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Abstract: Cell phenotype is influenced by the linear sequence of bases and by epigenetic changes.
Despite the huge number of implants placed every year, epigenetic mechanisms controlling
peri-implant processes remain unexplored. The purpose of this systematic qualitative review was
to investigate the available articles dealing with the relationships between DNA methylations,
histone modifications, or micro-RNA (miRNA) production and implant therapy. A large variety
of different surfaces were evaluated based on their osteogenic stimulation of osteoblasts. Dental
implant treatments like potassium hydroxide (KOH) alkali-etching, electrolytic etching, ionization,
functionalization with miRNAs or anti-miRNAs, or osteogenic peptides enhanced osteoblast
differentiation and gene activation by regulating miRNA production. Zirconia and anatase coating
inhibited the activation of osteogenic genes. Epigenetic changes on peri-implant cells induced by
smoking still remain unclear. Due to the heterogeneity of methodologies, a meta-analysis was not
possible. Even if it is impossible to define which implant surface was best to genetically stimulate
osteogenesis, there is evidence that implant surface features can upregulate or downregulate genes
related to osseointegration.
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1. Introduction

The rehabilitation of partial and total edentulism using dental implants has shown highly
satisfactory clinical outcomes [1]. The success of implant therapies has been clinically and histologically
documented [2] and is based on osseointegration, a direct structural and functional connection between
native living bone and the implant surface [3].

Notwithstanding the wide use of osseointegrated implants, 80% of subjects and 50% of implants
suffer from mucositis or other biological problems [4,5]. Biological complications around dental
implants have been attributed to several factors, from the establishment of a pathogenic microflora [6]
to the presence of inflammatory cells close to the implant-abutment interface [7,8].

Microbiological findings from sites of failing implants are similar to those in periodontally
compromised teeth [9,10] with increased subgingival levels of Porphyromonas gingivalis,
Prevotella intermedia, and Fusobacterium nucleatum.

Oral plaque is often considered the primary reason for implant failure after loading [11,12].
Furthermore, increased levels of prostaglandin E2 (PGE2), interleukins (IL), and platelet-derived
growth factor (PDGF) at the sites of failed implants [13] indicate that the host’s response to
environmental stress also plays a major role in peri-implant mechanisms. Despite the number of
existing hypotheses, the genetic mechanisms controlling the peri-implant biological processes remain
largely unexplored.
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In 2008, epigenetics was defined as a “stably heritable phenotype resulting from changes in
a chromosome without alterations in the DNA sequence” [14]. 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 [15,16] as if there is a “ghost in your genes”, as stated by Rothstein et
al. [17].

The study of epigenetic mechanisms could also explain intergenerational disease susceptibility
not directly hardwired into our genetic material [18]. Environmental stressors including toxins
and microbial exposures [19], adrenaline and psychological stress [20], diet [21], and hormones [15]
can change epigenetic patterns and thereby effect changes in gene activation and cell phenotype.
Epigenetic modifications affect genetic expression by activating or repressing genes and preventing
messenger RNA (mRNA) formation, or by affecting protein structure after translation from an mRNA
template [18].

Epigenetic mechanisms mainly involve DNA methylation, histone modification, and mRNA
regulation by non-coding RNAs (ncRNAs) called microRNAs (miRNAs) [22] (Table 1). DNA
methylation is performed by DNA methyltransferases and causes a more condensed DNA structure,
transcriptional repression, and gene silencing [23,24]. The DNA methylation state has an important
role in bone metabolism as it regulates the expression of various genes involved in bone cell functions
such as alkaline phosphatase, sclerosin, osterix, distal-less homeobox 5 protein (DLX5), oestrogen
receptor alpha, osteoprotegerin, receptor activator of nuclear factor kappa-B ligand (RANKL), secreted
frizzled-related protein 1 (SFRP1) , and leptin [25].

Table 1. Overview of main epigenetic modifications. DNA methylation, histone modification, and
micro RNA (miRNA) production influence DNA expression through chromatin modification and post
transcriptional gene repression.

DNA Methylation Histone Modification MicroRNA

• The methylation takes place in
CpG dinucleotides of the
DNA chain.

• Mediated by a group of enzymes
called DNA methyltransferases.

• Hypermethylation leads to
transcriptional repression and
gene silencing.

• Hipomethylation leads to
transcriptional activation and
gene expression

• Histone proteins can be modified
by various post-translational
modifications such as acetylation,
methylation, ubiquitinylation,
phosphorylation, citrullination,
and ADP-ribosylation

• Histone acetyl transferase and
histone de-acetylases activate
and represses gene
expression, respectively

• ncRNAs that regulate post
transcriptional gene expression.

• miRNAs’ effects are mRNA
destabilization and
translational repression.

• miRNAs influence osteogenetic
gene expression. i.e., miRNA-133
and miRNA-135 suppress RunX2
and Smad5, two transcription
factors for osteogenesis

Histones, alkaline proteins that package the DNA into structural units, can be modified by
various post-translational modifications. Acetylation of a core histone results in a more open
chromatin structure that facilitates gene expression. Histone deacetylation causes the condensation of
chromatin and inhibits gene transcription. Histone methylation can either result in an activated or
repressed chromatin state [26]. Histone deacetylases (HDAC), highly sensitive to histone modification,
strongly influence bone through the suppression of osteoblast differentiation [27,28], the promotion
of RANKL-induced osteoclastogenesis [29], the maintenance of bone mass during development and
aging [30], and many others.

miRNAs are brief sequences of ncRNAs composed of 18–22 nucleotides [31,32]. miRNA pathways
regulate gene expression by inducing degradation and/or translational repression of target mRNAs. If
miRNA production increases, levels of target mRNAs decrease and the gene expression is repressed. In
the same way, if the miRNA levels decrease, gene expression is upregulated [31]. Numerous miRNAs
have been demonstrated to directly regulate osteoblastogenesis and osteoclastogenesis, for example,
miR-23a, miR-34c, miR-133a, miR-135a, miR-137, miR-204, miR-205, miR-211, miR-217, miR-218,
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miR-335, miR-338, miR-433, and miR-3077-5p target runt-related transcription factor-2 (RunX2), the
master transcription factor in osteoblast differentiation [33–35].

Several authors have investigated the role of epigenetics in chronic or aggressive
periodontitis [36–38], and have demonstrated that the expression levels of cytokines and
chemokines [39], toll-like receptors [40], protease-activated receptors [41], interleukin-8 [42], and
cyclooxygenase-2 [37,38] could be affected by oral bacteria. A recent study documented that the
presence of different oral bacteria resulted in a differential methylation profile in gingival epithelia [43],
while another article demonstrated hypomethylated oral epithelia in patients with generalized
aggressive periodontitis [36].

Despite available data regarding epigenetics and periodontology, knowledge on epigenetics
related to implant dentistry is weak. Therefore, the aim of this review was to evaluate the available
evidence investigating the potential effects of DNA methylations, histone modifications, or micro-RNA
production on dental implant therapy.

2. Materials and Methods

This review was conducted according to Cook’s principles with a pre-planned method and
using explicit and reproducible criteria [44]. Potentially relevant articles were investigated in a
comprehensive search. All presented data were appraised, synthesized, interpreted, and discussed [44].

2.1. Search Strategy

Systematic bibliographical electronic research was carried out 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.

The following terms and Boolean connectors were used: ((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 after query translation is listed in the Appendix A.

2.2. Selection of Studies

2.2.1. Inclusion Criteria

All scientific in vivo and in vitro publications investigating the impact of genetic expression levels
on implant rehabilitations were included. According to Mulrow [45], studies with both direct and
indirect evidence were also included. No filters like language or time limitation were applied. The last
update for new published articles was done on 1 March 2017.

2.2.2. Exclusion Criteria

Published studies that did not meet the inclusion criteria and did not provide information
concerning dental implant therapy, upregulation or downregulation of genes or their products were
excluded. Scientific articles resulting from the use of confounding words, such as those investigated
mucositis different from peri-implant mucositis, or orthopedic prosthetic joint, were excluded.

2.3. Development of the Review

This study was conducted in three phases. The first phase involved screening titles and abstracts.
The second phase consisted of screening full-text articles. The final phase consisted of a review of
included articles. For each included study, data regarding activated genes, influences of implant
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materials on gene expression, types of implant materials, types of surface modifications, and number
of patients or types of cells studied were rewritten.

3. Results

The electronic search found 67 articles (Figure 1). During the first phase of screening, 18 studies
were excluded as they did not address the existing connections between epigenetics and implant
dentistry. Their main fields of interest were: oral mucositis during radiotherapy or chemotherapy,
mucositis in patients with neoplastic diseases like cancer or leukemia, tolerability of temsirolimus,
graft-versus-host disease, fluorouracil toxicity, hypomethylating agent therapy for neoplastic diseases,
and radiation-induced tissue damages.

Figure 1. Search strategy, screening for eligibility, and final number of included publications. The
electronic search found 67 studies regarding changes in gene expression and implantology. After
title and abstract screening, 18 of them were excluded as they focused mainly on mucositis after
radio/chemotherapy, mucosal inflammation, neoplastic diseases, hypomethylating agent therapy for
neoplastic diseases, and radiation-induced tissue damages. Forty-nine articles were downloaded and
studied. Thirty-two of them were excluded as they did not investigate the effects of DNA methylations,
histone modifications or micro-RNA (miRNA) production on implant survival, osseointegration,
peri-implant mucositis, perimplantitis, or implant-abutment leakage. Thus, this systematic review was
finalized with 17 articles.

After the first screening, 49 articles were downloaded and studied (Figure 1). During the second
phase of screening, 32 articles were excluded as they did not investigate the effects of gene expression
changes on implant therapy, but evaluated 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); orthopedic 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
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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).

Thus, this review was based on 17 scientific articles (Figure 2). All 17 included articles were
evaluated during phase three. Publication types of the included articles are expressed in Figure 2.
Fifteen of 17 articles were in vitro or in vivo studies [46–60]. One was a randomized clinical trial with
immune-histochemical analysis [61], and the other was a narrative review [62].

Figure 2. Types of included articles. Out of the 17 included articles, 12 were in vitro studies; two were
in vivo studies; one was both an in vivo and in vitro study; one was a randomized controlled trial
(RCT) with immune-histochemical and RNA analyses; and one was a narrative review. All 17 articles
were reviewed.

3.1. In Vivo and In Vitro Studies

Fifteen of the 17 articles included publications aimed to compare changes in the gene expression
profiles of cells cultured on different implant surfaces [46–60] (Table 2).

Eight articles documented miRNA production [47,51–53,55–58]. Seven articles did not provide
information on miRNA production [46,48–50,54,59,60]. No articles reported information on chromatin
alteration due to DNA methylation or histone modification.
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Table 2. Effects of different surfaces, effects of two different clinical treatments, and effects of smoking and diabetes on genetic expression.

Effects of Different Surfaces on Genetic Expression

Author Year Type Surfaces Tested Type of Cells Evaluation of
miRNAs

Gene Expression and Molecular
Mechanism Conclusion

Giannoni P. [46] 2009 In vitro,
research support.

KOH alkali-etched;
NaOH alkali-etched;
not etched surface.

Bone marrow stromal
cells from iliac crest.

not provided
(n.p.)

High expression of BSP was found on
KOH etched surfaces.

KOH modifications seem to allow the
best osteogenic differentiation of
human mesenchymal stromal cells.

Iaculli F. [47] 2016 In vitro,
research support.

SLA surface without
ionization (control);
Ionized SLA
surface (test).

Dental pulp stem cells. Provided
miRNA-133a, miRNA-133b, and
miRNA-135 influenced the expression of
Runx2 and Smad5 genes.

Ionized sandblasted and acid-etched
surface seemed to markedly enhance
the development and differentiation of
osteoblast cells.

Meng W. [48] 2013 In vitro,
research support. EE; SLA; M. MG-63

osteosarcoma cells. n.p.
Gene expression is related to features of
implant surface and the level of
osteoblast differentiation.

Hierarchical micro-/nanostructured
titanium surface treated by EE
enhanced the ALP, OCN, Runx2, OPN
activity, and COL1 mRNA gene
expression of osteoblast.

Thalji G. [49] 2015 In vivo (human). TiO versus OS; smoker
versus non-smoker.

Implant adherent cells
(alveolar bone cells). n.p.

The variable of time influences gene
expression more that the effect of
nicotine. Modified surfaces could soften
the negative effect of nicotine. High
number of genes has been investigated.

At early time points, similar trends in
gene expression were noted in
implant-adherent cells regardless of
implant surface and smoking status.

Ding X. [50] 2015
In vitro and
in vivo (animal,
beagle dog).

SLA + 30 nm; SLA +
50 nm; SLA + 80 nm;
SLA without
nanotubes.

MG-63 osteosarcoma
cells (in vitro study).
Beagles’ tibias cells
(in vivo study).

n.p.

Nanotube diameters influence cell
phenotype (filopodia and lamellipodia)
and ALP, Runx2, and OCN
genes expression.

SLA + 80 nm surface is the most
favorable for promoting the activity of
osteoblasts and early bone bonding.

Chakravorty N.
[51] 2012 In vitro, research

support. SLA; ModSLA; SMO. Human alveolar
bone cells. Provided

Highest level of bone expression is
documented on modSLA and SLA. 35
different types of miRNA were
downregulated in modSLA, and 32 in
SLA surfaces. High number of genes and
miRNAs has been investigated.

The majority of miRNA were
downregulated in response to the SLA
and modSLA surfaces compared to the
SMO one, with only relative changes
found between SLA and modSLA.

Wang Z. [52] 2015 In vitro,
research support.

MAO;
CS/HA/miR-21.

Human bone marrow
mesenchymal stem
cells (alveolar cells).

Provided only
miRNA-21

miRNA-21 induces upregulation of
osteogenesis-related genes like COL1,
COL3, Runx2, OPN, and OCN.

Titanium surfaces functionalized with
miRNA-21 presented a significantly
higher expression of osteogenic genes.

Palmieri A. [53] 2008 a In vitro,
research support. Machined Ti; Zirconia. MG-63 cells. Provided

Six miRNAs were found upregulated in
zirconia compared to Titanium (miR-214,
miR-337, miR-423, miR-339, miR377, and
miR-193b), and four downregulated
(miR-143, miR-17-5p, miR-24, and
miR-22). Bone related genes BMP4 and 7
were more expressed in osteoblasts
exposed to Ti surface.

Ti surfaces could provide some
advantages to earlier osteogenesis
useful for immediate loading.
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Table 2. Cont.

Effects of Different Surfaces on Genetic Expression

Author Year Type Surfaces Tested Type of Cells Evaluation of
miRNAs

Gene Expression and Molecular
Mechanism Conclusion

Thalji G. [54] 2013 In vivo (animal, rat
tibia model). AT-1; AT-2. Rat’s tibia cells. n.p.

Significant differences at the gene level
were not noted when comparing the two
implant surfaces at each timepoint.
However, genes were differentially
regulated at day 4 vs. day 2 for both
implant surfaces. High number of genes
and miRNAs has been investigated.

The number of genes that were
associated with the inflammatory or
immune response category was greater
for AT-1 than AT-2.

Wimmers Ferreira
M.R. [55] 2016 In vitro,

research support.

Nanotextured;
NanoSubmicrotextured;
Rough microtextured;
Smooth surface.

Human alveolar
bone cells. Provided

The nanotextured surface group showed
the highest alkaline phosphatase
activation. The rough microtextured
surface group had the greatest amount of
calcium produced. NOTCH1 gene
increased its expression in
nanosubmicrotexture surfaces.

Oxidative nanopatterning of titanium
surfaces induces changes in the
metabolism of osteoblastic cells and
cell responses.

Palmieri A. [56] 2008 b In vitro,
research support.

Zirconium Oxide;
Control group
not provided.

MG-63 cells. Provided

Zirconia disks upregulated 18 miRNAs
and downregulated 3 miRNAs related to
osseogenetic genes. The most notable
osseogenic genes influences by zirconia
are NOG, SHOX, IGF1, BMP1,
and FGFR1.

Zirconium oxide surfaces influence
genic expression, however speculations
about clinical outcomes of zirconia
implants were not provided.

Palmieri A. [57] 2008 c In vitro,
research support.

Anatase coating;
Control group
not provided.

MG-63 cells Provided

There were 9 upregulated miRNAs and
10 downregulated miRNAs.
PRDX1, COL9A2, ADAMTS4, SHOX
and ALPL, AMBN, andTUFT1 were
upregulated. PHEX, FBN1, IGFBP4,
CALCA, TFIP1 and PTH
were downregulated.

Anatase colloidal solution regulates
osteogenic genes and miRNAs,
however clinical speculations were
not provided.

Wu K. [58] 2013 In vitro, research
support.

MAO + miR29b; MAO
+ antimiR138; MAO
surface.

Rat bone marrow cells. provided

For the genes BMP, OCN, OSX, and
Runx2, the antimiR-138 functionalized
surface induces higher expression. For
COL1, the miR-29b functionalized
surface induces 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 ALP.

MicroRNA-29b enhances osteogenic
activity and antimicroRNA-138 inhibits
miR-138, inhibitors of endogenous
osteogenesis. Clear stimulation of
osteogenic process was observed, in
terms of upregulating osteogenic
expression and enhancing alkaline
phosphatase production, collagen
secretion and mineralization.

Marinucci L. [59] 2006 In vitro,
research support.

Machined;
Micro-sandblasted;
Macro-sandblasted.

Human alveolar
bone cells. n.p.

All blasted surfaces showed significantly
higher DNA synthesis than the
machined surfaces. Other mRNA
transcripts were increased in osteoblasts
cultured on rough titanium surfaces,
particularly the
macro-sandblasted surface.

Macro-sandblasted titanium showed
best results in favoring osteoblast
differentiation.
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Table 2. Cont.

Effects of Different Surfaces on Genetic Expression

Author Year Type Surfaces Tested Type of Cells Evaluation of
miRNAs

Gene Expression and Molecular
Mechanism Conclusion

Olivares-Navarette
R. [60] 2014 In vitro,

research support.

TCPS; Ti6A14V #5;
Ti6A14V #9;
Ti6A14V #12.

Human mesenchymal
stem cells;
human osteoblasts.

n.p.

Test #9 showed greater ALP activity,
OCN and osteoprotegerin production.
BMP2 and BMP4 were highest in
cultures grown on #9, as were VEGF-A
and FGF-2. Integrin expression also
varied with the surface. mRNAs for all
integrin subunits except ITGA-5 were
higher when cells were cultured on test
substrates than on TCPS.

Osteoblast lineage cells are sensitive to
specific micro/nanostructures.

Comparison of Clinical Treatments

Author Year Type No. of Patients Bone Defect
Clinical
Treatments
Tested

Evaluation of
miRNAs Results Conclusion

Fu J.H. [61] 2015
RCT with
immuno-histochemical
and RNA analyses.

26 patients 13 (test)
13 (contr)

Buccal implant
dehiscences in maxilla.

Defects treated
with bone
particulate
allograft
(control) or
bone and
pericardium
membrane
(test).

Not provided.

No significant
differences in
POSTN, Runx2, and
VEGF expressions
between test and
control groups were
found. Epigenetic
mechanism was not
provided.

Bone preserved with the membrane
was bigger in volume but less
mineralized and more fibrous. No
significant differences in mRNA
expression between the two groups
were found.

Narrative Review

Author Year Type Epigenetic Target. Mechanism

Razzouk S. [62] 2013 Narrative review. DNA methylation,
Histone deacetylation.

Smoking downregulates osteopontin, Type 2 collagen, BMP-2, and osteoprotegerin. Diabetes influences
the expression of PTHrP, OCN, Runx2, and OSX.
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3.2. Cell Population

A large variability of cell selection was tested. Regarding in vitro studies, four studies used
human osteoblast like cells (MG-63) for cell culture [48,53,56,57] while the other four used human
alveolar stem cells from human donors [51,52,55,59]. Human mesenchymal stem cells [60], dental pulp
stem cells [47], rat bone marrow cells [58], and marrow stromal cells obtained from the iliac crest [46]
were used in one study each.

Two were in vivo studies aimed at investigating genetic expression levels of implant adherent
cells taken from the tibias of rats [54] and humans [49].

Finally, one study was both an in vitro and in vivo study using MG-63 cells and implant adherent
cells from the tibias of beagle dogs [50].

3.3. Implant Surfaces

A huge variety of surfaces and their effects on gene activation were tested. With reference to
in vitro studies, KOH alkali-etched surfaces enhanced bone sialo protein and matrix metalloprotease 2
levels [46]. Ionized surfaces induced higher levels of Runx-2, Smad5, and osteocalcin [47]. Electrolytic
etched surfaces were associated with higher levels of alkaline phosphatase, osteocalcin, Runx-2,
osteopontin, and collagen type Iα1 [48]. Sandblasted and acid-etched (SLA) and modSLA surfaces
downregulated miRNAs influencing osteoprogenitor cells [51]. CS/HA/miR-21 surfaces increased
the production levels of collagen type IIIα1, osteocalcin, Runx-2, osteopontin, and collagen type
Iα1 [52]. Zirconia surfaces inhibited the production of bone morphogenic protein-4 and -7 [53].
Nanotextured surfaces showed the highest alkaline phosphatase production, while the microtextured
surface group had the greatest amount of calcium and mineralized nodules [55]. Zirconia surfaces
upregulated 18 miRNAs involved in the repression of osteogenic genes [56]. Anatase surfaces
upregulated nine miRNAs with repression of collagen 9α2, disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS4), and alkaline phosphatase [57]. The anti-miR-138 functionalized
surface induced higher expression of bone morphogenic protein, osteocalcin, osterix, and Runx2.
The miR-29b functionalized surface induced a higher expression of alkaline phosphatase and collagen
type Iα1 [58]. Macro-sandblasted surfaces had higher levels of TGFβ2, osteopontin, Runx-2, and bone
sialoprotein [59]. The Ti6A14V#9 surface showed greater alkaline phosphatase (ALP), osteocalcin,
vascular endothelial growth factor-A (VEGF-A), fibroblast growth factor-2 (FGF-2), bone morphogenic
protein, and osteoprotegerin production [60]. SLA surfaces with 80 nm of nanotubes were shown to
induce higher formation of filopodia, lamellipodia, cellular extensions, and gene expression [50].

With reference to in vivo studies, in one study, TiOblast and osseospeed implants were placed
in human smoking and nonsmoking patients. Implants were harvested after two and four days of
submerged healing, and implant adherent cells were studied [49]. Interestingly, the authors found
that the time variable influenced 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. In another study, nano- or microroughened implants were placed in the tibias of
rats and harvested after two and four days of submerged healing [54]. Significant differences at the
gene level were not noted when the two implant surfaces were compared at each timepoint. However,
genes were differentially regulated at different days for both implant surfaces.

3.4. Comparative Analysis

Nine studies found that specific surfaces induced osteoblast differentiation, expression
of osteogenic genes or repression of the miRNAs that downregulate osteogenic
genes [46–48,50,52,53,58–60], while six articles did not indicate a better surface [49,51,54–57].
Two articles documented similar trends in gene expression regardless of implant surface and found
that the effect of time influenced gene expression more than the surfaces [49,54]. Only two publications
evaluated the genetic effect of zirconia surfaces. In the first study, zirconia surfaces were associated
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with worse genetic activation than machined titanium ones [53]. In the second, the number of miRNAs
upregulated was much higher than the number of miRNAs downregulated [56].

3.5. Randomized Clinical Trial

One article out of the 17 was a randomized clinical trial [61] (Table 2). Twenty-six patients with
one buccal implant dehiscence defect were each randomly treated with particulate allograft bone
(control) or particulate allograft bone and pericardium membrane (test). After six months of healing,
an analysis of bone volume and gene expression was performed. Greater volume levels were found
in the test group than in the control group. Bone biopsies were harvested and processed. Genetic
expression of osteogenic genes was evaluated with an immune-histochemical analysis. Positive
periostin, sclerostin, and Runx2 immunoreactivities were detected in both the control and test groups
without statistical differences. Tartrate-resistant acid phosphatase (TRAP) positives were mostly noted
in the control group. Analysis of DNA methylation, histone modifications, and miRNA production
was not provided.

3.6. Narrative Review

A narrative review investigating the epigenetic effect of smoking and diabetes on
osseointegration [62] was also included in this study. Findings indicated that global DNA methylation
is influenced by smoking behavior (Table 2). Smoking had 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 II collagen, bone morphogenetic protein-2, and osteoprotegerin
resulted in significant downregulation by smoking components. Diabetes was associated with the
decreased gene expression of bone matrix proteins like osteocalcin and parathyroid hormone-related
protein (PTHrP), downregulation of transcription factors involved in osteoblast differentiation like
Runx2 and osterix, and repression of osteoprotegerin through the activation of RANKL [63]. Histone
lysine methylation and other post transcriptional changes were implicated in aberrant gene regulation
associated with the pathology of diabetes and its complications. Moreover, serum osteocalcin levels
were found to be significantly increased in patients with Type II diabetes [64]. As a result, alteration of
bone healing in diabetes and epigenetic modifications are deeply connected.

4. Discussion

Genetic information is encoded not only by the linear sequence of DNA, but by epigenetic
modifications [12] such as DNA methylation, histone modification, and miRNA production.
The purpose of this review was to investigate the available literature dealing with the role of epigenetics
in implant treatment.

Even though the 17 included articles documented changes in gene expression due to different
implant surfaces or different clinical treatments, only eight studies documented how these changes
were affected by miRNAs [47,51–53,55–58]. The narrative review investigated the effects of global
DNA methylation and histone modification [62]. More articles performed miRNA analysis than other
epigenetic analyses because of the more precise results due to the functional link between specific
miRNAs and target mRNAs. Some included articles showed an alteration in protein production
without explaining the genetic processes behind them. Factors other than epigenetic modifications
could also contribute to up- or downregulating protein production. The presence of 3D scaffolds might
play a role in the induction of cells differentiation [65]. Mechanical perturbation of osteoblasts may
enhance bone sialoprotein (BSP) levels [66]. Cell differentiation and protein production could also be
influenced by additives and factors used in the medium [47]. However, cells cultured on titanium disks
showed an early differentiation processes, influenced by the macro/micro/nano structure, regardless
of the presence of dexamethasone, glycerol phosphate, and ascorbic acid in the medium [47,60].

Zirconia and anatase surfaces increased the production of the miRNAs that downregulate
osteogenic genes [53,56,57]. Thus, zirconia and anatase surfaces are not eligible to genetically stimulate
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new deposition of mineralized bone. Alkali-etching treatments [46], titanium-alloy [60], ionization [47],
electrolytic etching [48], surfaces with nanotubes [50], N2 treatments [51], and surfaces functionalized
with miRNAs [52,58] stimulated the differentiation of mesenchymal cells in osteoblasts. Moreover,
they enhanced the activation of osteogenic genes. Micro-sandblasted, macro-sandblasted [59], SLA,
and electrolytic etched [48] surfaces upregulated osteogenic genes more than machined ones. As
zirconia showed worse results than the machined surfaces [53], it seems that micro-sandblasted,
macro-sandblasted, SLA, and electrolytic etched surfaces also upregulate osteogenic genes more
than zirconia.

Interestingly, the results from in vitro studies are different from those resulting from clinical trials.
A systematic review investigating zirconia clinical outcomes reported high survival rates [67] after one
year of follow-up. On the other hand, results of in vitro studies did not necessarily agree with clinical
outcomes that can be influenced by other factors. For example, the passage of time could influence
the cells’ phenotype much more than implant surfaces [49]. However, a recent review on zirconia
implant outcomes concluded that early failure rate of zirconia implants was higher when compared
with titanium ones [68].

Regarding the types of cells used, most of the reported data derived from studies were
performed on osteoblast-like cells (MG-63) or animal cells, which are not normal human osteoblasts.
Notwithstanding this, the advantages of using MG-63 cells are related to the fact that the reproducibility
of data is higher. Primary human cell cultures provide a source of human cells, but also contain
contaminating cells of different types and cells in variable differentiation states. Furthermore, most
of the reviewed studies were in vitro studies that were not influenced by interindividual variability
of human patients; indeed, adrenaline released after psychological stress may inhibit osteogenic
differentiation through histone acetylation and downregulation of miR-2 [20]. On the other hand,
in vivo human studies require a large sample and long follow-up for a better comprehension of
epigenetic influences.

Regarding the influence of time, similar trends in gene expression were noted in implant-adherent
cells regardless of implant surface if they were evaluated at the same early time point [49,54].
However, when the time-course was evaluated, statistical differences in genetic patterns were identified.
Therefore, the influence of time affected gene expression more than different surfaces. Regarding
smoking, one in vivo study noted that the impact of smoking did not occur at early time points when
all implants were submerged [49]. As the absorption of nicotine through the oral mucosal tissues is
pH dependent, given that the pH of tobacco smoke in most cigarettes is acidic, nicotine is primarily
ionized, resulting in minimal absorption of nicotine from cigarette smoke. These data indicated
that the gene expression profiles of submerged implant adherent cells were similar among smokers
and non-smokers.

Articles investigating the epigenetic effects of orthopedic implant surfaces showed similar results
to those investigating the effects of dental implants surfaces. Some miRNAs induced the reduction
of the expression of VEGF (a key regulator of inflammatory osteoclastogenesis correlated to the
aseptic loosening of orthopedic implants), and the use of miRNAs could be used to safely lower
inflammation [69]. In two of the included articles, miRNAs were loaded to dental implant surfaces to
selectively activate or repress genes. Surfaces functionalized with miRNAs were shown to upregulate
osteogenic genes more than non-functionalized ones [52,58]. Furthermore, five of the included articles
tested surfaces used for dental and orthopedic rehabilitations [46,50,51,55,60].

According to Cook’s criteria, the present review is a systematic qualitative review [44] because of
the expressed methodology and reproducible results. The large heterogeneity of types of cells, time
point, surfaces used, and genes tested did not allow for meta-analysis. Only indirect evidence was
possible to evaluate [45] based on Mulrow indications.

Despite current difficulty in defining which implant surface is best to genetically stimulate
osteogenesis, there is evidence that implant surface features can upregulate or downregulate genes
related to osseointegration. The importance of epigenetic mechanisms will largely influence the
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industry and the clinical application of implant treatment. As reported by Williams et al. [18],
epigenetics is a new frontier in dentistry.

5. Conclusions

This systematic qualitative review showed that genetic stimulation of osteogenic genes was
performed by surface treatments like alkali-etching, ionization, electrolytic etching, surfaces with
nanotubes, isotonic solution, and N2 treatments. Osteogenic inhibition was associated with zirconia
surfaces and anatase coatings. Micro and nanoporous surfaces may provide a larger area for loading
miRNAs, anti-miRNAs, peptides, or other osteogenic drugs.
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Abbreviations

List of Abbreviated Surfaces

SLA sandblasted acid-etched titanium surface
modSLA SLA surface with an N2 protection and stored in an isotonic saline solution
MAO microarch-oxidated titanium
CH/HA/mR-21 chitosan/hyaluronic acid surface with miRNA-21
Ti6A14V micron-scale rough titanium alloy
EE micro/nanostructured surface electrolytic etched
M machined surface
TiO TiOBlast; surface blasted with TiO2
OS osseospeed; surface blasted with TiO2 then treated with hydrofluoric acid
SMO smooth polished surface
AT-1 oxalic acid and hydrofluoric acid treated surface
AT-2 oxalic acid treated surface
Ti6A14V micron-scale rough titanium alloy (# indicates different dimension of roughness parameters)
TCPS polystyrene surface

List of Abbreviated Genes and Proteins

ALP alkaline phosphatase
BMP bone morphogenic protein
BSP bone sialoprotein
Runx runt-related transcription factor
OCN Osteocalcin
PTHrp parathyroid hormone-related protein
PTH parathyroid hormone
BIC bone-implant contact
POSTN periostin related factor
VEGF vascular endothelial growth factor
COL1 collagen type Iα1
COL3 collagen type IIIα1
OPN Osteopontin
FGF fibroblast growth factor
ITGA integrin subunit
SHOX short stature homeobox-containing gene
IGF insulin-like grow factor
NOG noggin gene
PRDX Peroxiredoxin
ADAMTS gene encoding for disintegrin and metalloproteinase with thrombospondin motifs
AMBN Ameloblastin
PHEX phosphate-regulating neutral endopeptidase
FBN Fibrillin
CALCA calcitonin related polypeptide alpha
TFIP tissue factor pathway inhibitor
OSX osteoblast-specific transcription factor, osterix
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Appendix A

Query translation of the typed formula was automatically calculated by PubMed’s electronic program as:

(("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]).
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