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ABSTRACT

Aim: To analyse all scientific articles investigating the relations between DNA methylations, histone
modifications or micro-RNA production and implant therapy.

Methods: A systematic bibliographical electronic research was carried out on PubMed/Medline,
selecting all potentially relevant publications dealing with the influences of implant surface features
on gene activation and the influence of epigenetic changes on implant therapy outcomes. Review was
conducted according to Cook’s principles, with a pre-planned method and using explicit and
reproducible criteria. Potentially relevant articles were investigated in a comprehensive search. All
presented data were appraised, synthesized, interpreted and discussed.

Results: Of sixty-seven articles found, seventeen met the inclusion criteria. Both in vitro and in vivo
studies were included. New implant treatments like KOH alkali-etching, electrolytic etching,
ionization, functionalization with miRNAs or anti-microRNAs or osteogenic peptides seem to enhance
osteoblast differentiation and genes activation by regulating miRNA production. However, due to the
heterogeneity of methodologies and types of cells used, a meta-analysis was not possible to achieve.
Besides, epigenetic changes on peri-implant cells induced by smoking still remain unclear.
Conclusions: New titanium implants, functionalized with gene activators, could contribute to develop
a new generation of devices, cutting-edge of faster osseointegration. More investigations with other
osteoblast-like cell lines, primary cultures, different time points and surfaces functionalized with
genetic molecules are needed to get a global comprehension of the epigenetic influence on peri-
implant biological mechanisms.

INTRODUCTION

Even though the rehabilitation of partial and total edentulism using dental implants has shown highly
satisfactory clinical outcomes?!, 80% of subjects and 50% of implants exhibit mucositis or other
biological problems23. Biological complications around dental implants have been attributed to several
factors, from the establishment of a pathogenic microflora#* to the presence of inflammatory cells close
to the implant-abutment interfacesé. Despite the amount of existing hypothesis, the genetic
mechanisms controlling the peri-implant biological processes remains largely unexplored.
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In 2008, at a Cold Spring Harbor meeting, epigenetics was defined as a “stably heritable phenotype
resulting from changes in a chromosome without alterations in the DNA sequence"’. Epigenetic
modifications alter the structure of chromatin and influence gene expression without alterations in the
sequence of bases. Moreover, epigenetic inheritance influences phenotypes over multiple generations
in the absence of any apparent genetic mutation. Epigenetic changes are potentially reversible and can
lead to the development and maintenance of cancer, immune or inflammatory diseases. On the other
hand, epigenetic influences may play a protective role silencing parasitic DNAs, inactive X
chromosome and imprinted geness.

Environmental stressors including toxins and microbial exposures?, adrenaline and psychological
stress19, diet!!, hormones and toxicants!? can change epigenetic patterns and thereby effect changes in
gene activation and cell phenotype.

Epigenetic mechanisms mainly involve DNA methylation, histone modification and mRNA regulation
by non-coding RNAs called microRNAs?3 (Fig.1.).
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Fig.1. DNA methylation, histone modification and miRNA production influence the DNA
expression through chromatin modification and post transcriptional gene repression.

DNA methylation takes place in Cytosine-phosphate-Guanine (CpG) dinucleotides of the DNA chain 14
and consists in a covalent enzymatic transfer of a methyl group from S-Adenosyl Methionine to the C-5
position of a cytosine residues in the CpG island of the promoter region. The methylated DNA sequence
in CpG sites causes a more condensed DNA structure leading to transcriptional repression and gene
silencing?5.The most known enzyme involved in the DNA methylation is the DNA methyltransferases.
When DNA becomes methylated, those methyl groups protrude from the cytosine nucleotides into the
major groove of the DNA to displace transcription factors that normally bind to the DNA!®.


https://en.wikipedia.org/wiki/Cold_Spring_Harbor_Laboratory

Histones can be modified by various post-translational modifications. Acetylation of a core histone
results in a more open chromatin’s structure that facilitates gene expression. On the other hand,
histone deacetylation brings to condensation of chromatin and inhibits gene transcription. Histone
methylation can either results in an activated or repressed chromatin state!”. Has been established
that the processes of DNA methylation and histone modification are deeply linked. When the CpG
island of a promoter becomes methylated, methyl-CpG-binding-proteins recruit histone deacetylases?s.
A strong electrostatic interaction occurs between the positively charged acetylated histone residues
and the negatively charged DNA causing the deacetylation of histone proteins. Due to the condensed
nucleosome particle, the gene expression is repressed.

One of the most documented epigenetic modifications is the post-transcriptional repression due the
production of microRNAs (miRNAs or miR), brief sequences of non-coding RNAs composed by 18-22
nucleotides!®. They are crucial in regulation of development, proliferation, differentiation, apoptosis
and response to different extracellular signals and stress. Besides, they seem to be related with the
expression of osteogenic genes like Runx2 and Smad52°. MicroRNA pathways regulate gene expression
by inducing degradation and/or translational repression of target mRNAs. MicroRNAs influence gene
expression by translational repression and gene silencing. If the miRNA production increases, levels of
target mRNAs decrease and, therefore, the gene expression is repressed. In the same way, if the miRNA
levels decrease, the gene expression is up-regulated. In addition, messengerRNA can bind the
promoter of specific microRNAs activating an auto-regulatory feedback loop; thus, when a specific
mRNA is up-regulated, the related miRNA is also over-expressed?!. Each miRNA may target hundreds
of mRNAs, and some targets are affected by multiple miRNAs. Probably, miRNAs are fundamental in
the maintenance of pluripotency and undifferentiation of adult stem cells; indeed, several miRNAs
appear to significantly modulate the differentiation of mesenchymal precursors in osteoblast cells,
regulating the activity of transcription factors?9 22,

Several authors investigated the role of epigenetics in chronic or aggressive periodontitis23. 24 25 26,
Authors demonstrated that the expression levels of cytokines and chemokines 27. 28 toll-like
receptors?, protease-activated receptor3?, interleukin-83! and cyclooxygenase-224 could be affected by
oral bacteria. A recent study documented that the presence of different oral bacteria resulted in
differential methylation profile in gingival epithelia3? while another article demonstrated a
hypomethylated oral epithelia in patients with generalized aggressive periodontitis?3.

Despite some available data regarding epigenetics and periodontology, the knowledge on epigenetics
related to implant dentistry lack of evidence. Only a few experimental in vivo and in vitro studies are
available in literature. Therefore, aim of this review was to evaluate the available evidence
investigating the potential effects of DNA methylations, histone modifications or micro-RNA
production on implant survival, osseointegration, peri-implant mucositis, perimplantitis or implant-
abutment leakage.

MATERIALS AND METHODS

This review was conducted according to Cook’s principles, with a pre-planned method and using
explicit and reproducible criteria33. Potentially relevant articles were investigated in a comprehensive
search. All presented data were appraised, synthesized, interpreted and discussed33.



A systematic bibliographical electronic research was carried out on PubMed/Medline, selecting all
potentially relevant publications dealing with the influences of implant surface features on gene
activation and the influence of epigenetic changes on implant therapy outcomes.

Search strategy

The systematic search was performed using the following terms and boolean connectors:
((epigenetics) OR (dna methylation) OR (dna methyl transferase) OR (histone deacetylation) OR (histone
deacetylase) OR (histone methyl transferase) OR (histone demethylase) OR (micro-rna)) AND ((dental
implant) OR (dental implants) OR (implantology) OR (implant dentistry) OR (implant failure) OR
(platform shifting) OR (platform switching) OR (implant-abutment connection) OR (osseointegration) OR
(mucositis) OR (perimplantitis)).

The electronic outcome was: (("epigenomics"[MeSH Terms] OR "epigenomics"[All Fields] OR "epigenetics"[All Fields]) OR
("dna methylation"[MeSH Terms] OR ("dna"[All Fields] AND "methylation"[All Fields]) OR "dna methylation"[All Fields]) OR
(("dna"[MeSH Terms] OR "dna"[All Fields]) AND methyl[All Fields] AND ("transferases"[MeSH Terms] OR "transferases"[All
Fields] OR "transferase"[All Fields])) OR (("histones"[MeSH Terms] OR "histones"[All Fields] OR "histone"[All Fields]) AND
deacetylation[All Fields]) OR ("histone deacetylases”"[MeSH Terms] OR ("histone"[All Fields] AND "deacetylases"[All Fields]) OR
"histone deacetylases"[All Fields] OR ("histone"[All Fields] AND "deacetylase"[All Fields]) OR "histone deacetylase"[All Fields]) OR
(("histones"[MeSH Terms] OR "histones"[All Fields] OR "histone"[All Fields]) AND methyl[All Fields] AND ("transferases"[MeSH
Terms] OR "transferases"[All Fields] OR "transferase"[All Fields])) OR (("histones"[MeSH Terms] OR "histones"[All Fields] OR
"histone"[All Fields]) AND demethylase[All Fields]) OR ("micrornas”[MeSH Terms] OR "micrornas”[All Fields] OR ("micro"[All
Fields] AND "rna"[All Fields]) OR "micro rna"[All Fields])) AND (("dental implants"[MeSH Terms] OR ("dental"[All Fields] AND
"implants"[All Fields]) OR "dental implants"[All Fields] OR ("dental"[All Fields] AND "implant"[All Fields]) OR "dental
implant"[All Fields]) OR ("dental implants"[MeSH Terms] OR ("dental"[All Fields] AND "implants"[All Fields]) OR "dental
implants"[All Fields]) OR implantology[All Fields] OR ("Implant Dent"[Journal] OR ("implant"[All Fields] AND "dentistry"[All
Fields]) OR "implant dentistry"[All Fields]) OR (implant[All Fields] AND failure[All Fields]) OR (platform[All Fields] AND
shifting[All Fields]) OR (platform[All Fields] AND switching[All Fields]) OR (implant-abutment[All Fields] AND connection[All
Fields]) OR ("osseointegration”[MeSH Terms] OR "osseointegration"[All Fields]) OR ("mucositis"[MeSH Terms] OR "mucositis"[All
Fields]) OR perimplantitis[All Fields])

Selection of studies

Inclusion criteria: All scientific in vivo and in vitro publications investigating the impact of genetic
expression levels on implant rehabilitations were included. According to Mulrow34, studies with both
direct and indirect evidence were also included. No filters like language or time limitation were
applied.

Exclusion criteria: Published studies not meeting the inclusion criteria and all those not providing
any information concerning dental implant therapy, up-regulation or down-regulation of genes or
their products were excluded. All scientific articles resulted from the use of confounding words and
not meeting the inclusion criteria were excluded; in example, articles aimed to investigate oncologic
issues, mucositis different from peri-implant mucositis, or orthopaedic prosthetic joint were excluded.

Development of the review

This study was conducted over three phases. The first phase was the screening of titles and abstracts.
The second phase consisted in the screening of full-text articles. Finally, the third phase consisted in
the review of included articles. Two authors (RDG, CDG) worked independently and compared their
results at the end of each phase. One author (GPP) supervised each phase in the role of quality control.
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Two authors (RDG, GPP) worked on the critical analysis of included studies. For each included study,
several data regarding activated genes, influences of implant materials on genes expression, types of
implant materials, types of surface modifications, number of patients or types of cells studied were re-
wrote.

RESULTS

The electronic search found sixty-seven articles (Fig.2.). During the first phase, which consists in the
screening of titles and abstracts, eighteen studies were excluded because aimed to study oral
mucositis during radiotherapy or chemotherapy, mucositis in patients with neoplastic diseases like
cancer or leukaemia, tolerability of temsirolimus, graft-versus-host disease, fluorouracil toxicity,
hypomethylating agent therapy for neoplastic diseases and radiation-induced tissue damages.

Forty-nine articles were downloaded and studied (Fig.2.). During the second phase, which consists in
the full-text examination, thirty-two articles were excluded because not investigating the effect of gene
expression changing on implant therapy, but evaluating data regarding: oral or neck cancer (seven
articles), papilla stem cells (one article), nano-hydroxyapatite (one article), endometrial epithelial cells
(one article), systemic influence of titanium and zirconia (one article), chemical drugs for systemic
diseases (one article), osteogenic peptides but not associated with implant surfaces (two articles),
muscle cells (one article), immunoglobulins (one article), myelodysplastic syndromes (one article),
orthopaedic defects (five articles), critical limb ischemia (one article), cementoblasts (one article),
bone-ligament cells (one article), calvarial bone defect (one article), genetic effects of adrenaline (one
article), evaluation of systemic miRNAs (one article), or publications without information regarding
gene expression (one article), or aimed to discuss different methods to detect RNAs from cells (three
articles).



Electronic search’s result

67 articles

Excluded after second
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Fig.2. Flow-chart. Search strategy, screening for eligibility and final number of included publications: The
electronic search found 67 studies regarding changing in gene expression and implantology. After title and abstract
screening, 18 of them were excluded because focussed mainly on mucositis after radio/chemotherapy, mucosal
inflammation, neoplastic deseases, hypomethylating agent therapy for neoplastic diseases and radiation-induced
tissue damages. 49 articles were downloaded and studied. 32 of them were excluded because not investigating the
effect of DNA methylations, histone modifications or micro-RNA production on implant survival, osseointegration,
peri-implant mucositis, perimplantitis or implant-abutment leakage. Thus, this systematic review was finalized with

Thus, this review was finalized on seventeen scientific articles (Fig.3.) which were evaluated during the
phase three. Fifteen of seventeen articles were in vitro or in vivo studies > 3% 3738 39,40, 41, 42,43, 44, 45,46, 47, 48, 49,
One was a randomized clinical trial with immune-histochemical analysis *°. One article was a narrative

review .



Final number of included articles

17 articles

(

L Types of articles }

RCT with immuno-histochemical anal. Research support Narrative review
1 article 15 articles 1 article
In vitro studies In vivo studies In vivo and in vitro st.
12 article 2 articles 1 article

Fig.3. Types of included articles. Out of 17 included articles: 12 were in vitro studies, 2 were in vivo studies, 1 was
both an in vivo and in vitro study, 1 was a RCT with immune-histocemical and RNA analyses, 1 was a narrative review. All
17 articles were reviewed.

In vivo and in vitro studies

Fifteen of the seventeen included publications aimed to compare changing in gene expression profiles of

cells cultured on different implant surfaces® 337 3% 39 40,41,42,43,44,45,46,47,48, 43 " (131 1)

36, 40, 41, 42, 44, 45, 46, 47

Eight articles documented the miRNA production . Seven articles didn’t provided

information on miRNA production® 3" 3% 3% 434843 'No one of the included articles reported information on
chromatin alteration due to DNA methylation or histone modification.

Cell population/Implant surfaces

A large variability of cells selection was tested. Out of fifteen studies, twelve were in vitro studies: four

articles used MG-63 osteoblast like cells for cell culture®” ** % % while other four studies used human
40, 41, 44, 48

alveolar stem cells from human donors . Human mesenchymal stem cells*, dental pulp stem cells*®,

rat bone marrow cells*’, marrow stromal cells obtained from iliac crest® were used in one study each.



Two of fifteen articles were in vivo studies aimed to investigate genetic expression levels of implant-
adherent cells taken from rats’ tibia*® and from humans®.

One of fifteen articles was both an in vitro and in vivo study using MG-63 cells and implant adherent cells
from beagle dogs’ tibias™.

lliac crest cells grown on KOH alkali-etched, NaOH alkali-etched or not-etched surfaces

One article challenged experimental titanium alkali-etched surfaces with human bone marrow stromal
cells®. Cells were cultured on KOH alkali-etched, on NaOH alkali-etched or on not-etched surfaces. Bone
sialo protein and matrix metalloprotease 2 levels were found enhanced on alkali-etched metals compared
to not-etched surfaces. Higher expression of osteogenic genes was found in cells grown on KOH alkali-
etched surfaces.

Dental pulp stem cells grown on ionized or not ionized SLA surfaces

One study evaluated the differentiation and gene activation of dental pulp stem cells grown on ionized SLA
(sandblasted acid etched) surfaces, or on not ionized surfaces®. Authors found that ionized surfaces
induced a more marked cell differentiation. Besides, higher levels of Runx-2, Smad5 and osteocalcin were
found in cells grown on ionized surfaces.

MG-63 cells grown on electrolytic etched, sandblasted acid etched or machined surfaces

One article cultured MG-63 cells on electrolytic etched, sandblasted acid etched or machined surfaces®’.
Levels of alkaline phosphatase, osteocalcin, Runx-2, ospeopontin and collagen type lal were higher in
electrolytic group.

Human alveolar bone cells grown on SLA, modified SLA or smooth surfaces

Human alveolar bone cells were grown on SLA (saldblasted acid etched), hydrophilic SLA or smooth
surfaces®. Authors found that the majority of miRNAs were down-regulated in response to the SLA and
modSLA surfaces compared to the SMO one, with only relatively changes found between SLA and modSLA.

Alveolar stem cells grown on microarc oxidated surface or chitosan/hyaluronic acid surface with miRNA-
21

Human bone marrow mesenchymal cells were cultured on microarc oxidated surface or on CS/HA/miR-21
surfaces*’. After PCR analysis, levels of collagen type Illal, osteocalcin, Runx-2, ospeopontin and collagen
type lal were higher in cells grown in contact with CS/HA/miR-21 surfaces.

MG-63 cells grown on zirconia or machined titanium surfaces

One article evaluated miRNA production and gene expression of MG-63 cells grown on zirconia or
machined titanium surfaces*. Osteogenic gene activation were higher in machined titanium group and
bone morphogenic protein-4 and -7 were more expressed in cells grown on titanium surfaces.

Human alveolar bone cells grown on nanotextured, nano-submicrotextured, rough microtextured or
smooth surfaces

In one article, human alveolar cells were cultured on titanium surfaces with different rough scale™. It was
not possible to define a certainly better surface. However, the nanotextured surface group showed the
highest alkaline phosphatase production while the microtextured surface group had the greatest amount of
calcium and mineralized nodules.



MG-63 cells grown on zirconia surfaces

In one article, MG-63 cells were cultured on zirconia wells and, than, their miRNA production was
evaluated®. Eighteen miRNAs involved in the repression of osteogenic genes were found up-regulated
while only three miRNAs were down-regulated. Authors did not provide information about control groups.

MG-63 cells grown on anatase surfaces

One study evaluated the osteogenic gene activation and differentiation of MG-63 cells grown on anatase
surfaces*®. Authors found that nine miRNAs were up-regulated and ten down-regulated. Due to down-
regulated miRNAs, three genes were more expressed and they are fibrillin 1, insulinlike growth factor-
binding protein4 and calcitonin. Due to up-regulated miRNAs, three genes were repressed and they are
collagen 902, ADAMTS4 member of metalloproteinases and alkaline phosphatase. Authors did not provide
information about control group.

Rat bone marrow cells grown on surfaces functionalized with miRNA-29b, antimiRNA138 or without
functionalization

One article cultured rat bone cells on microporus titanium oxide surfaces with or without
functionalization®”. For bone morphogenic protein, osteocalcin, osterix, and Runx2, the antimiR-138
functionalized surface induced higher expression. For collagen type lal, the miR-29b functionalized surface
induced higher expression than using antimiR-138, whereas this trend is reversed after 14 days of culture.
The miR-29b functionalized surface induces higher expression of alkaline phosphatase.

Human alveolar bone cells grown on microsandblasted, macrosandblasted or machined surfaces
In one article, primary cultures of osteoblasts derived from human mandibular bone were cultured on
titanium microsandblasted, macrosandblasted or machined surfaces®. Gene activation was evaluated with
RT-PCR analysis. All blasted surfaces showed higher DNA activation than the machined surfaces. However,
TGFP2, osteopontin, Runx-2 and bone sialoprotein levels were higher in macrosandblasted groups.

Human mesenchymal stem cells and human osteoblasts grown on titanium-alluminium-vanadium
surfaces with different rough scale or on polystyrene surface

One study evaluated gene activation of human mesenchymal stem cells and human osteoblasts grown on
titanium-alluminium-vanadium surfaces®. Ti6A14V #9 surface showed greater ALP, osteocalcin, VEGF-A,
FGF-2, bone morphogenic protein and osteoprotegerin production. Integrin expression also varied with the
surface. MessengerRNAs for all integrin subunits except ITGA-5 were higher when cells were cultured on
Ti6A14V substrates than on polystyrene ones.

Human cells adherent to surgically placed tioblast or osseospeed implants

One article was performed placing tioblast and osseospeed implants in human smoker and nonsmoker
patients. Implants were harvested after two and four days of submerged healing, and implant adherent
cells were studied®. Interestingly, authors found that the variable of time influences gene expression more
that the effect of different surfaces or nicotine. Similar trends in gene expression were noted in implant-
adherent cells regardless of implant surface and smoking status.

Rat cells adherent to surgically placed nano- or micro-rughened implants



In one in vivo study, nano- or micro roughened implants were placed in rats’ tibias and were harvested
after two and four days of submerged healing®. Implant adherent cells were studied in order to investigate
the influence of different surfaces on gene expression. Significant differences at the gene level were not
noted when comparing the two implant surfaces at each timepoint. However, genes were differentially
regulated at different days for both implant surfaces.

MG-63 cells and beagle cells grown on implants with or without nanotubes

Only one study evaluated the genetic effect of implant surfaces both in vivo and in vitro®’. The in vitro
experiment was conducted with MG-63 cells while the in vivo phase was performed placing and harvesting
implants in beagle tibias. The surfaces compared were SLA without nanotubes, SLA with nanotubes of
30nm, SLA with nanotubes of 50nm and SLA with nanotubes of 80nm. SLA+80nm showed to induce the
highest gene expression compared with the other sizes of nanotubes. SLA+80nm also showed to induce the
formation of the higher number of filopodia, lamellipodia and cellular extensions.

Comparative analysis

Nine studies found that specific surfaces induced osteoblast differentiation, expression of osteogenic genes

35, 36, 37, 39, 41, 42, 47, 48, 49 . . .
0202032 85 28 2L 7 0 while six articles

or repression of those miRNAs which down-regulate osteogenic genes
did not indicate a better surface®® *> **** > % Two articles documented similar trends in gene expression
regardless of implant surface; they found that the effect of time influences gene expression more than the

surfaces® **

. Only two publications studied the genetic effect of zirconia surfaces. In the first study, zirconia
surfaces were associated with worse genetic activation than machined titanium ones*. In the second one

the number of miRNAs up-regulated was much higher than the number of miRNAs down-regulated®.

Randomized clinical trial

One article out of the seventeen evaluated in the present review was a randomized clinical trial*®. Purpose
of the study was to investigate the expression levels of osteogenic genes after two different treatments
(Tab.2.). Twenty-six patients with one buccal implant dehiscence defect each were randomly treated with
particulate allograft bone (control) or particulate allograft bone and pericardium membrane (test). After 6
months of healing, analysis of bone volume and gene expression was performed. After bone volume
evaluation, greater volume levels were found in the test group (treatment with bone and membrane) than
in control group (treatment with bone without membrane). Then, bone biopsies were harvested and
processed. Genetic expression of osteogenic genes was evaluated with an immune-histochemical analysis.
Positive periostin (POSTN), sclerostin, and runt-related transcription factor-2 (Runx2) immunoreactivities
were detected in both the control and test groups without statistically differences. Tartrate-resistant acid
phosphatase (TRAP) positive was mostly noted in the control group. Analysis of DNA methylation, histone
modifications and miRNA production was not provided.

Narrative review

A narrative review, investigating the epigenetic effect of smoking and diabetes on osseointegration, was
also included and evaluated in the present study’! (Tab.3.). It resulted that global DNA methylation is



influenced by smoking behaviour. Smoking resulted to have an impact on bone metabolism and estrogen
production, leading to a phenotype of low-bone mineral density. In fact, gene expression of bone matrix
proteins, including osteopontin, Type Il collagen, bone morphogenetic protein-2 and osteoprotegerin
resulted significantly down-regulated by smoking components.

Diabetes was associated with decreased gene expression of bone matrix proteins (osteocalcin, PTHrP), of
transcription factors involved in osteoblast differentiation (Runx2, osterix) and of osteoprotegerin through
the receptor activator of nuclear factor-kappaB ligand mRNA ratio®. Histone lysine methylation and other
post transcriptional changes, has been implicated in aberrant gene regulation associated with the
pathology of diabetes and its complications. Moreover, serum osteocalcin levels have been found to be
significantly increased in patients with Type Il diabetes®. As a result, alteration of bone healing in diabetes
and epigenetic modifications are deeply connected.

DISCUSSION

Genetic information is encoded not only by the linear sequence of DNA, but also by epigenetic
modifications’.

Some miRNAs are key regulators for the development of osteoblasts by targeting anti-osteogenic factors
such as histone deacetylase-4 and modulating bone extracellular matrixproteins (ECM)**. MicroRNAs
induce degradation and translational repression of target mRNAs. Therefore, production of miRNAs and
post-transcriptional gene expression are inversely correlated. Indeed, antimiR-138 has been shown to
enhance in vivo bone formation by inhibiting miRNA-138.

To better understand the epigenetic influence on implant therapy, this review was conducted to evaluate
the available evidence investigating the potential effects of DNA methylations, histone modifications or
micro-RNA production on implant survival, osseointegration, peri-implant mucositis, perimplantitis or
implant-abutment leakage.

It has been demonstrated that surface roughness, cellular attachment, and osteoblast activity are directly
correlated®. Sandblasted and acid etched surfaces (SLA), largely used in today’s implants, influence
positively genetic expression if compared with smooth surfaces, machined surfaces and zirconia surfaces.
To achieve even better clinical results and to accelerate the healing period required for the prosthetic
loading, several innovative methods for implant surface modification were studied, including alkali-
etching®, ionization®®, electrolytic etching®’, surfaces with nanotubes®?, isotonic solution and N, treatments
0 surfaces functionalized with miRNAs** %, hydrofluoric treatments®, anatase coating46 and others. Most
of the authors documented better results with processed surfaces in terms of osteoblast differentiation,

expression of osteogenic genes or repression of those miRNAs which down-regulate osteogenic genes ** >

37,39,41, 43,4495 | |ight of these findings, surface presented could represent a pivotal advancement to obtain
a faster osseontegration, more predictable post-extractive implants or immediate loading. However, the

reviewed articles are not immune to bias.
Type of studied cells

First, most of the reported data derived from studies performed on MG-63 cells or animal cells, which are
not normal human osteoblasts. Notwithstanding this, the advantages of using a cell line, like MG-63, are



related to the fact that the reproducibility of the data is higher because there is not the variability in the
patient studied. Primary cell cultures provide a source of normal cells, but they also contain contaminating
cells of different types and cells in variable differentiation states.

35, 36, 37, 40, 41, 42, 44, 45, 46, 47, 48, 49 . .
P I 2L T AL RS TR B IR AL TS 0n one hand, in vitro

Second, most of the reviewed studies are in vitro studies
studies are not influenced by systemic interindividual variability of human patients; indeed, adrenaline
released after a psychological stress may inhibit osteogenic differentiation through histone acetylation and
down-regulation of miR-21"°. On the other hand, in vivo human studies, with a large sample and long

follow-up are absolutely required for a better comprehension of epigenetic influences.

Effect of time

38,43 Recently, in an in vivo

The influence of time affects gene expression more than different surfaces
study, similar trends in gene expression were noted in implant-adherent cells regardless of implant surface
and smoking status only if they were evaluated at the same early time point. However, when the time-

course was evaluated, statistically differences in genetic patterns was identified.

In the light of these considerations, all further studies have to include two or more time points to evaluate
how big is the influence of time if compared with the influence of different surfaces.

Smoking and nicotine

Thalji and co-workers, in their in vivo study, noted that the impact of smoking did not occur at early time
points®. Potentially, detrimental effects were likely to occur at a later stage and upon exposure of the
implants to the oral environment. Implants submerged and never exposed to the oral environment prior to
retrieval did not suffer the negative effect of nicotine. The absorption of nicotine through the oral mucosal
tissues is pH dependent. Since the pH of tobacco smoke in most cigarettes is acidic, nicotine is primarily
ionized resulting in minimal absorption of nicotine from cigarette smoke. Thalji’s data indicate that gene
expression profiles of submerged implant adherent cells were similar among smokers and non-smokers.

Interestingly, the effects of smoking may have been negated or delayed by the implant surface topography.
In a long-term retrospective study, Balshe et al. compared the survival rates of smooth and rough surface
dental implants among smokers and non-smokers®’. Smoking was identified as significantly associated with
implant failure only in the smooth surface group. Similar results were reported by Sayardoust et al. in
patients with periodontitis, where the smokers' likelihood ratio for implant failure was 6.40 for smooth
surface implants and O for oxidized implants®.

Yamano et al, in a rat model, showed that while no differences were noted on bone-to-implant contact
after 2 weeks of systemic nicotine exposure, significant differences were observed after 4 weeks>’. They
noted significantly decreased expression of Bmp2, Bsp, Opn, Col2, Cbfal in peri-implant tissues in rats
exposed to nicotine compared with controls at 4 weeks. This demonstrates that the systemic effects of
nicotine on peri-implant healing occur at later stages. Therefore, future studies should include a period
longer than 2 weeks to evaluate the smoking’s effects on osseointegration.

All original articles investigating the role of genetic changes on implant therapy outcomes present an
indirect evidence®. Besides, due to the heterogeneity of methods, of types of cells used and of evaluation



time points, a meta-analysis was not possible to achieve. Even if all included articles agreed with the idea
that implant features influence osteoblast differentiation, only a weak evidence could be obtained in the
present systematic qualitative review.

CONCLUSION

This systematic qualitative review shows that positive genetic stimulation is associated with surface
treatments like alkali-etching, ionization, electrolytic etching, surfaces with nanotubes, isotonic solution
and N, treatments; osteogenic inhibition was found around zirconia surfaces and anatase coating.

Micro and nanoporous surfaces may provide a larger surface area for loading miRNAs, anti-miRNAs,
peptides or other osteogenic drugs. Implant surface could be used like a carrier to position functional
groups or biomolecules contributing to achieve a faster osseointegration.

Treated surfaces, early checkpoints and submerged healing seem to be less related to the negative
epigenetic effects of smoking.

More investigations with other osteoblast-like cell lines, primary cultures, different time points and
surfaces functionalized with genetic molecules are needed to get a global comprehension of the epigenetic
influence on peri-implant biological mechanism:s.
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Tab.1. EFFECTS OF DIFFERENT SURFACES ON GEMETIC EXPRESSION

Author Year | Type surfaces tested Type of cells Evaluation | Gene expression and molecular Conclusion

of miBMNAs | mechanism

Giannoni P. 2009 In witro, KO alkali-etched; Bone marrow niot High expression of BSP was found on KOH KOH modifications seem to allow the best
research NalH alkali-etched; stromizl cells provided stched surfaces. osteogenic differentistion of human
support. niot etched surface. from ilisc crest. mesenchymal stromal cells.

laculli F. 2016 In witro, sLA surface without Dental pulp stem | provided miRMA-1333, MiRMA-1330 and miRMA-135 | lonized sandblasted and acid-etched
research ionization (contral); cells, influenced the expression of Runx2 and surface seemed to markedly enhance the
support. lonized SLA surface smads genss. development and differsntiation of

[test]. osteoblast cells.

Meng \W. 2013 In witro, EE; hAG-63 n.p. Gene exprassion is related to festures of Hierarchical micro-/nanostructured
resgarch EL&; osteosarcoma implant surface and the level of osteoblast | titanium surface trested by EE enhancsd
support. . cells. differsntiation. the ALP, OCM, RunxZ, JPN activity, and

COLL mRMA g=ne expression of osteoblast.
Thalji &. 2015 In vivo Ti versus O5; Implant n.p. The varizble of time influences the gene At early time paints, similar trends in gens
{human). smoker wersus non- gdherent cells expression more that the effect of Expression were noted in implant-
smoker. {alveclar bone nicotine. Modified surfaces could soften adherant cells regardless of implant
cells). the negative effect of nicotine. High surface and smoking status.
number of genss has been investigated.

Ding 2015 | In vitro EL& + 30nm; {im vitro study] n.p. Manotube dizmeters influence cell 5La + BOD nim surface is the most favourable
and ELA + 50nm; hAG-63 phenotype (filopodiz and lamellipodia) and | for promoting the activity of osteoblasts
i Wi SLA + BOnm; asteosarcoma ALP, Runz2 and OCH genes exprassion. and early bone bonding.

{animal, sL& without nanotubes. | cells.

beagle {im wivo study)

dog). beagles' tibias
cells.

Chakrawvorty | 2012 | Invitrg, EL&; Human sheealar prowided Highest level of bone exprassion in The majority of miRMA wers down-

M. research ModELa; bone cells. modsLA and SLA. 35 different types of regulated in responss to the LA and
support. ERACH miRMA were downregulated in mod5LA, mod5La surfaces compared to the SMO

and 32 in 5L4 surfaces. High number of one, with only relatively changes found
genes and mikMAs has been investizated. between L4 and modsLA.

Wang Z. 2015 In witro, hAD; Human bone Provided miRMA-21 induces wpregulation of Titaniwm surfaces functionalized with
reszarch CE/HA/miR-21. MErmow onky osteogensasis-related genes like COLL, miRM&-21 prezented 3 significantly higher
support. mesenchymal miRMa-21 COL3, Runx=z, OPN, and OCM. sxpression of ostecgenic genss.

stem cells
{alvealar cells).

Palmieri A, 20083 | In vitra, hachined Ti; rE-63 cells. prowided six miRkas wers found wp-regulated in Ti surfaces could provide some advantzgss
research Zirconia. zirconia comparad to Thanium [miR- to earlier ostecgenesis useful for
support. 214, miR-337 miR-423,miRk-339 miR377, immediate loading.

and mik-183k], and four down-regulzted

"/
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[miR-143, miR-17-5p, miR-24, and miR-22].
Bone related genes BMPAE and 7 were
more expressed in osteoblasts exposed to
Ti surfacs.

Thalji &. 2013 | Invivo AT-1; Rat's tibia cells. n.p. significant differences at the gens lewel The number of g=nes that wers sssocizted
{animal, AT-Z2. were not noted when comparing the two with the inflammatory or immune
rat tibia implant surfaces at each timepoint. response cetegory was greater for AT-1
maodel). Howewsr, genes wers differentially than &T-2.

regulated at day 4 ws.day 2 for both
implant surfaces. High number of genes
and mikMAs has been investizated.

Wimmers 2015 In witra, MNanotextured; Human zhsealar provided The nanotexbured surface group showsed adative nanopatterning of titanium

Ferreira research Manocsubmicrotextured; | bone cells. the highest alkzline phosphatase surfaces induces changes in the

MLE. support. Rough microtextured; activation. The rough microtextured metabolism of osteoblastic cells and call

smooth surface. surface group had the greatest amount of rESpOnsss.
calcivm produced. NOTCHI gens incresssd
its exprassion in nanosubmicrotexture
surfaces.

Palrmieri &, 2008k | In vitro, Zirconivm Cxide; rG-63 cells. provided Zirconia disks up-regulated 18 miRMas and | Zirconium oxide surfaces influence genic
research control group not down-regulated 3 mikMAs related to sxpression, howsver speculations about
support. provided. oszeogenetic genes. The most notakle clinical cutcomes of zirconia implants were

oszeogenic genes influences by zirconia are | not provided.
MOE, SHOX, EF1, EMPL and FEFRL.

Falmieri 4. 2008c | In vitro, Angtase coating; hE-63 cells provided There were 9 up-regulsted miRMAs and 10 | Anatase colloidal solution regulates
research control group ot downregulated miRMAasz. osteagenic genes and miRMAs, however
support. provided. FROX1, COLSAZ, ADAMTS4, SHOX and clinical speculations were not provided.

ALPL, AMBMN, TUFT1 were up-regulsted.
PHEX, FEM1, IGFEF4, CALCA TFIFL and PTH
were down-regulated.

W K. 2013 In witra, MAC+miR23h; Rat bone provided For the genes BMP, OCM, 03K, and Runx2, | MicroRMa-28b enhances osteogenic
resgarch MAC+HantimiR133; marrow cells. the antimiR-13& functionalized surface activity and antimicroRMA-13E inhibits
support. Macked hMaD surface. indwces higher expression. For COLL, the miR-138, inhibitors of endogenous

miR-25% functionzlized surface induces osteogenesis. Clear stimulation of

higher expression than using antimil-138, | osteogenic process was observed, in terms
whieraas this trend is reverssd after 14 of up-regulating osteogenic exprassion
days of culture. The miR-22b and enhancing alkaline phosphatase
functionalized surface induces higher prosduction, collagen secretion and
sxpression of ALP. mineralization.

Marinucci L | 2006 | In vitro, Machined; Human sheeclar m.p. &l blasted surfaces showed significantly hacro-sandblasted titanium showed best
resgarch Microsandblasted; bone cells. higher DM synthesis than the machined results in favouring osteoilast
support. Macrosandzlasted. surfaces. Other mRMA transcripts were differentiation.

increased in ostecblzsts cultwred on rough
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titanium surfaces, particularly the
macrosandblasted surface.
Qlrvares- 2014 | IR vitra, TCPS; Human n.p. Tast #8 showed graater ALP activity, OCN Qstachblast linaage calls ara sansitive to
Mavaretta /. research TiGA 14 FE; mesenchymal and agstecprotegenn production. BMPZ SpeLific micra/nanoastructures,
Suppaort. TiGALAY FO; stam cells; and BMPA wera Righest in culturas grown
TiGA14v 12, human on #9, a5 werg VEGF-4 and FGF-2. Intagrin
astechblasts. expression also varied with the surfaca.
mRMAs fiar all integrin subunits excapt
ITGEA-5 ware higher when cells ware
cultured on test substrates than on TCPS.
List of abbreviated surfaces: BTHrp: Parathyroid hormone-ralated protein

SLa: sandblasted acid-etched Titanium surface

madsia: 5LA surface with an N protection and stored in an isotonic saline salution
wac: microarch-oxidated titanium

CH/HA/MR-21: chitosan/Myaluronic acid surface with miRMA-21

Tigaldy: picron-scale rough Titanium alloy

EE: micro/nanastructured surface alectrolytic etched

hA: Machined surface

Tid: TioBlast; surface blasted with TiG:

05! Osse0spasad; surface blasted with TiQ: then trastad with hydrofluonic add
SM0: smooth polished surface

AT-1: axalic acid and hydroflucric acid treated surface

AT-2: oxalic acd treated surface

Tigaldy: picron-scale rough titanium alloy (# indicates different dimansion of
roughness parametars).

TCRS: polystyrene surface

List of abbreviated genas and proteins:
ALP: alkaline phosphatase

BMP: bone morphogenic protein

BEP: bone sialoprotain

Runs: runt-related transcription factor
OCHN: osteacalcin

PTH: Farathyroid hormaone

BIC: bona-implant contact

PFOSTH: periostin related factor

VEGF: vascular endothelial growth factor

CoLl: collagen type lal

CoLs: collagen type Nal

OPM: csteopontin

FGF: fibroblast growth factor

ITEA integrin subunit

SHO: Short stature HOmeoboX-containing gene
IGF: insulin-like grow factor

HOG: noggin gens

PFROX: paroxiredosin

ADAMTE: gene encoding for disintegrin and matalloproteinase with
thrombospondin motifs

ArABM: ameloblastin

PHEX: Phasphate-regulating neutral endopeptidase
Fam: fibrillin

CaLca: Calcitonin Related Polypaptide alpha

TFIP: Tisswe factor pathway inhibitor

Q5K Ostecblast-specific tramscription factor, osterix

Tah.1. Effects of different surfaces on genetic expression. Types of cells usad, tested surfaces, gene influenced and conclusions of different authors are presented.
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Tab.2. COMPARISON OF CLINICAL TREATMENTS

Author | Year | Type N° of Bone defect Clinical treatments Evaluat. Results Conclusion
patients tested of miRNAs
FulH. | 2015 | RCT with immuno- | 26 Buccal implant | Defects treated with Mot Mo significant differences in Bone preserved with the
histochemical and | patients dehiscences in | bone particulate provided. | POSTN, Runx2 and VEGF membrane was bigger in volume
RNA analyses. 13 (test) manxilla. allograft (control) or expressions between test and | but less mineralized and more
13 (contr) bone and pericardium control groups were found. fibrous. No significant differences

membrane (test].

Epigenetic mechanism was
not provided.

in mRMNA expression between the
two groups were found.

Tab.2. Comparison of genetic stimulation of two clinical treatments for implant dehiscence. Dehiscences treated with both bone and membrane showed bigger bone volume
and immature bone. Dehiscences treated with only bone showed fasted healing and lower bane volume. No significant differences were found in RNA analyses.

Tab.3. NARRATIVE REVIEW

Author Year | Type

Mechanism

Razzouk 5. | 201 Marrative review.

BMP-2 and osteoprotegerin.

and 05X,

Smoking down-regulates osteopontin, Type 2 collagen,

Diabetes influences the expression of PTHrP, OCN, Runx2

Tab.3. Narrative review about the epigenetic influence of smoking and diabetes on osseointegration. Smoking and diabetes can lead to a low-quality bone and altered

microarchitecture through the histone deacetylation and DNA methylation of different genes.
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