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Abstract: Specific microRNA (miRNA) expression profiles have been reported to be predictive of
specific clinical outcomes of dental implants and might be used as biomarkers in implant dentistry
with diagnostic and prognostic purposes. The aim of the present narrative review was to sum-
marize current knowledge regarding the use of miRNAs in implant dentistry. The authors at-
tempted to identify all available evidence on the topic and critically appraise it in order to lay the
foundation for the development of further research oriented towards the clinical application of miR-
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1. INTRODUCTION

The success of implant therapies to rehabilitate partial
and total edentulism has been clinically and histologically
documented [1] and is based on osseointegration, a direct
structural and functional connection between native living
bone and the implant surface [2]. Although implant treat-
ment is very successful, biological complications around
dental implants such as peri-implant mucositis or peri-im-
plantitis may occur. In the Consensus report of the 2017
World Workshop on the Classification of Periodontal and
Peri-Implant Diseases and Conditions, mucositis has been
defined as the condition characterized by bleeding on gentle
probing that can be associated with erythema, swelling or
suppuration. Differently, peri-implantitis has been defined
as a pathological condition occurring in tissues around den-
tal implants, characterized by inflammation in the peri-im-
plant mucosa and progressive loss of supporting bone [3].
The etiology of peri-implant disease is controversial. In fact,
peri-implantitis has often been considered a plaque-associat-
ed disease [3]. However, a cause-effect relation between
plaque accumulation and bone resorption is far from being
demonstrated [4-6].

Nowadays, the aetiology of peri-implantitis is recog-
nized to be multifactorial. In particular, some of the factors
that can influence implant success and might be involved in
the onset and development of peri-implantitis are the im-
plant design, the surgical and prosthetic protocol, patient’s
local and systemic conditions, pathogenic microflora, over-
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loading, etc. Despite the number of existing hypotheses, the
genetic and epigenetic mechanisms controlling peri-implant
biological processes remain largely unexplored. The interest
in epigenetics in medicine and dentistry has grown impres-
sively during the last decade, and epigenomics is considered
one of the most important cutting-edge subjects of scientific
discovery [7, 8]. The mainly studied epigenetic molecular
mechanisms are microRNA (or miRNAs, or miR) produc-
tion, DNA methylation, and histone modification.

A recent review by Sartori ef al. [9] found only one clini-
cal trial evaluating the role of miRNAs in the osseointegra-
tion of dental implants. A narrative review by As’ad et al.
[10] investigated the relationship between peri-implantitis
and miRNAs, pointing out that most evidence is only avail-
able from a few preclinical studies and highlighting that fac-
tors associated with peri-implantitis, such as a history of peri-
odontitis, might increase the susceptibility of certain individ-
uals to develop peri-implantitis via sustained DNA-methyla-
tion levels or differential miRNA expression. Since the publi-
cation of these reviews, other studies, including some clini-
cal trials, have been conducted analyzing miRNAs in im-
plant dentistry, suggesting the need to update the review of
the literature on the topic.

1.1. What are miRNAs

MicroRNAs are small endogenous non-coding RNA
molecules (ncRNAs) of 18-22 nucleotides responsible for
specific regulation of gene expression in a post-transcription-
al manner [7, 11]. MicroRNAs are not translated into pro-
teins; instead, they regulate the expression of other genes by
either cleaving or repressing the translation of their messen-
ger RNA (mRNA) targets. They control several biological
processes, such as development, cell proliferation and differ-
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entiation, apoptosis, carcinogenesis, and response to differ-
ent extracellular signals and stress, playing a role in a varie-
ty of physiological and pathological states [12, 13]. miRNAs
are the main regulator of gene transcription and bear rele-
vance in predicting clinical outcomes. Indeed, only about
5% of expressed genes producing mRNA are really translat-
ed into proteins, while miRNAs are fully functionally active
in cell cytoplasm [14]. In fact, miRNA pathways regulate
gene expression by inducing degradation and translational re-
pression of target mRNAs.

A single miRNA can influence the expression of many
genes often involved in a functional interacting pathway. In
fact, cach miRNA may target hundreds of mRNAs, and
some targets are affected by multiple miRNAs. miRNAs are
fundamental in the maintenance of pluripotency and undiffer-
entiation of adult stem cells; indeed, several miRNAs appear
to significantly modulate the differentiation of mesenchymal
precursors in osteoblast cells, regulating the activity of tran-
scription factors [15]. miRNAs can be isolated from cells, tis-
sues, and body fluids (including cell-free biological fluids)
such as serum, plasma, tears, or urine [16].

miRNAs are currently identified as predictive biomark-
ers for degenerative diseases, because they do not undergo a
post-transcriptional selection, being the controllers of gene
transcription themselves. Consequently, compared to genom-
ic or transcriptomic biomarkers, miRNA expression has by
far a higher probability of being related with clinical vari-
ables representing a new tool for predictive medicine.

In medical literature, numerous studies over the past de-
cade have been devoted to quantitative and qualitative as-
sessment of miRNA expression and have shown consider-
able changes in their expression profiles in various diseases,
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but the most remarkable changes were observed in cancer
[17]. The results of these studies point to the profiling of
miRNA expression as an important tool for diagnostics and
treatment of diseases. However, knowledge of the underly-
ing reasons and mechanisms behind changes in miRNA ex-
pression is still limited [18].

Current methodologies used for detecting miRNAs
(Table 1) include quantitative PCR (qPCR), in situ hybridiza-
tion, microarrays, and RNA sequencing [19, 20]. Microarray
technology is a powerful high-throughput tool capable of
monitoring the expression of thousands of small non-coding
RNAs at once within tens of samples processed in parallel in
a single experiment.

Gene expression using microarrays is evaluated by pro-
cess of (a) miRNA extraction, (b) labeling, and (c) hybridiza-
tion on slides containing miRNA probes. Then the slides are
scanned with a laser system, and false-color images are gen-
erated. The overall result is the generation of a so-called ge-
netic portrait. It corresponds to up- or down-regulated miR-
NAs in the investigated cell system. The microarray-based
methods include multiplex gPCR-based arrays and hybridiza-
tion-based arrays. The qPCR microarrays use pre-plated
PCR primer/probes distributed across 96 or 384 well plates.
For a low amount of input material, a microfluidic card is
available that requires as low as 1 ng of total RNA, and mi-
crofluidic systems are available that enable single-cell miR-
NA profiling. The hybridization-based arrays have the ad-
vantage of allowing a large number of parallel measure-
ments per sample at a relatively low cost. Due to limited spe-
cificity, findings from hybridization-based arrays are typical-
ly validated with a second method such as qPCR or in situ
hybridization [21].

Table 1. Advantages and disadvantages of the different miRNA profiling techniques.

miRNA Profiling
Techniques

Outcome

Advantages Disadvantages

RT quantitative PCR
(RT-qPCR)

The quantity of one miRNA

Hich ivit * Requires miRNA annotation

* High sensitivi

& Y « Traditional gPCR will not work on ma-
ture miRNAs

* Small scale

* Specificity
* Quantitative

Microarray hybridization | Relative change in miRNA expres-
sion between two conditions

« Large scale screening: the expression of thou-
sands of small ncRNAs can be monitored at once
within tens of samples processed in parallel in a sin-

» Distinguishing the presence of similar
sequences may be difficult.
* Requires miRNA annotation

gle experiment * Imprecise quantification

RNA sequencing (R-

NA-seq) RNAs present

Sequence information for all short | « It is able to detect even small differences in miR-

* Does not require miRNA annotation
* Gives sequence information

* Requires a large amount of RNA
NA sequence .
» Complicated

» Expensive

In situ hybridization Localization of one miRNA

* Can localize miRNAs in cells/tissues

* Not quantitative
Small scale

Northern Blot Presence or absence of one miRNA

* Simple and inexpensive
« Distinguishes precursors from mature miRNAs

* Requires large quantities of RNA
* Small scale
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1.2. miRNAs in Dentistry

miRNAs are important regulatory molecules in many bio-
logical processes. Many investigations regarding miRNAs
have demonstrated their essential roles in physiological and
pathological processes in the immune response. Additional-
ly, miRNAs likely contribute to the development and pro-
gression of systemic diseases, such as cancer and vascular
disease. Consequently, there is considerable interest in the
medical literature for the use of miRNAs not only as diag-
nostic markers but also as potential therapeutic targets for
various diseases. However, studies investigating the role of
miRNAs in dentistry are still limited. A recent narrative re-
view by Kim et al. [22] presents a brief overview of the ap-
plication of miRNAs as biomarkers for oral cancer and perio-
dontitis. Studies investigating the role of miRNAs in other
fields of dentistry are scarcer. In particular, the roles of miR-
NAs in oral cancer and precancer have been more widely in-
vestigated [22, 23]. miRNA expression appears to differ be-
tween healthy tissue and squamous cell carcinoma tissues of
the oral cavity [24]. According to several recent studies, ap-
proximately 30-50 miRNAs have been suggested to be
linked with oral cancer using either independent in vitro or
in vivo experiments and human studies [25]. Furthermore,
some investigations have linked precancerous lesions and
their risk of becoming malignant to changes in miRNA ex-
pression [26]. However, there are only a few miRNAs that
have been proven to be involved in oral cancer [27]. For ex-
ample, miR-125b, miR-155, miR-124a, and miR-124b
showed altered expressions in oral cancer in different
studies [28].

Also, salivary miRNAs have been proposed as useful bio-
markers for the detection of oral cancer, periodontal disease,
and other systemic diseases [22, 24, 29-33].

miRNAs are also associated with bacterial infections
[34] and, thus, are most likely associated with infectious dis-
cases of the oral cavity, for example, dental caries, endodon-
tic infections, and periodontitis.

In particular, some studies focused on the differences in
miRNA profiles between peri-implantitis and periodontitis
[35]. In this context, miRNAs have been shown to play an
important role in the differentiation of periodontal ligament
stem cells into an osteogenic lineage [36]. Nahid et al. [37]
examined the expression of cytokines associated with inflam-
mation and differences in expression of cytokines and miR-
NAs during infection with live and heat-killed bacteria in
THP-1 monocytes. They demonstrated that expression of
miR-146a is associated with infections caused by periodon-
tal pathogenic bacteria in vitro. Another study indicated that
miR-146a is significantly overexpressed in THP-1 cells after
stimulation with LPS from Porphyromonas gingivalis [38].
miRNAs have been shown to play an important role in the
differentiation of periodontal ligament stem cells into an os-
teogenic lineage. An in vitro study demonstrated that a spe-
cific type of miRNA promotes osteogenic differentiation of
periodontal ligament stem cells; miRNA-218 acted as a posi-
tive regulator of osteogenesis in periodontal ligament stem
cells and its ectopic expression promoted the differentiation
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of periodontal ligament stem cells [39]. From these findings,
it seems that miRNA-218 is an important mediator of os-
teoblast differentiation, thus offering a new target for the de-
velopment of therapeutic agents against osteogenic disor-
ders.

1.3. Aim

The aim of the present narrative review was to sum-
marize current knowledge regarding the use of miRNAs in
implant dentistry. An attempt was made to retrieve all avail-
able literature on the topic in order to shed light on the epige-
netic mechanisms involved in implant dentistry and in order
to identify the possible diagnostic and therapeutic role of
miRNAs in this field.

2. METHODOLOGY

Two of the authors (MM and ED) searched the follow-
ing databases: MEDLINE/PubMed, Google Scholar, Sco-
pus, and Science Citation Index Expanded from Web of Sci-
ence, without any restriction regarding language and date of
publication until the 25" September 2020. The keywords
“dental implants,” fixture, implants surface, dental implant
surface, osseointegration, microRNA, miRNA, miR-, were
used and combined using Boolean operators. Only papers in
English or Italian language were analysed. Any original
study investigating miRNAs in implant dentistry was includ-
ed. All reference lists of the selected studies were checked
for cross-references. Secondary studies (reviews) were care-
fully analysed, and their reference list was screened for pos-
sible original articles to be included. Given the paucity of
studies on this topic, the aim was to retrieve all available
studies without restrictions regarding study design. Both in
vitro and in vivo studies were included.

3. RESULTS

3.1. miRNAs in Implant Dentistry

The papers identified in the present review work are re-
ported in (Table 2). In total, 25 papers were retrieved: 14 in
vitro studies, 3 animal studies, 4 clinical studies, and 4 pa-
pers that included both an in vitro phase and an animal one.
The animal studies used Labrador dogs, rats, and mice as
models.

The studies presented great heterogeneity regarding out-
comes, study design, and methodology applied.

A paper by Liu et al. [40] was excluded from (Table 2)
as the full-text was available in Chinese only. The paper re-
ported that expression levels of miR-29a-3p were sup-
pressed in peri-implant bone in a rat model of hyperlipi-
demia.

3.2. Dental Implant Surfaces and their Effect on miRNA
Expression

Among the 25 studies retrieved, 15 studies (11 in vitro, 1
clinical study, and 3 including an in vitro phase and an ani-
mal phase) investigated the effect of different implant sur-



MicroRNA in Implant Dentistry

faces, testifying to the great interest of the dental scientific
community (and dental industry) on the topic.

Nine of those papers investigated miRNAs expression in
cells next to different implant surfaces and are summarized
in the present paragraph. Six papers reported the use of miR-
NAs to biofunctionalize implant surfaces and will be de-
scribed in a subsequent paragraph.

Several factors, including the implant surface [41],
might affect dental implant success through miRNA expres-
sion. Our research group demonstrated using a cDNA mi-
croarray analysis that osteoblasts change their gene expres-
sion profile in vitro according to the type of implant surface
in contact with them [42]. In the literature, some in vitro
studies are present [43, 44] investigating the relation be-
tween titanium implant surfaces and Dental Pulp Stem Cells
(DPSCs) growth and differentiation evaluating their miRNA
expression. The obtained results demonstrated that miRNAs
played a pivotal role in the differentiation of mesenchymal
stem cells and could be used as a marker of osteogenic differ-
entiation. According to Iaculli, titanium implant surfaces in-
fluenced DPSCs differentiation in an osteogenic pattern
through modulation of miRNAs expression. Gardin et al.
[44] demonstrated enhanced osteogenic properties in DPSCs
grown onto the nanorough Ti surfaces treated with Non-
Washed Resorbable Blasting Media (NWRBM) probably re-
lated to an increase in miRNA-196a and VCAM1 mRNA ex-
pression compared to Alumina-Blasted/Acid-Etched (AB/
AE) implants.

Other in vitro studies compared miRNA expression in
different cells next to modified implant surfaces [44-47]. In
particular, Chakravorty et al. [45] showed that the expres-
sion profile of miRNAs in osteoprogenitor cells is influ-
enced by the exposure to topographically (Sand-blasted,
Large-grit Acid-etched - SLA) and chemically (hydrophilic
SLA) modified titanium surfaces.

Ferreira et al., with their microarray analysis [46],
showed differential expression of 716 mRNAs and 32 miR-
NAs with functions associated with osteogenesis, demons-
trating that oxidative nanopatterning of titanium surfaces in-
duces changes in the metabolism of osteoblastic cells and
contributes to the explanation of the mechanisms that con-
trol cellular responses to micro- and nano-engineered sur-
faces.

Sartori et al. [47] found that surface nanotopography can
affect the expression pattern of miRNAs. In fact, comparing
the expression pattern of miRNAs on a surface with nanoto-
pography compared with a smooth surface (control), a total
of 117 miRNAs were differentially expressed in human Mes-
enchymal Stem Cells (hMSCs). Forty-five miRNAs were up-
regulated, and 72 were downregulated. Several of the miR-
NAs that were differentially expressed regulate osteogenic
genes.

Also, two other in vitro studies [48-50] investigated the
effect of nanotopography of titanium surfaces on epigenetic
mechanisms involving miRNAs. Kato et al. [48, 49] found
that nanotopography generated by titanium surface oxida-
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tion using a mixture of H,SO,/ H,0, directs mesenchymal
stem cells to osteoblast lineage through regulation of miR-
NA-SMAD-BMP-2 circuit. In particular, they identified 3
miRNAs (miR-4448, -4708, and -4773) whose downregula-
tion attenuates SMAD1 and SMAD4 degradation, intensify-
ing BMP-2 signal transduction, stimulating osteoblast differ-
entiation. Yang et al. [49] used an osteoinductive near
square-50 (NSQ50) topography to investigate the role of
BMP2 in initiating osteogenic signaling in concert with cues
from the integrins. They illustrated the role of BMP2 in the
induction of RUNX2 through the repression of miR-23b.

Different from the previously cited papers that were fo-
cused on titanium implants, 3 manuscripts evaluated the ef-
fect of zirconia implants on miRNA expression [50-53]. In
particular, two in vitro studies by Palmieri e al. [51, 52] in-
vestigated the effect of zirconia on miRNA expression of os-
teoblastic cells. They found a number of miRNAs different-
ly expressed by osteoblast-like cells exposed to titanium
compared to zirconium disks, suggesting a better osseointe-
gration potential of titanium surfaces compared zirconia.

Cossellu et al. [53] conducted a human cross-sectional
study on 90 obese patients correlating the expression of 377
miRNAs in the peripheral blood with titanium and zirconi-
um levels in hair samples. Seven miRNAs (miR-99b,
miR-142-5p, miR-152, miR-193a-5p, miR-323-3p, miR-
335, miR-494) resulted specifically associated with Zr lev-
els. Although the authors suggest that titanium and zirconi-
um might be present in human hair due to their release from
dental implants, it must be underlined that the paper does
not report if the patients recruited have been rehabilitated
with dental implants.

Many miRNAs influence key osteoinductive pathways
controlling Osterix, runt-related transcription factor 2
(RUNX2), and Bone Morphogenetic Protein (BMP)/SMAD
function. Others influence the monocyte/macrophage lin-
eage. While significant progress has been made in elucidat-
ing the mechanisms associated with the regulation of surface
modulation of osteoblast differentiation by miRNAs, thanks
to many in vitro studies on the topic [44, 46, 47], knowledge
gaps are evident in the identification and characterization of
miRNAs linked to osseointegration. Given existing knowl-
edge regarding the varied expression of miRNAs and their
role in inflammation, it is important to understand how miR-
NA expression may influence the process of bone accrual at
implant surfaces during osseointegration [9]. As miRNAs
are vital factors in osteoclastogenesis, osteogenesis, and os-
teoclast/osteoblast differentiation, they have been investigat-
ed in bone-related diseases and bone-remodelling processes.
Specifically, miRNAs affect osteoclastogenesis and osteo-
clast differentiation either by directly regulating osteoclast
activity, signaling intermediates or through negative-feed-
back loops, while they control osteogenic lineage commit-
ment of various stem cells through positive-feedback loops
[10].

An in vitro study by Du et al. [54] evaluated exosomes
derived from 3T3L1 preadipocytes (Adipose tissue-Derived
Stem Cells - ADSCs). Exosomes are nanovesicles derived
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from numerous cell types, and they contain mRNA, miRNA,
proteins, and lipids. They act as cell-to-cell messengers and
are considered a novel alternative to stimulate bone regenera-
tion. Du et al. suggested that exosomes derived from 3T3L1
preadipocytes promoted 3T3L1 cells to undergo osteogenic
differentiation via reduced miR-223 expression.

4. POSSIBLE CLINICAL APPLICATIONS OF miR-
NAs IN IMPLANT DENTISTRY

4.1. Diagnostic Role of miRNAs in Implant Dentistry

The evaluation of peri-implant tissue health is mainly
based on clinical examinations and diagnostic imaging tech-
niques. Several diagnostic criteria have been proposed for
peri-implantitis. As reported in the systematic review by
Pesce et al. [4], for some authors to define an implant as af-
fected by peri-implantitis, the Probing Depth (PD) has to be
> 5 mm or > 6 mm; for others Bleeding On Probing (BOP)
or presence of suppuration are necessary to diagnose peri-im-
plantitis or different levels of bone resorption. It must be not-
ed that the value of applying periodontal parameters in the
monitoring of peri-implant disease is unclear. Moreover, de-
spite the fact that clinical methods have the advantage of be-
ing relatively easy to apply, they are not repeatable if they
are not performed by trained and calibrated operators, and
they are not able to determine the risk rate and progression
of the peri-implant disease [55]. Clinical measurements
around implants might be challenged by the force and direc-
tion of probing, implant morphology, and prosthetic design.
The cyclical episodic progression of peri-implantitis further
complicates the assessment of disease progression.

Our previous studies [56, 57] suggested the possibility of
using miRNAs extracted from peri-implant soft tissue as bio-
markers and predictors of implant health. miRNAs were ex-
tracted from peri-implant soft tissue samples at 3 months of
healing and correlated with clinical parameters (plaque in-
dex-PI, bleeding on probing-BOP, probing depth-PD, and
bone resorption) recorded during the first year post-implant
insertion and at the 5 year follow-up.

Specific miRNA expression profiles were found to be
predictive of specific clinical outcomes. In particular, the
miRNA mostly involved in the prediction of clinical out-
comes was miR-548. Indeed, this miRNA predicted PD and
BOP. In fact, it was upregulated in peri-implant soft tissue
harvested 3 months post-implant insertion at implant sites
that presented augmented PD and BOP at the 5-year fol-
low-up appointment. Moreover, some specific miRNA signa-
tures appeared to be protective from bone resorption despite
the presence of plaque accumulation. miRNA expression
analysis was found to be far more accurate than periodontal
phenotype (thick vs. thin) in predicting peri-implantitis oc-
currence in the S-year follow-up [57].

Regarding results of miRNA expression in peri-implanti-
tis, they are mainly confined to findings from animal studies
[58], and although the research is developing, scarce studies
are available in regard to miRNA expression and peri-im-
plant disease [58].
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In the study by Wu et al. [58], peri-implantitis was in-
duced by placing cotton floss ligatures around the implant
neck in 6 Labrador dogs. miRNAs extracted from soft per-
i-implant tissue of healthy implants and implants affected by
peri-implantitis were evaluated with a split-mouth design. It
must be underlined that this experimental model is far from
simulating peri-implant disease in humans, and any conclu-
sion must be considered with caution.

Interestingly, most miRNAs involved in peri-implant dis-
ease (let-7g, miRNA-27a, miRNA-29a, and miRNA-142)
were significantly downregulated with the exception of miR-
NA-145, which was significantly upregulated. Wu and col-
leagues [58, 59] demonstrated that let-7g, miRNA-27a, and
miRNA-142 influenced the onset, progression, and treat-
ment of peri-implantitis in a canine ligature-induced peri-im-
plantitis model, highlighting the potential biological effects
of the differentially expressed miRNAs and the specific en-
richment of target genes involved in the MAPK signaling
pathway.

One of the clinical studies retrieved [60], instead, investi-
gated a possible association between MiR146a/MiR499
gene polymorphisms and periodontitis/peri-implantitis in a
population of 197 Iranian subjects (75 in the chronic perio-
dontitis group, 38 in the peri-implantitis group, and 84
healthy patients), and demonstrated that genotype frequen-
cies in MiR146a and MiR499 were significantly different
among the three groups and MiR146a and MiR499
(rs3746444) gene polymorphisms may be genetic determi-
nants for increased risk of chronic periodontitis and peri-im-
plantitis.

Currently, medical research is focused on “liquid biop-
sies” with the aim of developing non-invasive and site-spe-
cific diagnostic tools [61-64]. In the field of implant den-
tistry, Peri-Implant Crevicular Fluid (PICF) has been pro-
posed for this type of biopsy because it can be easily collect-
ed. Usually, in dentistry, proinflammatory cytokines such as
Tumor Necrosis Factor (TNF)-a, anti-inflammatory cy-
tokines (e.g., IL-4, IL-10), and chemokines (e.g., IL-8) have
been described as important mediators of inflammation and
immunity in the pathogenesis of peri-implantitis. Therefore,
the evaluation of such cytokines in the PICF has been pro-
posed as a non-invasive means of monitoring the status of
peri-implant tissues and the response of peri-implant treat-
ments [65]. However, Duarte et al., in their systematic re-
view [65], concluded that “evidence regarding the PICF lev-
els of anti-inflammatory cytokines, osteoclastogenesis-relat-
ed cytokines and chemokines as possible predictors of per-
i-implantitis is too limited.” Our research group extracted
for the first time miRNAs from PICF and quantified and ana-
lyzed miRNAs using microarray technology [66]. We found
that miRNAs extracted from PICF were derived from soft
peri-implant tissue. In fact, 14 of the miRNAs altered in
PICF in relation to bone resorption were also altered in soft
peri-implant tissue at the same implant sites at the same time
point [66].

Other authors have characterized miRNA patterns in sali-
va with the aim of using them as biomarkers of oral cancer,
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periodontal disease, and other systemic diseases [22, 24].
The possibility to extract miRNAs from PICF provide the
added advantage of site-specificity compared to saliva and
might be useful for diagnostic and prognostic purposes in im-
plant dentistry. PICF miRNAs may serve as early diagnostic
biomarkers of peri-implant disease, providing a promising al-
ternative to traditional tissue sampling. The ease and cost-ef-
fectiveness of PICF sampling make it suitable for large-s-
cale screening trials and when repeated sampling is needed
at the same implant site for monitoring peri-implant health
and disease progression.

4.2. Therapeutic Role of miRNAs in Implant Dentistry

Based on the results of the research about the relation-
ship between miRNA expression and implant surfaces, some
studies tried to apply the current knowledge to improve os-
seointegration and implant therapy success [58, 66-71]. The
biofunctionalization of titanium implant surface using miR-
NAs seems to be a promising approach on the basis of in
vitro and animal studies.

Wu et al. [67], for example, fabricated a microporous ti-
tanium oxide surface that provided a larger surface area for
miRNA loading and enabled spatial retention of the miR-
NAs within the pores until cellular delivery. The study de-
monstrated high miRNA transfection efficiency in Mes-
enchymal Stem Cells (MSCs) seeded onto the miRNA func-
tionalized surface with no apparent cytotoxicity, promising
to lead to more rapid and robust osseointegration of a clini-
cal bone-implant interface. More recently, the same research
group [68] fabricated Polyelectrolyte Multilayers (PEMs) us-
ing the layer-by-layer approach with a chitosan-miRNA (C-
S-miRNA) complex and sodium hyaluronate (HA) as the
positively and negatively charged polyelectrolytes on Mi-
croarc-Oxidized (MAO) titanium surfaces via silane-glutar-
aldehyde coupling. The new biofunctionalized implant ex-
hibited sustained release of CS-antimiR-138 and notably en-
hanced the in vitro osteogenic differentiation of MSCs and
in vivo osseointegration in the rat model. MiR-138 is a regu-
lator in the development of the osteoblast phenotype [67, 68,
72]. By inhibiting the focal adhesion kinase signaling path-
way, antimiR-138 can promote the expression of os-
teoblast-specific genes, ALP activity, and ECM mineraliza-
tion of MSCs, and enhance in vivo ectopic bone formation,
suggesting that antimiR-138 is a good therapeutic molecule
for enhancing osteogenesis [72].

Also, another research group [69] used the antimiR-138
delivered MSC sheet to functionalize titanium implants,
showing a significant promotion of the expression of endoge-
nous osteogenesis and angiogenesis-related genes and pro-
teins, alkaline phosphatase activity, extracellular matrix min-
eralization, and collagen secretion. In conclusion, an-
timiR-138 seems effective in promoting osteogenic differen-
tiation [67-69].

On the other hand, Shao et al. [71] evaluated in vitro
miR-122-modified cell sheets prepared by non-viral transfec-
tion and complexed with micro-arc titanium oxide implants
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to construct a gene-modified tissue-engineered implant. Al-
so, this biofunctionalized implant was found to be effective
in promoting osteogenic differentiation of Bone Marrow
Mesenchymal Stem Cells (BMMSCs).

Liu et al. [70] instead identified that the misexpression
of miR204 is one of the mechanisms responsible for the im-
paired osteogenesis in type 2 diabetes mellitus, and they de-
signed a PLGA-based miR204 delivery system for the titani-
um implant, which promoted osseointegration in a diabetic
rat model via promoting BMSCs osteogenesis in vivo.

Wang et al. [73] realized microarc-oxidized titanium sur-
faces functionalized with miR-21-loaded chitosan/hyaluron-
ic acid nanoparticles, and in their in vitro study, they found
that they promoted the osteogenic differentiation of human
Bone Marrow Mesenchymal Stem Cells ((BMMSCs).

Si et al. [74], in their in vitro study, further demonstrated
that miR-135b-5p facilitates in vitro osteogenesis of human
Mesenchymal Stem Cells (hMSCs) by facilitating the Hippo
signaling pathway.

Although numerous studies have evaluated the biofunc-
tionalization of dental implants using miRNAs, the materials
and methodologies applied are very heterogeneous, and a
comparison between the results of different studies is not
possible.

miRNAs have also been proposed to realize tools for
bone regeneration in peri-implant bone defects. In an animal
study, Wu et al. [59] constructed a miR-27a-enhanced deliv-
ery system to repair the bone defect around implants in a ca-
nine peri-implantitis model (5 Labrador dogs with liga-
ture-induced peri-implantitis). The results demonstrated that
the miR-27a-treated group could optimize new bone forma-
tion and re-osseointegration in vivo.

Ren et al. [75], using a rat model, found that
miR-193a-3p plays an important role in osseointegration dur-
ing hyperlipidemia and suggested that it might be a therapeu-
tic target for improving dental implantation success rates in
patients with hyperlipidemia.

The in vitro study by Ma et al. [76] found that Human
Amnion-Derived Mesenchymal Stem Cells (HAMSCs) pro-
moted osteogenic differentiation of hBMSCs via
H19/miR-675/APC pathway and suggested that they might
be attached into scaffold biomaterials, such as gel or nano-
fiber, and implanted in the bone defects around dental im-
plants to enhance osteogenesis of existing hBMSCs.

Understanding the epigenetic role of miRNAs in peri-im-
plant soft tissue and bone and how miRNAs are related to
peri-implantitis can be important for the use of epigenetics
for a more patient-centered and personalized therapeutic ap-
proach, and to improve the treatment outcomes of peri-im-
plantitis, especially given that the different treatment of per-
i-implantitis traditionally proposed have shown unsuccessful
outcomes with substantial recurrence in the medium-term
follow-up, even in subjects enrolled in regular peri-implant
maintenance programs [10, 77, 78].
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Table 2. Original studies focusing on miRNAs in implant dentistry.

Menini et al.

Study

Year

Study
Design

Sample

Methods

Outcomes

Findings

miRNAs Identified

Palmieri et al.

2008

In vitro
study

Sterile metal disks of machined

grade 3 Ti (diameter 3 cm) (con-

trol) and sterile disks of Zirconium

Dioxide Ceramics (ZDC) (diame-
ter 3 cm) (test) were used

Osteoblast-like cells (MG63)
were cultured, collected, and
seeded into a set of wells con-
taining sterile disks of con-
trol and test surfaces. A miR-
NA microarray analysis was
performed

miRNA expression

BMP4 and 7 are both up-regulat-
ed in osteoblasts cultured on Ti
disks

Six up-regulated miRNAs in
ZDC compared to Ti:
mir-214, mir-337, mir-423,
mir-339, mir377, mir-193b;
and four down-regulated
miRNAs: mir-143,
mir-17-5p, mir-24, and
mir-22

Palmieri ez al.

2008(b)

In vitro
study

Sterile metal disks of zirconium
dioxide (ZO) (diameter 3 cm)
were used

Osteoblast-like cells (MG63)

were cultured, collected, and

seeded into a set of wells con-

taining sterile disks of ZO. A

miRNA microarray analysis
was performed

miRNA expression

The most notable regulated genes
acting on osteoblasts are NOG,
SHOX, IGF1, BMP1, and
FGFR1.

18 up-regulated miRNAs:
mir-337, mir-423, mir-497,
mir-214, mir-377, mir-296,
mir-99b, mir-193b, mir-25,
mir-324, mir-518a, mir-320,
mir-23b, mir-93, mir-23a,

mir-422b, mir-330, mir-197,

and 3 down-regulated miR-

NAs: mir-302c¢, mir-369 5p,
mir-10b

Chakravorty et

al.

2012

In vitro
study

Three different disks of grade 2 cp-
Ti: smooth polished (SMO), large-
grit acid-etched (SLA), and hy-
drophilic SLA (modSLA)

Primary human osteoprogeni-
tor cells were allowed to in-
teract with the surfaces for
24 h. Then RNA was isolat-
ed and analyzed by qRT-
PCR

miRNA expression

Modified titanium implant sur-
faces induce differential regula-
tion of miRNAs, which potential-
ly regulate the TGF-p/BMP and
WNT/Ca(2+) pathways during os-
teogenic differentiation on modi-
fied titanium implant surfaces

miR-503, miR-215,
miR-10a, miR-125b, miR-1,
miR-218, miR-10b, miR-21,
miR-16, miR-195,
miR-146b-5p, miR-194,
miR-7, miR-192, miR-99a,
miR-100, miR-125a-5p,
miR-137, miR-146a,
miR-424, miR-23b,
miR-20b, miR-155,
miR-378, miR-20a,
miR-132, miR-17, miR-26a,
miR-134, miR-452,
miR-214, miR-24, miR-93,
miR-92a, miR-33a,
miR-222, miR-127-5p,
miR-15a, miR-210,
miR-130a, let-7b, miR-22,
let-7i, miR-181a

Kadkhodazadeh
etal.

2013

Clinical
Cross- sec-
tional study

197 Iranian patients:
« 75 Patients with Chronic Perio-
dontitis (CP)
* 38 Patients with Peri-Implantitis
(PD)
* 84 Healthy subjects

DNA was extracted from
fresh blood samples from the
arm veins of participants,
and the genetic polymor-
phism of the MiR genes was
assessed using a Competitive
Allele-Specific PCR (KASP)

technique

PD, bone loss, genotype fre-
quencies of MiR146a and
MiR499

The genotype frequencies in
MiR146a and MiR499 were signi-
ficantly different among the three
groups. MiR146a (rs2910146)
and MiR499 (rs3746444) gene po-
lymorphisms may be genetic de-
terminants for increased risk of
periodontitis and peri-implantitis

MiR 146a, MiR499

Wu et al.

2013

In vitro
study

Mesenchymal Stem Cells (MSCs)
seeded onto cpTi disks with a miR-
NA functionalized microporous Ti
the surface obtained by lyophiliz-
ing miRNA lipoplexes onto a mi-
croporous
titanium oxide surface formed by
Microarc Oxidation
(MAO)

The expression of
osteogenesis-related genes
was evaluated

Transfection Efficiency
Cell Viability
Lactate Dehydrogenase Activ-
ity
Cell Morphology (evaluated
by FE-SEM)
Osteogenesis-related gene ex-
pression (real-time PCR)
ALP activity
Collagen Secretion
ECM mineralized nodule

A high miRNA transfection effi-
ciency was observed in MSCs
seeded onto the miRNA function-
alized surface with no apparent
cytotoxicity. Clear stimulation of
MSC osteogenic differentiation
was observed in terms of up-regu-
lating osteogenic expression and
enhancing alkaline phosphatase
production, collagen secretion,
and ECM mineralization

antimiR-138, miR-29b

Kato et al.

2014

Invitro
study

Disks of grade 2 cpTi with a chem-
ically produced nanotopography
and untreated (control) Ti

hMSCs were obtained from
the bone marrow of four
donors and were cultured in
24-well culture plates on Ti
disks with nanotopography
and control Ti disks

Cell culture
Gene expression of the key
bone markers
ALP protein detection
Extracellular matrix mineral-
ization
miR next-generation sequenc-
ing on Illumina platforms
miR transfection

Ti with nanotopography induces
osteoblast differentiation of hM-
SCs as evidenced by upregulation
of osteoblast-specific markers
compared with control Ti at day
4.

A complex regulatory network in-
volving a miR-SMAD-BMP-2 cir-
cuit governs the osteoblast differ-
entiation induced by Ti with nano-
topography

miR-4448, -4708, and -4773

(Table 2) contd....
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tional study

al blood of 90 subjects was
assessed using microarray
analysis. Hair samples were
analyzed for Ti and Zr con-
tent using Inductively Cou-
pled Plasma-Mass Spec-
trometry

ples and miRNA expression

Study Year Study Sample Methods Outcomes Findings miRNAs Identified
Design
Yang et al. 2014 In vitro NSQ5050 nanotopography hMSCs were isolated from | Osteogenic phenotypical ex- | BMP and BMPR1a are up-regu- |miR23-a, miR23-b, miRs-96,
study human bone marrow ob- pression (QRT-PCR, im- lated ahead of RUNX2 and miRs-143
tained from patients undergo-| munofluorescence staining, | RUNX2, and its regulatory miR-
ing routine arthroplasty and western blot) NAs are BMP sensitive. The

cultured on NSQ5050 and a nanofeatures promote colocaliza-
planar control tion of integrins and BMP2 recep-

tors in order to enhance osteo-
genic activity, and vitronectin is

important in this interface
Wang et al. 2015 In vitro cpTi specimens with microar- |hBMMSCs were seeded onto| Particle size, zeta potential, |The miR-21-functionalized MAO miR-21
study c-oxidized surface functionalized | the test and control experi- [surface morphology, gel retar-| Ti surfaces demonstrated cell via-
with miR-21-loaded chi- mental surfaces dation ability Transfection ef-|  bility, cytotoxicity, and cell

tosan/hyaluronic acid nanoparti- ficiency Cell viability (cell |spreading comparable to those ex-

cles (CS/HA/miR-21 nanoparticle- count) hibited by naked MAO Ti sur-
coated MAO) Ti specimens (test) Lactate Dehydrogenase (LD- |faces and led to significantly high-
vs. naked MAO Ti surfaces (con- H) activity er expression of osteogenic genes

trol) Cell morphology (FE-SEM)
Osteogenic gene expression
(real-time PCR)
Cossellueral. | 2016 Clinical 90 Obese/overweight patients | The expression levels of 377 | Correlation between Zr and | Seven miRNAs were specifically miR-99b, miR-142-5p,
Cross- sec- human miRNAs in peripher- | Ti levels traced in hair sam- associated with Zr levels. miR152, miR-193a-5p,

miRNAs are relevant molecular
mechanisms sensitive to Zr expo-
sure

miR-323-3p, miR-335,
miR-494

Ferreira et al.

2016

In vitro
study

Titanium discs exhibiting the fol-

lowing topographies: nanotexture

(N), nano+submicrotexture (NS),
and rough microtexture (MR)

Osteoblastic cells from hu-

man alveolar bone were cul-

tured on commercially pure
grade 2 titanium discs

Cell viability
Alkaline phosphatase
Mineralized matrix formation
mRNA and miRNA expres-
sion profiling (Microarray
and qRT-PCR)

Increase of alkaline phosphatase
activity as a function of the sur-
face texture, with higher activity
shown by cells adhering onto nan-
otextured surfaces;
differential expression of 716 mR-
NAs and 32 microRNAs with
functions
associated with osteogenesis

hsa-miR-101-3p, hsa-
miR-106b-5p, hsa-
miR-1246, hsa-miR-1290,
hsa-miR-134, hsa-
miR-136-3p, hsa-
miR-136-5p, hsa-
miR-15a-5p, hsa-miR-1826
v15.0, hsa-miR-1914-3p,
hsa-miR-193a-3p, hsa-
miR-19a-3p, hsa-
miR-19b-3p, hsa-miR-21-3p,
hsa-miR-21-5p, hsa-
miR-218-5p, hsa-
miR-26b-5p, hsa-
miR-27a-3p, hsa-
miR-29b-3p, hsa-
miR-301a-3p, hsa-
miR-31-3p, hsa-
miR-374a-5p, hsa-
miR-376a-3p, hsa-
miR-376b-3p, hsa-
miR-376¢-3p, hsa-
miR-377-3p, hsa-
miR-424-5p, hsa-
miR-450a-5p, hsa-miR-494,
hur 5, miRNABrightCorn-
er30, mr 1

Gardin et al.

2016

In vitro
study

OsseoFix Non-Washed Resorbable
Blasting Media (NWRBM) as ex-
perimental nanorough titanium
implants, and Alumina-Blasted/A-
cid-Etched (AB/

AE) as control implants

The analysis of the influence
of implant surfaces
on the osteoblastic pheno-
type
of Dental Pulp Stem Cells
(DPSCs) was performed.
The effect on osteogenic
differentiation, extracellular
matrix (ECM), and cell adhe-
sion
molecules production has al-
so been evaluated

Mutagenic potential (Ames
test)

DPSCs viability (MTT test)
Cell morphology (SEM and
immunofluorescence)
Karyotype analysis
Molecular biology analyses
(real-time PCR of total RNA
and miRNA)

A substantial expression of os-
teoblast-specific markers and a
strong increase of cell adhesion
molecules were detected on
nanorough Ti surfaces treated
with NWRBM.

In particular, when DPSCs are
seeded on the Ti implants, expres-
sion of miR-196a, which is in-
volved in osteoblastic commit-
ment of stem cells, and of Vascu-
lar Cell Adhesion Molecule 1 (V-

Mir-26a, mir-100, mir-31,
mir-106a, mir-486-5p,
mir-196a, mir-218, mir-22,
mir-148

CAML1) is strongly enhanced

(Table 2) contd....
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induced by ligatures

from both healthy and per-
i-implantitis sites, and miR-
NA analysis was performed

i-implantitis and are worth fur-
ther investigation

Study Year Study Sample Methods Outcomes Findings miRNAs Identified
Design
Taculli et al. 2017 Invitro |5 titanium disks with a sandblasted| DPSCs were cultured on DPSCs differentiation in an The evaluated ionized miRNAs 133a, 133b, 135°
study and acid-etched surface (Control | sandblasted and acid-etched |osteogenic pattern was evalu-| sandblasted and acid-etched sur-
Group); 5 titanium disks with a  [titanium disks, with (Test) or ated through face (Test) seemed to markedly
sandblasted and acid-etched sur- | without the presence of ions | the expression of miR-133, | enhance the cell differentiation
face, then treated with inorganic (Control). miR-135, Runx2, Smad5, and
ions (Test Group) miRNA expression (real- Osteocalcin
time PCR) of DPSCs was an-
alyzed
Liu et al. 2017 |In vitro and |Animal phase: Sprague Dawley (S-| The miR204 inhibitor was |in vitro phase: release and up-|miR204 misexpression accounted miR204
Animal | D) rats (male, 12 months old) re- | conjugated with gold nano- | take of the auNP-miRNA | for the deficient osseointegration
study ceived titanium and were divided particles (AuNP-anta- from PLGA sheets in diabetes mellitus, while PLGA
into three groups: 1) control group,| gomiR204) and dispersed in Cell adhesion sheets aided the release of AuN-
rats received original implant; 2) | the poly lactic-co-glycolic | Cytotoxicit>Animal phase: | P-antagomiR204, which promot-
PLGA-control, rats received an im-| acid (PLGA) solution. The Removal torque ed osseointegration
plant with PLGA sheet containing [ AuNP-antagomiR204 con- | Bone volume fraction, BIC
scramble sequence-conjugated | taining PLGA solution was | rate, number of trabeculae,
AuNP; 3) PLGA-inhibitor, rats re- | applied for coating the sur- | and trabecular thickness (mi-
ceived an implant with PLGA | face of the titanium implant. croCT)
sheet containing miR204-inhibi- | in vitro phase: BMSCs were [Expression of miR204 and os-
tor-conjugated AuNP seeded on the functionalized | teogenesis-related genes in-
titanium discs. cluding Bmp, Opg, Alp,
Animal phase: The rats in Runx2, and Col 1 by Real-
which type 2 diabetes melli- | time quantitative polymerase
tus (T2DM) was induced |chain reaction (PCR) analysis
were kept for 8 weeks recov-
ery before osseointegration
strength test, microcomputer-
ized tomography (microCT),
and histological analysis.
RNAs from cells or tissues
were isolated and were de-
tected
Menini et al. | 2017 Clinical 7 patients (14 implants) Patients were rehabilitated | Correlation between miRNA | Soft tissue inflammation (BOP) | miR-9, miR-100, miR-128,
prospective with fixed delayed-loading profile and peri-implant was more related to miRNA ex- miR-144, miR-145,
study implant-supported prosthes- | health parameters and differ- | pression profile than to PI or to miR-182, miR-194,
es. Samples of soft peri-im- ent implant surfaces the implant surface. miR-367, miR-429,
plant tissue have been taken The type of implant surface af- miR-495, miR-579,
3 months after implant inser- fected miRNA expression profile. miR-607, miR-655,
tion and correlated with peri- Some specific miRNA signatures miR-889, miR-924,
odontal parametres (PI, appeared to be protective from miR-1271, miR-1298,
BOP, bone resorption) re- bleeding and bone resorption de- miR-1324
corded during the first year spite the presence of plaque accu-
since implant placement mulation
Sietal. 2017 Invitro | hMSCs and Human Calvarial Os- | hMSCs and HCO cells were Cell viability (MTT) miR-135b-5p was highly ex- miR-135b-5p
study teoblasts (HCO) cells cultured in vitro, followed by| Calcium deposits (Alxarin | pressed in osteoblasts compared
the transfection of the red staining) with hMSCs. miR-135b-5p pro-
miR-135b-5p mimic or in- | miRNA and mRNA expres- | motes hMSC differentiation into
hibitor using Lipofectamine sion (real-time PCR mature osteoblasts
2000 Protein levels (western blot) by controlling LATS1 and
MOBIB expression and subse-
quently activating the HIPPO sig-
naling pathway
Wu et al. 2017 Animal 5 Healthy adult male Labrador | 24 ITI implants were insert- Radiographic analysis; Let-7g, miR-27a, and miR-145 | cfa-miR-452, cfa-miR-375,
study dogs ed, and peri-implantitis was | ~ Gingival tissue collected | may play important roles in per- | cfa-miR-98, cfa-miR-145,

cfa-let-7e, cfa-miR-142, cfa-
miR-500, cfa-miR-7, cfa-
let-7g, cfa-miR-486, cfa-
miR-152, cfa-miR-127, cfa-
miR-1271, cfa-miR-101, cfa-
miR-16, cfa-miR-200a, cfa-
miR-140, cfa-miR-27b, cfa-
miR-146a, cfa-miR-204, cfa-
miR-29a, cfa-miR-26a, cfa-
miR-451, cfa-miR-125a, cfa-
miR-93, cfa-miR-361, cfa-
miR-27a, cfa-miR-532, cfa-
let-7¢c, cfa-miR-23a, cfa-
miR-211, cfa-miR-92b,

(Table 2) contd....
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animal
study

Ti plates (10 x 1 mm) and rods
(®1 x 10 mm)
in vivo phase: immunocompro-
mised mice

timiR-138 delivered MSC
(Mesenchymal Stem Cells)
sheet was wrapped around
the Ti implant (MSIC);
In vivo phase:

The constructed MSICs were
subcutaneously implanted in-
to the dorsal surface of im-
munocompromised mice. At
4 and 8weeks after implanta-
tion, the MSICs were har-
vested

miR-138 silencing efficiency
in the MSICs
Osteogenesis related gene ex-
pression
Expression of osteogenic and
angiogenic biomarkers (ALP
activity, collagen secretion,
and ECM mineralization)
Osteogenesis related gene ex-
pression (RT-PCR)
in vivo phase:
micro-computerized tomogra-
phy (Micro-CT), histological
analysis (hematoxylin-eosin
staining, Masson's Trichrome
staining, and immunofluores-
cent staining)
in vivo osteogenesis and an-
giogenesis of the MSICs

Study Year Study Sample Methods Outcomes Findings miRNAs Identified
Design
cfa-miR-342, cfa-miR-340,
cfa-miR-374a, cfa-miR-9,
cfa-miR-429, cfa-miR-20a
Du et al. 2019 In vitro 3T3L1 murine preadipocyte cell Exosomes derived from Osteogenic differentiation 3T3L1-exo promoted 3T3L1 miR-223
study line 3T3L1 preadipocytes evaluated through Alizarin bone formation by decreasing
(3T3L1-ex0) were purified | Red Staining (ARS), reverse [ miR-223 through a competitive
and characterized. The ef- | transcription-quantitative po- | mechanism, another miRNA, or
fects and potential mech- | lymerase chain reaction (RT- another factor
anisms of 3T3L1-exo on |qPCR), western blotting, elec-
3T3L1 cell ossification were tron microscopy
examined Osteogenic miRNA expres-
sion (RT-gPCR)
Sartori et al. 2018 Invitro | Silica-based glass wafers with dif- | Human Mesenchymal Stem | Alkaline Phosphatase (ALP) | Nanotopography surfaces affect- | Some of the most important
study ferent nanoroughness were tested. [ Cells (hMSCs) were plated | activity, expression of genes | ed MSC differentiation to os- [ miRNAs shown in this study
Smooth glass disk surface and on different surfaces and (osterix [OSX], runt-related | teoblasts. Several miRNAs were | were hsa-miR-135-5p, hsa-
nano glass disk surface were used.| compared at 3, 7, and 14 transcription factor 2 differentially regulated by sur- miR196a-5p, hsa-
The first ones after 7 days were days [RUNX2], bone morphogenet- face topography. miR-26a-5p, hsa-
considered the control group with ic protein 2 [BMP2], and miR-148b-3p, hsa-
the exception of the ALP activity ALP), and expression of miR- miR-122-5p.
test, where the smooth surface day NAs. The complete list of miR-
3 was the control Western blot was also used to NAs analyzed can be found
detect osteogenic proteins in the original article by Sar-
(BMP2, OSX, and osteo- tori et al.
calcin [OCN]). Scanning elec-
tron microscopy of cells plat-
ed onto the surfaces
Shao et al. 2018 Invitro | Bone Marrow Mesenchymal Stem |  miR-122-modified cell Morphology of the implant [miR-122 effectively promoted os- MiR-122
study Cells (BMMSC:s) derived from fe- [sheets were prepared by non- (SEM) teogenic differentiation of the
mur and tibia of 18 one-week-old | viral transfection and com- | Osteogenic potential evaluat- BMMSC sheet
Sprague-Dawley rats divided into | plexed with micro-are titani- ed by
a control group, an miR-122 con- [ um oxide implants to con- | Alkaline Phosphatase (ALP),
trol group, and a miR-122 group | struct a gene-modified tis- | Sirius Red, alizarin red stain-
(n=6) sue-engineered implant, with| ing, polymerase chain reac-
its surface morphology ob- tion, and western blot
served by Scanning Electron analysis
Microscopy (SEM)
Yan et al. 2018 |In vitro and | In vitro phase: Commercially pure In vitro phase: the an- In vitro phase: In vitro, the antimiR-138 deliv- MiR-138

ered MSIC significantly pro-
motes the expression of endoge-
nous osteogenesis and angiogene-
sis-related genes and proteins, al-
kaline phosphatase activity, extra-
cellular matrix mineralization,
and collagen secretion compared
to the antimiR-control and the
nothing delivered control.
The in vivo ectopic implantation
assay displayed a massive per-
i-implant bone formation with
good vascularization

Menini ez al.

2019

Clinical
prospective
study

7 Patients (14 implants)

Patients were rehabilitated
with fixed delayed-loading
implant-supported prosthes-
es. Samples of soft peri-im-
plant tissue were taken 3
months after implant inser-
tion and correlated with peri-
odontal parameters (PI,
BOP, PD, bone resorption)
recorded at the 5-year fol-
low-up appointment

Correlation between miRNA
profile and peri-implant
health parameters

Some specific miRNA signatures

appeared to be “protective” from

bone resorption despite the pres-
ence of plaque accumulation

hsa-miR-4677-5p, hsa-
miR-3914, hsa-miR-4679,
hsa-miR-378b, hsa-
miR-4434, hsa-miR-32-3p/m-
mu-miR-32-3p/rno-
miR-32-3p, hsa-miR-1/m-
mu-miR-1a-3p, hsa-
miR-4778-5p, hsa-
miR-99b-3p/m-
mu-miR-99b-3p/rno-
miR-99b-3p, hsa-
miR-7-5p/mmu-miR-7a-5p/
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to develop hyperlipidemia.
Threaded titanium implants
were inserted into the site 5
mm away from the bilateral
distal femoral metaphysis.
Bone implant tissues were
dissected on day 14 and day
28. After lentivirus injection,
samples were obtained on
day 14

differentiation of bone mar-
row mesenchymal stem cells
(BMSCs) and in implant os-
seointegration:
Hematoxylin-Eosin staining
Micro-Computed Tomogra-
phy Analysis
Alkaline Phosphatase (ALP)
Alizarin Red S (ARS)
Oil Red O (ORO)
Gene expression: microarray,
Quantitative Reverse Tran-
scriptase Polymerase Chain
Reaction Analysis
Western Blot Analysis
Immunofluorescence Assay
for Sdccag3 Protein in BM-
SCs

cRNA-MSTRG.97162.4 and
miR193a-3p play an important
role in osseointegration during hy-
perlipidemia

Study Year Study Sample Methods Outcomes Findings miRNAs Identified
Design
rno-miR-7a-5p, hsa-
miR-3146, hsa-miR-4439,
hsa-miR-539-3p, hsa-
miR-222-3p/m-
mu-miR-222-3p/rno-
miR-222-3p, hsa-
miR-124-5p/m-
mu-miR-124-5p/rno-
miR-124-5p, hsa-miR-4689
Wu et al. 2019 Animal 6 Male Labrador dogs For inflammation-related [ Radiographic evaluation, his- | The miR-27a-treated group could MiR-27a
study and osteogenesis-related | tological analysis, micro-CT, |optimize new bone formation and
miRNA identification in per-| sequential fluorescent label- reosseointegration in vivo
i-implantitis disease, an ex- |ing, inflammation-related and
perimental peri-implantitis | osteogenesis-related miRNA
model was established in identification
Labrador dogs, and miRNA
sequencing analysis was per-
formed with no subsequent
treatment. The bilateral
mandibular fourth premolar
and first molar were extract-
ed from the dogs. Three
months later, 20 (2 per side
for each dog) standard ITI
implants were inserted.
To validate whether miR-27a
regulates bone regeneration,
a surgery was conducted to
repair peri-implant bone de-
fects using miRNA-based tis-
sue-engineered constructs in
5 Labrador dogs (one Labra-
dor dog died before surgery)
Ma et al. 2020 |In vitro and in vitro phase: Human Am- [In vitro phase: a coculture of| In vitro phase: ALP activity |HAMSCs promote osteogenic dif- miR-675
animal [ nion-Derived Mesenchymal Stem | HAMSCs and HBMSCs and | Mineralized matrix formation| ferentiation of HBMSCs via
study Cells (HAMSCs) and Human transfection of HAMSCs determined by alizarin red H19/miR675/APC pathway.
Bone Marrow Mesenchymal Stem | with the miRNA duplexes staining MiR-675 serves as a downstream
Cells (HBMSCs) collected from | was carried out. Osteogene- | quantitative real-time reverse | of LncRNA-H19 in HAMSCs-
human mandible samples>Animal | sis was induced>Animal transcription-polymerase droved osteogenesis
phase: 16 female nude rats (phase: A critical-size mandi-| chain reaction (RT-PCR)
ble defect (5x5 mm) was Western blot analysis
made in the rats. Immunofluorescence staining
Cells (5x10* HAMSCs or [ Transfection efficacy of miR-
HAMSCs shH19 and 5x10* | 675 (detected by RT-PCR).
were attached to each in vivo phase:
HA/TCP biomaterial. The | 3D micro-computerized to-
complexes were subcuta- | mography (micro-CT) scan-
neously implanted into the ning
mandibular defect area Histological observation
Ren et al. 2020 Animal Wistar rats with hyperlipidemia Specific Pathogen-Free Role of colon cancer antigen | Sdccag3 promotes implant os- miR-193a-3p
study (SPF) Wistar rats were used |3 (Sdccag3) in the osteogenic | seointegration, and its related In-
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Study Year Study Sample Methods Outcomes Findings miRNAs Identified
Design
RNA Pulldown Assays of In-
cRNAMSTRG.97162.4 and
Sdccag3 in BMSCs
Lentivirus construction and
functional analysis in vitro
and in vivo
Wu et al. 2020 |In vitro and| Commercially pure Ti discs and | Polyelectrolyte Multilayers | In vitro phase: Characteriza- | A sustained miRNA release was antimiR-138
animal screw Ti rods with a CS-an- (PEMs) were fabricated us- tion of the CS-an- obtained over a timeframe of ap-
study timiR-138/HA PEM coating ing the layer-by-layer ap- [timiR-138/HA PEM-function-| proximately 2 weeks. in vitro
In vitro phase: Mesenchymal Stem| proach with a chitosan-miR- | alized microporous Ti (SEM) | transfection revealed that the CS-
Cells (MSCs) NA (CS-miRNA) complex | Quantification of the loading | antimiR-138 nanoparticles were
In vivo phase: and sodium hyaluronate and release of miRNA from | taken up efficiently by the cells
Twenty female Sprague-Dawley | (HA) as the positively and | CS-antimiR-138/HA PEM- | and caused significant knock-
rats divided into 5 groups: an- | negatively charged polyelec-| functionalized microporous | down of miR-138 without show-
timiR-138 group, antimiR-control trolytes on microar- Ti Transfection efficiency | ing significant cytotoxicity. The
group, CS group, MAO group, and| c-oxidized (MAO) Ti sur- Cytotoxicity CS-antimiR-138/HA PEM sur-
Polished Ti (PT) group faces via silane-glutaralde- | Cell morphology Expression |face enhanced the osteogenic dif-
hyde coupling. of osteogenisis-related genes | ferentiation of MSCs in terms of
In vitro phase: MSCs were (Real-time PCR) enhanced alkaline phosphatase,
seeded on the CS-an- ALP activity collagen production, and extracel-
timiR-138/HA PEM-functio-| ECM mineralized nodule dis- |lular matrix mineralization. Subs-
nalized microporous Ti sur- playing tantially enhanced in vivo osseoin-
face In vivo phase: tegration was observed in the rat
In vivo phase: Micro-CT evaluation model
Ti implants were inserted in | Qualitative analysis of bone
the femurs of rats. Femurs |formation and BIC quantifica-
containing implants were tion (Van Gieson staining)
then extracted Analysis of the bone-to-im-
plant interface
(FE-SEM and EDX)
5. DISCUSSION ular, they could be used as implant coatings to enhance os-

This narrative review investigated the application of miR-
NAs in dentistry, focusing on their application in implant
therapy. Many researchers focused their attention on miR-
NAs rather than other epigenetic mechanisms because of the
more precise results of this kind of analysis due to the func-
tional link between specific miRNAs and target mRNAs.

Two other recent narrative reviews on the use of miR-
NAs in implant dentistry are available [9, 10]. Among them,
the work of Sartori describes the relationship between miR-
NAs and osseointegration, listing miRNAs with a reported
role in osteogenesis and osseointegration and highlighting
which miRNAs are reported to be upregulated and downreg-
ulated in relation to osteogenesis. The review by Asa’ad in-
stead investigates the epigenetic mechanisms that play a role
in periodontal and peri-implant tissue breakdown and may
have utility as potential therapeutic applications in alveolar
bone regeneration.

Compared to the previous review works, our manuscript
has been updated, including 12 additional original papers
that were not included in the previous reviews.

The majority of the studies found in the literature are pi-
lot pre-clinical in vitro or animal studies. It must be under-
lined that in vitro and animal experimental models are far
from properly simulating the clinical situation, and any con-
clusion must be taken with caution and validated by clinical
trials.

The pre-clinical available data lay the foundation for the
possible future use of miRNAs in implant dentistry. In partic-

seointegration. Currently, the miRNAs used as activators for
implant surfaces are miR122, miR-21, miR-29b, an-
timiR204, and antimiR138 [15], but further studies are re-
quired to define the role of time and to investigate the ef-
fects of miRNA-functionalized surfaces with clinical trials.

On the other hand, the results obtained reveal that sever-
al miRNAs can be modulated as a consequence of surface
modification, and more studies should be addressed to eluci-
date their role in osteoblast metabolism in order to realize
implant surfaces that are able to promote the best osseointe-
gration possible.

Despite the current difficulty in defining which implant
surface is the best to stimulate osteogenesis genetically,
there is evidence that implant surface features can upregu-
late or downregulate genes related to osseointegration.

No papers were found on the possible role of smoke in
affecting peri-implant tissue health through miRNA expres-
sion. Exposure to cigarette smoke extensively affects mi-
croRNA expression in several organs [79]. The role of miR-
NAs in the augmented risk of peri-implant bone loss in
smokers should be investigated.

Only a few clinical trials are available at the moment to
shed light on possible biomarkers that may be predictable of
dental implants’ clinical outcomes [53, 56, 57, 60]. Among
these, the research conducted by our group [56, 57] repre-
sents the first important step to understanding the use of
miRNAs as biomarkers in our clinical field. In fact, specific
miRNA profiles were found to predict the onset of peri-im-
plantitis. In particular, the possibility to extract miRNAs
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from PICF is especially promising as it provides a non-inva-
sive and site-specific liquid biopsy that might be repeated
over time without any noxious effect at the implant site.
However, the small sample size of this study (7 patients on-
ly) induce to interpret the results with caution and suggests
the need to deepen the topic on a larger and more representa-
tive sample size.

Finally, epigenetic modifications can be used to treat
stem cells and help them differentiate into the desired lin-
eage in vitro, which can then be seeded into the scaffold
used in bone tissue regeneration and eventually implanted in-
to the area where bone regeneration is desired.

The importance of epigenetic mechanisms in determin-
ing the clinical outcome of dental implants will probably
largely influence the industry and the clinical application of
implant treatment in the future.

CONCLUSION

miRNAs have a crucial role as biomarkers in several dis-
eases, and they are considered regulators of several biologic
processes, including bone remodelling and osseointegration.
A better understanding of the molecular phenomena regulat-
ing osseointegration will help improving implant treatment,
accelerating bone healing, and understanding bone resorp-
tion and implant loss.

miRNAs might be used for diagnostic and prognostic
purposes in implant dentistry and as therapeutic agents for a
more personalized and patient-centered therapeutic ap-
proach.
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