasonable to hypothesize that HMGB1 

and RAGE contribute to the ratio of M1:M2 polarized macrophages along 

osseointegration process.  

Finally, it is important to consider that mRNA expression quantitative analyses 

were performed from pooled samples in the article 2 and article 3 and not for 

experimental periods separately. Thus, in future studies we will perform the kinetics 

of mRNA expression for up-regulated targets in the pooled samples from Control and 

GZA and RAP groups. The final purpose of our investigations is to provide some 

contributions to the present knowledge about osseointegration phenomena from an 

immunological point of view. We believe that immunological studies in biomaterial 

science can contribute to the development of new immunomodulatory strategies, with 

the ultimate goal of improving clinical predictability. 
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4 CONCLUSIONS 

 

 

In conclusion, this study originally demonstrated 

 

• C57Bl/6 mice oral osseointegration model comprise a suitable tool for the 

assessment of biological events upon osseointegration process, 

evidencing potential elements responsible for orchestrating cell migration, 

proliferation, ECM deposition and maturation, angiogenesis, bone 

formation and remodeling at the bone-implant interface in parallel with a 

novel microscopic analysis (article 1). 

• Different DAMPs from cellular (HMGB1, HSP60, HSP70, S100A9) and 

ECM (Fibronectin and Biglycan) origin are released at Ti implantation 

sites, and adhere to Ti surface (article 2) 

• HMGB1 and RAGE influence the host inflammatory immune response 

post biomaterial implantation in mice, and the blockade of both molecules 

negativelly affect the subcutaneous tissue repair surrounding Ti discs 

(article 2) 

•  The inhibition HMGB1 or RAGE impaired the Ti-mediated 

osseointegration in mice C57Bl/6 mice, affecting the balance of 

inflammatory markers, macrophages polarization state, MSC migration 

and differentiation in bone cells and consequent bone deposition (article 3) 
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