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Abstract: The Orthodontic Tooth Movement (OTM) is allowed through a mediated cell/tissue
mechanism performed by applying a force or a pair of forces on the dental elements, and the tooth
movement is a fundamental requirement during any orthodontic treatment. In this regard, it has
been widely shown that each orthodontic treatment has a minimum duration required concerning
numerous factors (age, patient compliance, type of technique used, etc.). In this regard, the aim of
the following revision of the literature is to give readers a global vision of principal microRNAs
(miRNAs) that are most frequently associated with OTM and their possible roles. Previously
published studies of the last 15 years have been considered in the PubMed search using “OTM” and
“miRNA” keywords for the present review article. In vitro and in vivo studies and clinical trials
were mainly explored. Correlation between OTM and modulation of several miRNAs acting
through post-transcriptional regulation on target genes was observed in the majority of previous
studied. The expression analysis of miRNAs in biological samples, such as gingival crevicular fluid
(GCF), can be considered a useful tool for novel diagnostic and/or prognostic approaches and for
new personalized orthodontic treatments able to achieve a better clinical response rate. Although
only a few studies have been published, the data obtained until now encourage further investigation
of the role of miRNA modulation during orthodontic treatment. The aim of this study is to update
the insights into the role and impact of principal micro-RNAs (miRNAs) that are most frequently
associated during OTM.

Keywords: miRNAs; osteogenic differentiation; molecular medicine; interventions; orthodontic
tooth movement; cellular pathways; biomolecular medicine

1. Introduction

Orthodontic tooth movement (OTM) is a process in which mechanical force induces
alveolar bone resorption, mediated by osteoclast, on the pressure side and alveolar bone
deposition on the tension side [1,2]. The duration of orthodontic treatment may vary
based on several factors, including the modulation of microRNA (miRNA) expression,
that, in this context, may occupy an important role. miRNAs are small noncoding RNA
regulating gene function at the post-transcriptional level by pairing with 3'UTR of target
mRNAs [3]. The identification of miRNAs commonly associated at OTM process, might
have a significant impact both for personalized treatment and/or prognostic strategies.

Today, orthodontic treatment is becoming more popular; however, the biological
mechanisms underlying OTM are still not completely understood. Basically, OTM is
allowed by a gradual application of mechanical force that leads to a complex combined
resorption/deposition mechanism of bone tissue at the periodontal tissue level [1]. The
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tooth to alveolar bone relationship is mediated by the periodontal ligament (PDL), a
support structure for the teeth made up of many biological components and principally
cells, collagen fibers, vessels and nerves immersed in a fibrous connective tissue [4]. The
tissue reactions shown during physiological tooth movement and those during
orthodontic tooth movement are basically equivalent. The tissue changes caused by
orthodontic forces are more evident and widespread because the teeth are moved more
quickly during OTM. The development of a simultaneous bone resorption mechanism
that allows the dental element to move a certain direction is a fundamental prerequisite
for orthodontic movement. The relationship between these biological micromolecules
(miRNAs) and the mechanism underlying the OTM looks obvious because miRNAs give
us evidence of biological activities of cells contained in biological tissues surrounding
teeth.

MicroRNAs, that are composed by approximately 20-25 nucleotides in length of non-
coding RNA molecules, are considered as pivotal regulators of gene expression during
various physiological and pathological cellular operations [5]. Moreover, they are secreted
and can be isolated in numerous biological fluids (i.e., CGF) and has been revealed to be
concentrated in exosomes [6,7]. According to several authors, it may be important to
evaluate their biological presence because various studies have shown their role during
osteoclastogenesis process [8,9]. The case of Sugatani et al. demonstrated how OC
differentiation decreased from OC precursors without miRNAs activity [10]. It is well
known that miRNAs perform a key role in remodeling bone process by controlling the
osteoclast and osteoblast differentiation [11]. Several miRNAs have been studied in
patients, in vivo and in vitro to evaluate their principal role following the application of
orthodontic forces or systems capable to simulate OTM to assay their effects on the target
genes and pro-inflammatory mediators (receptor activator of nuclear kappa ligand
RANKL, osteoprotegerin OPG, cytokines, etc...) that allow the differentiation of
osteoclast/osteoblast cells during the bone remodeling [12,13]. Considering the quantity
of miRNAs already present in the crevicular fluid of patients undergoing a particular
orthodontic therapy, it is possible in dentistry field to use these molecules also for other
diagnostic and therapeutic purposes.

It is well known that the fundamental requirement for having an orthodontic tooth
movement is to obtain a partial bone remodeling of the alveolar bone tissue in contact
with the root of the tooth subjected to force. The early stages of OTM are due to acute
inflammation, i.e., vasodilation and increased vascular permeability to lymphocytes [14].
At a time later, bone remodeling is regulated through a series of complex processes carried
out by many biological mediators that allow a cross-talk between bone tissue cells
(osteoblasts and osteoclasts), with the ultimate goal of having a new balance between bone
apposition and bone removal [15]. The modulation of bone resorption is influenced by
RANKL/OPG ratio. Receptor activator of nuclear factor kappa B ligand (RANKL)
promotes osteoclast differentiation due to the link with RANK (receptor activator of
nuclear factor kappa B); while osteoprotegerin (OPG) is a natural inhibitor of osteoclasts
as it reduces the association between RANKL/RANK (antagonist role), thus suppressing
the bone resorption function [16-18]. As a matter of fact, in an in vitro study conducted
by Nishijima et al. on PDL cells the RANKL/OPG ratio increased in the compression zone
during OTM, while it was decreased in the tension zone due to the increased secretion of
OPG [19,20]. To underline that miRNAs are involved in the regulation of the
inflammatory mechanism underlying bone remodeling, some studies show that miRs-21-
145-146a-150 and -200 were also reported to be involved in the regulation of OPG balance
and in the recruitment of osteoclasts, favoring the polarization and activation of these cells
[21,22].

miRNAs have been thoroughly investigated in oncology and relevant information
has come to light regarding their potential use as biological markers for a variety type of
cancer. Furthermore, it has been established that miRNAs can be used as biomarkers in
oral cancer because they are associated with the possibility neoplastic transformation of
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oral premalignant lesions to malignancy [23]. In dentistry, some miRNAs are used as
prognostic and diagnostic markers in numerous pathologies (OSCC oral squamous
carcinoma, periodontal disease, homeostasis and craniofacial malformations, such as CLP,
etc...) [24-26]. miRNAs have also been noticeable in other dental diseases, such as pulpitis
and periodontitis [27,28]. According to research conducted by the group of Scribante et
al., the long-term clinical conditions of patients can be improved by the addition of
adjuvant therapies (ozone therapy and photobiomodulation PBM) to routine mechanical
debridement (SRP) [29]. In this regard, it would also be fascinating to investigate the
modulation of miRNAs after the combined treatment of SRP plus ozone therapy and
photobiomodulation (PBM) in order to obtain additional indicators on the state of
periodontal health in terms of the intensity of inflammation, particularly for those patients
who are selected to receive orthodontic treatment in addition to periodontal therapy. The
study of miRNAs biology has greatly evolved in the nearly two decades since the first
miRNA was discovered. The findings from the present review indicate that their
application scope is enlarged to include both oncology and dentistry. miRNAs have
become important tools and targets for new therapeutic methods as a result of studies
regarding the roles they play in development and disease, particularly cancer. They may
also be crucial tools in the execution of novel or more efficient orthodontic treatment.
Additionally, in the field of orthodontics, the study of miRNAs has assumed great
importance in the last decade. Orthodontics, fixed and mobile, has improved its
techniques in recent years, allowing for the achievement of performing more objectives
than in the past. In this regard, molecular biology also makes its contribution to this field
of dentistry, thanks to the study of the modulation of miRNAs during OTM. In particular,
what appears to be their function during certain tooth movements [30-34] or their role in
the modulation of biological mechanisms [35-44] can provide a fundamental tool to the
future orthodontists for a new approach to the techniques that exist in this field of
dentistry. However, the expression of miRNAs during orthodontic movements remains
to be further investigated.

The aim of the study is update the insights of the role and impact of principal micro-
RNAs (miRNAs) that are most frequently associated during OTM. Anyway, the evidence
for post-transcriptional regulation of the accompanying alterations by the miRNAs is still
scant, despite the fact that numerous biomarkers have been discovered in oral fluids at
the biochemical level. In order to understand the biology of hard and soft tissue
modifications and remodeling, it is necessary to discover the most relevant miRNA
biomarkers in OTM, their modification during the time and their influence on the gene
expression profile and target proteins.

2. Materials and Methods

The PubMed search using “Orthodontic Tooth Movements” and “microRNAs” key
words was performed to find previous studies describing tooth movements and the role
of microRNAs. Twelve relevant studies were selected: three in vitro studies, three in vivo
studies, three studies both in vivo and in vitro, one clinical trials and in vitro studies and
only two studies exclusively clinical trials.

3. Results
3.1. Relationship between miRNA and OTM
3.1.1. Modulation of miRNAs in Canine Retraction

In a recent 2021 review of the literature [30], Kapoor et al. highlighted miRNAs
correlated with a specific teeth movement: canine retraction (through CGF samples).

In the first study, an increase in miRNA-29 (a/b/c) levels was observed in the interval
TO (before retraction)-T4 (after 6 weeks), evidence that this family of miRNAs can play a

fundamental role in regulation of osteoclasts and molecules of the extracellular matrix
[31].
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The second study demonstrates a decrease in miRna-34a and an increase in MMPs-
2,9 and 14 in the period T2 (1 day after retraction)-T4 (4 weeks after retraction) and this
displays a correlation between this type of miRNA and OTM, osteogenic regulation and
the Wnt/b-catenin pathway [32].

In the third study, the family of miRNAs 29 (a/b/c) undergoes an increase in the in-
tervals T1 (before retraction)-T5 (5 weeks later), except for miRNA-35c which has only a
peak of decrease in T3 (1 day after retraction). Other miRNAs studied (21, 101) also
showed the same statistically significant increase. The author concludes by considering
the miRNA-29 (a/b/c) family and miRNA 21 involved in the regulation processes of oste-
oclasts and osteoblast; instead, the miRNA 101 against fibrogenesis [33].

The fourth and latest study underlined the role of miRNA-27a/b, 146a/b and 214 in
OTM. A positive correlation was demonstrated between the distance of canine retraction
in the T1 interval (before coil spring activation); T2 (2 weeks after retraction) in the expres-
sion of miRNA 27a/b and 214 at T2; in the T1-T3 interval (5 weeks) of miRNA 27b at T3,
no change in miRNA 146a/b, mild negative correlation between CGF volume samples;
and miRNA 27a changes at T4 (7 weeks) [34].

3.1.2. The Role of miRNA-21 during OTM

e  Yuanyuan Zhang et al. investigated the role of miRNA-21 on four groups of rats: TM
(Tooth Movement), PAOO (Periodontal Acceleration Orthodontic Osteogenesis),
AgomiR-21 (MiR-21 Overexpression) and AntagomiR-21 (inhibition of miR-21). Af-
ter 7 days of treatment, the tooth displacement obtained by the agomir-21 group was
significantly greater than both TM and PAOO, demonstrating the role of miRNA-21
in promoting RANKL-mediated osteoblast differentiation via negative modulation
of the PDCD4 gene and thus facilitating OTM [35].

e  This study provides a demonstration of the miRna-21 increase in periodontal liga-
ment cells (PDL) and an acceleration of orthodontic movement in mice treated with
E. Coli LPS inoculation. This suggests a direct role of miRNA-21 during OTM even in
an inflammatory microenvironment [36].

e Ithas also been shown that the role of miRna-21 on OC differentiation is not only due
to the modulation of the PDCD4/C-fos pathway, but also due to the influence of
RANKL secretion by T cells [37].

3.1.3. miRNA-34a

e Anin vitro study of periodontal ligament stem cells (PDLSC) obtained from the per-
iodontal ligament (PDL) of teeth extracted for orthodontic reasons demonstrated the
inhibitory role of miRNA-34a and miRNA-146a against osteoblast by silencing the
CELF3 gene [38].

e In contrast, Wenwen Yu et al. showed a positive role of miRNA 34a in osteogenic
differentiation both in vitro and in vivo. The miRNA-34a, provided by the N-Ac-I-
Leu-PEI vector, is capable of increasing dental anchorage in vivo and stimulating os-
teogenic differentiation in vitro. Its target gene is Gsk-3p3 which promotes the phos-
phorylation of the (3-catenin protein, which is essential once accumulated in the cell
nucleus to favor the Wnt/beta-catenin pathway and, therefore, the activation of OB
differentiation gene [39].

3.1.4. Other miRNAs Implicated on OTM

e  Other authors performed studies about the evaluation of miRNAs associated with
frequent complications of orthodontic treatment, i.e., root resorption. miRNA-155-5p
significantly decreases with increasing degree of root resorption (a sign of excessive
osteoclast activation), so this miRNA could be implicated in the inhibition of osteo-
clast differentiation by suppressing transcription and expression of CXCR2 gene, in-
volved in the synthesis of many OC enzymes linked to bone resorption [40].



Int. J. Mol. Sci. 2022, 23, 15501

5 of 17

e  Wendan He et al. demonstrated that miRNA 125a-5p promotes M2 polarization of
macrophages, which increases osteogenesis. Furthermore, this miRNA strongly in-
creased under an orthodontic force and the OTM role is performed through the inhi-
bition of the ETV6 gene [41].

e  Considering that rBMSCs subjected to mechanical stress undergo osteogenic differ-
entiation, the in vitro decrease in miRNA-503-5p levels (minimum level after 12 h)
indicates its negative role in this type of differentiation. Furthermore, the confirma-
tion occurred in vivo as the levels of this miRNA significantly decreased in the ten-
sion side (trend maintained for 3 days) and then increase again [42].

e A further study related the expression of miRNAs in the two sites identified during
an orthodontic movement, namely compression and tension side. The authors
demonstrated that miRNA-3198 is overexpressed on the compression side and at the
same time there is a reduction in OPG levels in hPDL cells (as opposed to on the
tension side). These results suggest that miRNA-3198 is capable to inhibit OPG (tar-
get) in response to a mechanical stimulus [43].

The last study performed using high-throughput sequencing shows an analysis of 47
known miRNAs: 31 were upregulated (involved in mechanical force-induced osteo-
blastic/cementoblastic differentiation in PDLCs) and 16 were down-regulated in the
stretched PDLCs compared with control. Furthermore, the target genes upregulated in
PDLCs after force stimulation are RUNX2 (from miR-218-50, miR-625-3p, miR-150-5p,
miR-2682-5p, miR-7-1-3p, miR-221-3p and miR-133a-5p), OSX (from miR486-3p, miR-145-
3p, miR143-5p and miR-133a-3p), DLX5 (from miR-376a-3p and miR-942-3p), MSX2 (from
miR-7-1-3p, miR-708-5p and miR-942-3p) and SATB2 (from miR-218-5p, miR-1-3p, miR-
31-5p and miR-376a-3p); only RUNX2, MSX2 and SATB2 were upregulated also in tension
force loading PDLCs [44]. In another in vitro study where PDLCS cells were subjected to
cyclic tension for 72 h, miR-195-5p was also found to be downregulated and negatively
correlated with osteogenic differentiation [45]. The findings make it clear that there are
not enough studies on miRNAs linked to OTM. What is apparent is that there is a wide
range of differences in how they are applied in the orthodontic field, which prevents the
creation of standards for their application in clinics. We have chosen to schematize them
in a table with the following connotations: name of the miRNA, role in OTM, type of study
and biological sample analyzed in order to help readers comprehend their functions and
have it possible that their functions have been emphasized thus far.

Below are reported the most relevant studies describing the role of miRNAs in OTM
(Table 1).

Table 1. Identified miRNAs in OTM.

Biological Sample

miRNA Role in OTM Type of Study Tested References
inhibition of osteoblast PDLSCs obtained from
. . differentiation by . PDL tissue scraped off
miR-34a, mik-146a downregulation of In vitro from the middle third 1381
CELF3 of the premolar root
Stimulation of OC dif- Rats divided in four
. L . groups: TM, PAOO,
miR-21 ferentiation by down- In vivo aeomiR-21 and antaco [35]
regulation of PDCD4 g 8
mir-21
CGF samples per-
. . . formed on the canines
miR-34 Promotion of OTM by Clinical trial, of patients subject to  [32]

targeting MMPs in vitro

orthodontic treatment
+hPDL
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inhibition of OC differ- Patients with different
miR-155-5p entiation by targeting Clinical trial degree of root resorp- [40]
CXCR2 tion
Directly promotion of .
WT C57BL
miR-21 OC differentiation dur- In vivo . © /.6 mice and [36]
. miR-217 mice
ing OTM
Promotion of OC dif-
. ferentiation by promot-_ . WT C57BL/6 mice and
R-21 I 7
m ing the RANK level se- Ve MiR-21-- mice 371
creted by T cells
. . GCF sample performed
P t f OC dif-
miR-29 romc.) 1c')n © ! Clinical trials during canine retrac- [31]
ferentiation .
tion
Peri 11i
Promotion of bone ceellilsovc\ir(;?zsglgazrcliem
miR-125a-5p healing by targeting  In vitro from normal human [41]
ETV6 L omnorma
impacted third molars
Inhibition of osteogenic BMSCs and Rats (the
miR-503-5p dlfferentlatl(?n a.nd In V%tI'O, left maxillary flrst mo- [42]
bone formation in In vivo lars were mesially
OTM tension sides stretched
Downregulation of hPDL subjected to
miR-3198 OPG expression 1r.1 res L itro compression fF)rce (2 [43]
sponse to mechanical g/cm?) or tension force
stress. (15% elongation)
Promotion osteogenic Rat bone mineral stem
: T O5TE08 . cells (rBMSCs) and
. differentiation by tar- In vitro,
miR-34a . .. local alveolar bone [39]
geting GSK-3beta un- in vivo Hissue
der orthodontic force .
Rats (maxillary bone)
PDLCs obtained from
miR-221-3 the middle one-third
MiR-138 55' (in vitro) and rats in
7 h. h .1 .
miR-132-3p, Osteogenesis-related wicha coll Spring
. . connected the incisors
miR-218-5p, by targeting some to the first molar: after
miR-133a-3p, genes (YAP1, WWTR], in vitro and in vivo 3 davs the PDL ti'ssue [44]
miR-145-3p, TEAD2, CTGF, DVL2 fromyeach rat’s distal
miR-143-5p, and GDF5) .
miR-486-3p stretched side and the
miR-21-3p control side was

collected for RT-qPCR
analysis (in vivo)

OC = Osteoclast; PDL = Periodontal Ligament; PDLSCs = Periodontal Ligament Stem Cells; OTM =
Orthodontic Movements; ETV6 = E26 transformation-specific variant 6 gene; BMSCs = Bone Mesen-

chymal stem cells.

4. Discussion

In order to accurately identify their targets, a critical assessment of the evidence re-
lating to the existence and alteration of miRNA levels in OTM studies was performed in
the present review. According to what emerged from the various studies, several miRNAs
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are expressed differently during OTM. Unfortunately, the role performed by miRNAs in
bone resorption to allow tooth movement has not been fully understood [46].

As we know from previous studies, the miRNA-29 family promotes osteoclastogen-
esis involving TNF-alfa [47,48]. In fact, during OTM, TNF-alpha of human periodontal
ligament fibroblasts are also increased on the compression side and this may contribute
to stimulate osteoclast differentiation by influencing RANKL levels [49]. Regarding the
type of orthodontic movement studied, only four papers were performed taking into con-
sideration the canine retraction and the miRNAs related to this type of tooth movement
are the family of miRNA 29 (a/b/c) and other miRNAs (21, 27a/b, 34a, 34c, 101, 146a/b and
214). The miRNA-29 family regulates the bone remodeling process through the modula-
tion of osteoclasts, osteoblasts and some extracellular matrix molecules [50-52]. Frances-
chelli et al. demonstrated that miRNA-29 regulates osteoclast survival by modulating both
targets, such as the calcitonin receptor (Calcr), nuclear factor I/A for macrophage differ-
entiation (Nfia) and G protein coupled to the receptor 85 (Gpr85), but also other targets
for the cytoskeleton modulation [50-53]. However, other authors have demonstrated the
opposite role of miRNA-29 in modulating osteoclastogenesis by inhibiting RANKL and
by stimulating osteoblast differentiation [54,55]. Our review showed that miRNA studies
performed in relation to OTM were conducted exclusively during canine retraction and
among all those examined only miRNA-29 family appears to perform a predominant role.
Although, a study by Li et al. could support the role of miRNA-101 in canine retraction
by targeting TGF-beta and PLAP-1 (periodontal ligament-associated protein-1), which are
implicated in the process of bone deposition [56]. Regarding miRNA-146, it is also in-
volved in the canine retraction of the present review and its return to initial values could
be due to its negative control role against inflammation through the suppression of the
MAPK (pro-inflammatory mitogen-activated protein kinase) and the NF-kB pathway [57].
In terms of canine retraction procedures, principally miRNA 29, but also miRNAs 101 and
104, seem to be most involved in this movement. Unfortunately, their precise function has
not yet been fully understood, thus more research is required.

The main part of studies performed on OTM/miRNAs underlined the priority role of
miRNA 21 and 34a.

Previous in vitro studies have revealed that a high amount of miRNA in osteoclast
precursors promotes their RANKL-mediated differentiation [10-58]. It has already been
shown that miRNA-21 responds to inflammatory signals in bone marrow stem cells [59]
and, therefore, is one of the most implicated miRNAs during OTM. miRNA 21 plays a
role in both direct and indirect tooth movement. In fact, it is able (in a direct way) to con-
trol osteoclastogenesis in osteoclasts [36]. The PDCD4 gene is the most accredited target
of miRNAZ21 [60]. This predominant role in bone homeostasis mechanisms is supported
by Hong Wang et al. who demonstrated how RNA-21 contributes to bone reconstruction
in jawbone defects and a deficiency of miRNA-21 can impair bone regeneration [60]. In-
directly, indeed, miRNA 21 is capable to regulate, through the mechanism of bone remod-
eling mediated by OC differentiation, the release of greater quantities of RANKL by T
cells of the immune system [36]. Furthermore, T cells control OTM via Thl-related cyto-
kines, whose regulation is promoted by miRNA-21 at the expense of Th2 phenotype [61-
64]. miRNA-21 is also implicated in some surgical procedures (Periodontally Accelerated
Osteogenic Orthodontics, PAOQO), which significantly reduce treatment times. PAOO is
also associated with numerous clinical advantages including a reduction in root resorp-
tion, as the miRNA that inhibits the differentiation of osteoclasts by targeting CXCR2 is
miRNA-155-5p [65,66]. However, no studies have been conducted considering the role of
miRNA-155-5p in PAOO. In addition to dentin phosphoproteins (DDP), miRNA-155-5p
can also be considered a valid marker of root resorption as its concentrations in CGF sam-
ples are consistent but opposite to those of DDP [42]. Instead, CXCR2 is a G-protein-cou-
pled receptor found on the surface of many cells, including macrophages, osteoclasts and
osteoblasts, and can bind IL-8 and performs an important role in OC differentiation me-
diated by RANKL [40,67,68]. IL-8, like other pro-inflammatory cytokines, has a pivotal
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role in the inflammation process and during the OTM changes of IL-8 in CGF samples
reflect the state of bone resorption and periodontal inflammation. [69,70]. These results
suggest the effective role of miRNAs not only as active at the post-transcriptional level of
mRNAs and therefore proteins, but also involved by targeting other biological mediators
(cytokines). Curtale et al. have shown that miRNAs are closely related to macrophage po-
larization [71,72], indeed, miRNA-125a-5p exerts its role by promoting the macrophages
polarization towards an M2 phenotype by targeting ETV6 [40]. Basically, the miRNA-21
action mechanism consists in the negative interaction with its target gene PDCD4, which
directly inhibits the activity of the transcription factor protein-1 AP1 (decisive in the syn-
thesis of miRNA-21) [73]. This leads to an increase in the transcription factor C-fos levels,
which is essential for promoting osteoclastogenesis [74,75]. Furthermore, previous works
have revealed the foremost role of miRNA-21 in OCs differentiation, as a matter-of-fact,
miRNA-21 silencing inhibits bone resorption and an in vitro study show that cells treated
with TNF-alpha/RANKL, which are associated with an increase in osteoclastogenesis, also
manifest a greater expression of miRNA-21 [10,47]. Hence, miRNA-21 overexpression is a
determining factor to increase orthodontic movements. These studies reveal the primary
function of miRNA-21 in the control of bone homeostasis, which ensures a correct balance
between bone resorption and bone deposition, especially after an orthodontic movement.
However, miRNAs in general have been studied in oncology because they are often over-
expressed in some cancers, as in the case of miRNA-21, and its predominant role in pro-
moting cell invasiveness in renal cell carcinoma through the PDCD4/c-jun pathway (AP-
1) [76,77] (Figure 1a). From this, it is clear that miRNA-21 occupies a leading role in the
control of bone homeostasis through numerous mechanisms during bone remodeling and
therefore during OTM; however, the other mechanisms of action are not still clear and
they need to be investigated further.

L™ STRENGTH LOADING
o i _ / \' =

. l I Osteogenic
'-PDCD4 differentiation
b

o

. Proteins implicated

. in bone resorption
>

el BMSCs Markers genes (Runx2, OB

(b)

Figure 1. (a). Through the suppression of its target PDCD4 (Programmed Cell Death 4), which is
caused by an intracellular increase in miRNA-21, the transcription factor c-fos is stimulated, thus
increasing the protein synthesis involved in bone remodeling. (b). Summary scheme of one of the
action mechanisms of miRNA-34a by which, following the application of a loading force in vitro
and in vivo, allows osteogenic differentiation and OB (Osteoblast) differentiation from BMSCs (Bone
Marrow Stem Cells). The arrows indicate a stimulating effect, the blunt ones instead of inhibition.

It has been amply demonstrated that the expression of some miRNAs is correlated in
various stages of odontogenesis [78]. These studies include miRNA-34 which is also capa-
ble of inhibiting bone metastases and osteoporosis by suppressing osteoclastogenesis [79].
Given that metalloproteinases occupy a fundamental role in numerous physiological pro-
cesses (inflammation, repair and development), including bone remodeling/resorption,
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during OTM, miRNA-34a promotes orthodontic movement by suppressing MMP-s 2, 9
and 1; moreover, the Wnt/b-catenin pathway is involved in this process [32,80]. In fact,
confirming the negative modulation of MMPs after the application of an orthodontic
force, show that the levels of miRNA-34a are profoundly reduced both in the tension side
and in the pressure side and this is in agreement with the role performed by the activated
osteoclasts which, once they reach the matrix bone surface, increases the release of prote-
olytic enzymes, including MMP-9, to digest the organic matrix [32,81]. In a recent study,
authors found that MMP-9 is expressed on OCs absorbed from the root of bovine decidu-
ous teeth [82]. In a 2022 paper, performed exclusively in vitro on PDLSC cells subjected to
cyclic stress, miRNA-34a and miRNA-146a were under-expressed and thus unable to
downregulate their target gene CELF3 [38]. The application of a strength loading, in vivo
and in vitro, on the one hand promotes the WNT/beta pathway, and therefore osteogenic
differentiation, and on the other hand it causes an increase in miRNA34a levels which,
through the inhibition of its target protein GSK-3beta, promotes the activation of beta-
catenin that promotes the transcription of its marker genes (Runx2, Coll, ALP, etc.) which
ultimately favor the differentiation of osteoblasts from BMSCs (Bone Marrow Stem Cells)
[39] (Figure 1b). Instead, miRNA-103a works in the opposite direction to miRNA-34a be-
cause it inhibits bone formation by targeting RUNX2 [83]. In the same study, miRNA-34c
was also over-expressed, while miRNA-29b, miRNA-30a and miRNA-188 were under-
expressed in stretched BMSCs. Other miRNAs have also been identified as modulators of
the transcription factor RANX2. Furthermore, an in vivo and in vitro overexpression of
miRNA-503-5p in BMSCs attenuates osteogenic differentiation and decreases the expres-
sion of both RANX2 and ALP; miRNA-103a is downregulated during osteoblast differen-
tiation by cyclic mechanical stress-induced with consequent increase in RANX2 by target-
ing pank3 gene [45,84-88]. What emerged from the research results is that miRNA 34a
appears to have a contrasting role since on the one hand it inhibits osteoblasts by silencing
the CELF3 gene but on the other it stimulates osteogenic differentiation both in vivo and
in vitro. It has already been ascertained that miRNAs 34a has a fundamental role among
all the miRNAs studied, however there are no studies in the literature that show whether
the main role of this miRNA is positive or negative towards osteogenic differentiation and
therefore in favoring or not the OTM. These doubts arise spontaneously the need to un-
dertake new studies in the future to clarify to the scientific community the primary role
of this miRNA or whether it may be dependent on other specific local conditions. Ulti-
mately, the miRNA-34 family, together with the other miRNAs listed, seem to be the most
involved together with miRNA-21 in the modulation of bone resorption also through the
involvement of MMPs. However, due to the lack of studies in this area, more research is
necessary to determine the role of the miRNA-34 family and the other miRNAs in ques-
tion.

In previous investigations, researchers evaluated the biological role of miRNAs as
mechanosensitive agents. Indeed, Marin et al. focused on the mechanosensitive role of
miRNAs in vascular endothelial cells during shear stress-regulated endothelial responses
[84]. This might be connected to the fact that during OTM a vascular compression is ap-
plied to the vessels of periodontium, which could have impact on the expression of some
miRNAs that modulate tissue proliferation. In addition, in OTM tension sides, miR-503-
5p was identified to function with a mechano-responsive role which can inhibit osteogenic
differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) under mechan-
ical stretch and bone generation [85].

As it is known, during an orthodontic movement, two zones are created in the alve-
olar bone called the tension side and the compression side, respectively. In the compres-
sion side the bone must be removed to allow space for tooth movement, in the tension
side the bone must be removed to fill the gap left by the tooth [86]. Based on this premise,
we can consider the two zones differently and we can expect a different modulation of
miRNAs in the compression and tension side. To confirm this premise, Kanzaki et al.
demonstrated that miRNA-3198 is up-regulated in the compression side and down-
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regulated in the tension side [43]. Furthermore, in human lung tissue cancer, miRNA-3198
has also been recognized [87]. The lack of modulation difference between the two sides
may be because in some tooth movements the two tension and compression sides exist
simultaneously on the two sides of tooth movement. Only in some movements (body
translation) this does not occur, because we have the tension side on the one hand and the
compression side on the other. We can believe that if this distinction regarding the differ-
ent modulation of miRNAs between the two displacement sides is not evident, it could be
due to the aforementioned coexistence of two zones in the same side. This would simply
cancel the hyperregulation or downregulation of the miRNA under consideration or make
one or the other prevail expression in relation to the physical extension of the two zones.
On the other hand, the lack of separation of the two displacement sides, corresponding to
the compression and tension side, is also because the few studies carried out do not make
a distinction between the various types of dental movement taking into consideration only
the canine retraction in humans or the mesialization of the first maxillary molar in mice.
It is interesting to note how Xinqi Huang et al., in a recent 2020 review, analyzed the action
of miRNAs in bone remodeling through their delivery in extracellular vesicles (EVs) [88].
Membrane proteins, double strand of lipid and intravesicular payloads are components
of EVs that are released by mother cell at one location, diffused into the bloodstream and
then bind to target cells at another location (either close by or far away) to release their
contents [89,90]. Of all the possible contents of these EVs, miRNAs catch our attention
most of all. Since EVs can mirror the phenotypic of the cell from which they originate,
when stem cells (MSCs) produce them, they can transmit genetic information to control
the development of other stem cells (precursors of osteoblasts) [91]. From this, it would
explain the possibility of obtaining a greater migration of osteoblasts in subjects affected
by pseudarthrosis in case of transplantation of EVs derived from BMSC [92]. The fact that
MSC:s are a heterogeneous cell type means that EVs generated from MSCs might also be
heterogeneous, have varying miRNA concentrations and have varying impacts on their
targets [93]. The information exchange between osteoblasts and osteoclasts is known to be
crucial for preserving the homeostasis of bone tissue. Through direct cell-to-cell contact,
extracellular ECM interaction and cytokines, osteoblasts may influence in one direction
osteoclast development, differentiation, and apoptosis and the same thing may take place
in the opposite direction [94]. Recent research has revealed that EVs-miRNAs produced
by osteoblasts may fuse with osteoclasts to stimulate osteoclastogenesis and accelerate the
removal of damaged tissue during bone healing; furthermore, it was also demonstrated
the ability of RANK-rich EVs produced from osteoclasts to prevent osteoclastogenesis by
suppressing the RANK-RANKL interaction in osteoblasts [95]. One of the functions of
miRNAs is to interfere with MMPs. Similar to how rheumatoid arthritis damages joints,
miRNA-23a inhibits MMP-3, which results in the deterioration of several ECM compo-
nents and, by inhibiting the production of RUNX2 and promoting the expression of
IncRNA MT1DP that is mediated by YAPI, the same miRNA found in EVs could success-
fully decrease osteogenesis [96,97]. It is interesting to note the potential relationship be-
tween muscle activity and bone modeling, possibly mediated by miRNAs. It is suggested
that EVs produced from some myoblasts could encourage the differentiation of pre-oste-
oblastic cells into mature osteoblasts by activating of (3-catenin pathway and that could
lead to an increase in osteogenesis [98]. Due to the great biocompatibility of EVs, and to
lack of the major histocompatibility complex proteins on the cell surface (MHC-I and
MHC-1I), that it has been discovered that the miRNAs they transport may serve as partic-
ular biomarkers for various bone disorders [99,100]. These investigations allow us to make
the hypothesis that EVs-miRNAs could be utilized in genetic engineering approaches to
execute a gene regulation that can enhance medical treatments that influence bone tissues,
such as in the case of orthodontics. The subject is still not fully developed, thus further
research is required to improve the application of these strategies. In support of our study
on miRNAs in the orthodontic field, it is also worth mentioning other studies carried out
on the possible pathogenetic role of these non-coding mRNAs in some congenital
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developmental anomalies. This is the example of the relationship between miRNAs and
secondary palate development that led to the identification of miRNAs dysregulation in
cleft lip and palate (CLP) cases, specifically 57% were upregulated and 47% downregu-
lated and furthermore, patients with cleft palate (CP) showed altered expression of 9 miR-
NAs [101-103]. With the development of bioinformatics, the gap between basic research
and applied disciplines in medicine or dentistry has demonstrated to be extremely small.
In a recent systematic review from 2018, STRING bioinformatics analyzes were employed
to investigate the most important signaling pathways and protein-protein interaction
(PPI) networks and thus delineate adaptation to cellular stress in vitro [104]. According to
bioinformatic analyses of target genes in response to mechanical stresses in vitro, hypoxia
may also be a distinguishing factor in osteocyte differential response [105]. Furthermore,
Iwasaki et al. imagined continued research fusing the discipline of orthodontics with ge-
netics and biology to improve the achievable objectives of orthodontic treatments. Thanks
to bioinformatics, clusters of DEG (Differential gene expression) genes were discovered
through an in vitro study done on rats. One cluster shows a downregulation on the third
day, then an increase up to the fourteenth day (safety linked to cell proliferative events),
while the other presents an initial peak and a decrease up to the fourteenth day (definitely
linked to the innate/adaptive immune-mediated response, etc.) [106]. Future study on
OTM biology and remodeling can build on this understanding, supporting the ideas of
precise therapy for tooth acceleration and movement without iatrogenic adverse effects.

We note at the conclusion of our discussion that one clinical application of miRNAs
might be to evaluate their concentration in crevicular fluid in order to quickly compre-
hend what appears to be the efficacy of the bone remodeling mechanisms and, as a result,
to be able to more accurately modulate the dosage of orthodontic forces. However, from
our research, miRNAs could have a higher clinical impact than tooth movements if em-
ployed in patient evaluations for orthopedic movements (such as Rapid Maxillary Expan-
sion RME), particularly if borderline and consequently toward the end of growth. miR-
NAs analysis may be a useful tool when it comes to knowing the metabolic activity of the
bone and determining when to apply and how long to maintain orthopedic forces on pa-
tients. These factors can be quite helpful, but we have to recommend performing addi-
tional research in this area in order to improve knowledge and give clinicians more spe-
cific instructions.

In conclusion, another pivotal consideration for us in our review is that the research
of probiotics in medicine, which has generally become very important in recent years.
Many academics have concentrated their attention on the topic, as in the case of the Butera
et al. group who evaluated the effect of probiotics in the periodontal patient and during
periodontal therapy [107,108]. Given that the microenvironment surrounding a dental el-
ement undoubtedly affects the OTM and that numerous studies in the literature support
the use of probiotics to balance any dysbiosis present in the oral cavity, it may be of inter-
est to further explore how these treatments may affect the movement of the teeth and
thereby serve as an additional tool to better treat both periodontal and non-periodontal
patients.

The possibility of a novel interpretation of the function of miRNAs in orthodontics is
emphasized by this observation, which will make it possible to conduct future research
with an increased awareness of the clinical case and to reduce the risk of mistakes in the
evaluation of miRNAs during OTM. Despite studies performed in vivo, in vitro and
through clinical trials, the mechanisms underlying the interaction between miRNAs and
orthodontic movement are still not well understood by the scientific community. For this
reason, we suggest to conduct further studies in this research field to open new avenues
in orthodontics for using miRNAs also in a new therapeutic key.

5. Conclusions

miRNAs play a crucial role in the contemporary molecular biological field as current
studies drive the search of new frontiers. Numerous important studies see miRNAs as
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protagonists in various pathologies, such as psoriasis, skin and kidney tumors, in numer-
ous autoimmune pathologies, in metabolic-syndrome associated with diabetes and in the
expression of leukotrienes in course of viral infections, which has taken a leading role in
recent years with the COVID-19 pandemic [109-114]. The present review supports new
studies in order to better understand and classify the various miRNAs that have already
studied in other pathologies of the oral cavity, in another context and to predict the pos-
sible differences of the OTM in patients with other periodontal diseases. We made the
decision to write this literature evaluation in light of the newly discovered relationships
between miRNAs and the bone remodeling process. Since an orthodontic treatment has a
duration greater than or equal to 2 years, the study of microRNAs involved in OTM pro-
cess can provide an additional tool for clinician to personalize the orthodontic treatment
(by better controlling of teeth anchorage and/or by allowing some patients the application
of different degree of force), thus obtaining better results and in shorter times.

In conclusion, further studies are needed to fully understand the role of miRNAs
during OTM and, in particular, we suggest:

¢  To study the miRNAs involved in other orthodontic movements (e.g.: extrusion, up-
righting, torque, etc.) or between orthodontic and orthopedic movements (Rapid
Maxillary Expansion (RME));

e Toinvestigate the role of miRNA34a in the improvement of anchorage or other miR-
NAs involved in this orthodontic system. This could improve the force used during
a rapid palate expansion (RME) treatment method, as it could provide guidance on
the interdigitation degree of the median palatine suture and thus reduce possible side
effects on the roots of the upper first molars or prevent their exit from the alveolar
bone.

e  To perform further studies to evaluate the modulation of miRNAs in the very early
stages following the application of a predeterminated force to understand when the
bone remodeling process begins, if there is a greater risk of undergoing root resorp-
tion or after how long it takes reduce or increase strength to optimize OTM.

e  Conduct clinical investigations to measure the amount of miRNAs present in the
crevicular fluid on either side of the tooth. This can give a more precise evaluation of
how different the miRNA under investigation is from the standard.

e  Use CGF sampling to evaluate miRNAs linked to OTM as salivary samples may not
be accurate enough due to the possibility of other systemic factors.

This will give a foundation for comprehending particular biological interactions that
contribute to OTM and could expand the range of precision medicines and research di-
rections in this area. Additionally, the miRNAs modulation producing iatrogenic adverse
effects like caries risk or apical root resorption can be found. These measures could open
new frontiers in the field of orthodontics to be able to create increasingly personalized and
efficient treatment programs. In conclusion, expanding knowledge at this topic may pro-
vide new means of speeding up orthodontic treatment with minimal iatrogenic side-ef-
fects. In order to encourage the development of new research that can help us better un-
derstand the clinical roles and applications of miRNAs as markers of OTM, it is important
to consider the results of our review as additional evidence of their importance in the
perspective for a new view of the orthodontic field.

Author Contributions: Conceptualization, G.C. and G.I; methodology, G.C. and S.S.; software,
V.R,; validation, R.L. and A.L.G.; formal analysis, G.C., V.R. G.R,, and S.S.; investigation, C.C.,
A.L.G.; writing—original draft preparation, G.C.; writing—review and editing, G.I.; supervision,
R.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2022, 23, 15501 13 of 17

Data Availability Statement: Data are available from the corresponding author upon reasonable
request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huang, H,; Williams, R.C.; Kyrkanides, S. Accelerated orthodontic tooth movement: Molecular mechanisms. Am. |. Orthod.
Dentofacial. Orthop. 2014, 146, 620-632. https://doi.org/10.1016/j.ajod0.2014.07.007.

2. Van Schepdael, A.; Vander Sloten, J.; Geris, L. A mechanobiological model of orthodontic tooth movement. Biomech. Model
Mechanobiol. 2013, 12, 249-265. https://doi.org/10.1007/s10237-012-0396-5.

3. Ketting, R.F. microRNA Biogenesis and Function: An overview. Adv. Exp. Med. Biol. 2011, 700, 1-14. https://doi.org/10.1007/978-
1-4419-7823-3_1.

4. Beertsen, W.; McCulloch, C.A.; Sodek, J. The periodontal ligament: A unique, multifunctional connective tissue. Periodontology
2000 1997, 13, 20-40. https://doi.org/10.1111/j.1600-0757.1997.tb00094 .x.

5. Fan, R; Xiao, C.; Wan, X.; Cha, W.; Miao, Y.; Zhou, Y.; Qin, C.; Cui, T.; Su, F.; Shan, X. Small molecules with big roles in mi-
croRNA  chemical biology and  microRNA-targeted  therapeutics. = RNA  Biol. 2019, 16, 707-718.
https://doi.org/10.1080/15476286.2019.1593094.

6. Cortez, M.A; Bueso-Ramos, C.; Ferdin, J.; Lopez-Berestein, G.; Sood, A.K.; Calin, G.A. MicroRNAs in body fluids--the mix of
hormones and biomarkers. Nat. Rev. Clin. Oncol. 2011, 8, 467-477. https://doi.org/10.1038/nrclinonc.2011.76.

7. Gallo, A,; Tandon, M.; Alevizos, I; Illei, G.G. The majority of microRNAs detectable in serum and saliva is concentrated in
exosomes. PLoS ONE 2012, 7, e30679. https://doi.org/10.1371/journal.pone.0030679.

8. Mizoguchi, F.; Izu, Y.; Hayata, T.; Hemmi, H.; Nakashima, K.; Nakamura, T.; Kato, S.; Miyasaka, N.; Ezura, Y.; Noda, M. Oste-
oclast-specific Dicer gene deficiency suppresses osteoclastic bone resorption. ]. Cell Biochem. 2010, 109, 866-875.
https://doi.org/10.1002/jcb.22228.

9.  Sugatani, T.; Hruska, K.A. Impaired micro-RNA pathways diminish osteoclast differentiation and function. . Biol. Chem. 2009,
284, 4667-4678. https://doi.org/10.1074/jbc.M805777200.

10. Sugatani, T.; Vacher, ]J.; Hruska, K.A. A microRNA expression signature of osteoclastogenesis. Blood. 2011, 117, 3648-3657.
https://doi.org/10.1182/blood-2010-10-311415.

11. Pi, C; Li, Y.P.; Zhou, X.; Gao, B. The expression and function of microRNAs in bone homeostasis. Front. Biosci. (Landmark Ed.)
2015, 20, 119-138. https://doi.org/10.2741/4301.

12.  Kapoor, P.; Kharbanda, O.P.; Monga, N.; Miglani, R.; Kapila, S. Effect of orthodontic forces on cytokine and receptor levels in
gingival crevicular fluid: A systematic review. Prog. Orthod. 2014, 15, 65. https://doi.org/10.1186/s40510-014-0065-6.

13. Kapoor, P.; Monga, N.; Kharbanda, O.P.; Kapila, S.; Miglani, R.; Moganty, R. Effect of orthodontic forces on levels of enzymes
in gingival crevicular fluid (GCF): A systematic review. Dental Press ]. Orthod. 2019, 24, 40.e1-40.e22.
https://doi.org/10.1590/2177-6709.24.2.40.e1-22.onl.

14. Gronthos, S.; Mankani, M.; Brahim, ].; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo.
Proc. Natl. Acad. Sci. USA 2000, 97, 13625-30. https://doi.org/10.1073/pnas.240309797.

15. Kaular, J.; Tickner, J.; Chim, S.M.; Xu, J. An overview of the regulation of bone remodelling at the cellular level. Clin. Biochem.
2012, 45, 863-73. https://doi.org/10.1016/j.clinbiochem.2012.03.021.

16. Udagawa, N.; Takahashi, N.; Jimi, E.; Matsuzaki, K.; Tsurukai, T.; Itoh, K.; Nakagawa, N.; Yasuda, H.; Goto, M.; Tsuda, E.; et al.
Osteoblasts/stromal cells stimulate osteoclast activation through expression of osteoclast differentiation factor/RANKL but not
macrophage colony-stimulating factor: Receptor activator of NF-kappa B ligand. Bone 1999, 25, 517-23.
https://doi.org/10.1016/s8756-3282(99)00210-0.

17.  Hofbauer, L.C.; Khosla, S.; Dunstan, C.R.; Lacey, D.L.; Boyle, W.].; Riggs, B.L. The roles of osteoprotegerin and osteoprotegerin
ligand in the paracrine regulation of bone resorption. J. Bone Miner. Res. 2000, 15, 2-12. https://doi.org/10.1359/jbmr.2000.15.1.2.

18. Kenkre, ].S; Bassett, J. The bone remodelling cycle. Ann. Clin. Biochem. 2018, 55, 308-327.
https://doi.org/10.1177/0004563218759371.

19. Nishijima, Y.; Yamaguchi, M.; Kojima, T.; Aihara, N.; Nakajima, R.; Kasai, K. Levels of RANKL and OPG in gingival crevicular
fluid during orthodontic tooth movement and effect of compression force on releases from periodontal ligament cells in vitro.
Orthod. Craniofac. Res. 2006, 9, 63-70. https://doi.org/10.1111/j.1601-6343.2006.00340.x.

20. Kanzaki, H.; Chiba, M.; Sato, A.; Miyagawa, A.; Arai, K.; Nukatsuka, S.; Mitani, H. Cyclical tensile force on periodontal ligament
cells inhibits osteoclastogenesis through OorG induction. ] Dent. Res. 2006, 85, 457-462.
https://doi.org/10.1177/154405910608500512.

21. Hu, C.H,; Sui, B.D.; Dy, F.Y.; Shuai, Y.; Zheng, C.X.; Zhao, P.; Yu, X.R; Jin, Y. miR-21 deficiency inhibits osteoclast function and
prevents bone loss in mice. Sci. Rep. 2017, 7, 43191. https://doi.org/10.1038/srep43191.

22. Jia,J.; Zhou, H,; Zeng, X.; Feng, S. Estrogen stimulates osteoprotegerin expression via the suppression of miR-145 expression in
MG-63 cells. Mol. Med. Rep. 2017, 15, 1539-1546. https://doi.org/10.3892/mmr.2017.6168.

23. Yete, S.; Saranath, D. MicroRNAs in oral cancer: Biomarkers with clinical potential. Oral Oncol. 2020, 110, 105002.

https://doi.org/10.1016/j.oraloncology.2020.105002.



Int. J. Mol. Sci. 2022, 23, 15501 14 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Luan, X.; Zhou, X.; Naqvi, A.; Francis, M.; Foyle, D.; Nares, S.; Diekwisch, T.G.H. MicroRNAs and immunity in periodontal
health and disease. Int. J. Oral Sci. 2018, 10, 24. https://doi.org/10.1038/s41368-018-0025-y.

Luan, X.; Zhou, X.; Trombetta-eSilva, J.; Francis, M.; Gaharwar, A.K.; Atsawasuwan, P.; Diekwisch, T.G.H. MicroRNAs and
Periodontal Homeostasis. J. Dent. Res. 2017, 96, 491-500. https://doi.org/10.1177/0022034516685711.

Grassia, V.; Lombardi, A.; Kawasaki, H.; Ferri, C.; Perillo, L.; Mosca, L.; Delle Cave, D.; Nucci, L.; Porcelli, M.; Caraglia, M.
Salivary microRNAs as new molecular markers in cleft lip and palate: A new frontier in molecular medicine. Oncotarget 2018,
9, 18929-18938. https://doi.org/10.18632/oncotarget.24838.

Wang, J.; Du, Y.; Deng, J.; Wang, X.; Long, F.; He, ]. MicroRNA-506 Is Involved in Regulation of the Occurrence of Lipopolysac-
charides  (LPS)-Induced  Pulpitis by Sirtuin 1 (SIRT1). Med. Sci. Monit. 2019, 25, 10008-10015.
https://doi.org/10.12659/MSM.918172.

Zhou, W.; Su, L,; Duan, X.; Chen, X.; Hays, A.; Upadhyayula, S.; Shivde, J.; Wang, H.; Li, Y.; Huang, D.; et al. MicroRNA-21
down-regulates inflammation and inhibits periodontitis. Mol. Immunol. 2018, 101, 608-614. https://doi.org/10.1016/j.mo-
limm.2018.05.008.

Scribante, A.; Gallo, S.; Pascadopoli, M.; Soleo, R.; Di Fonso, F.; Politi, L.; Venugopal, A.; Marya, A.; Butera, A. Management of
Periodontal Disease with Adjunctive Therapy with Ozone and Photobiomodulation (PBM): A Randomized Clinical Trial. Pho-
tonics 2022, 9, 138. https://doi.org/10.3390/photonics9030138.

Kapoor, P.; Chowdhry, A.; Bagga, D.K.; Bhargava, D.; Aishwarya, S. MicroRNAs in oral fluids (saliva and gingival crevicular
fluid) as biomarkers in orthodontics: Systematic review and integrated bioinformatic analysis. Prog. Orthod. 2021, 22, 31.
https://doi.org/10.1186/s40510-021-00377-1.

Atsawasuwan, P.; Lazari, P.; Chen, Y.; Zhou, X,; Viana, G.; Evans, C.A. Secretory microRNA-29 expression in gingival crevicular
fluid during orthodontic tooth movement. PLoS ONE 2018, 13, e0194238. https://doi.org/10.1371/journal.pone.0194238.

Zhang, B.; Yang, L.; Zheng, W; Lin, T. MicroRNA-34 expression in gingival crevicular fluid correlated with orthodontic tooth
movement. Angle Orthod. 2020, 90, 702-706. https://doi.org/10.2319/090219-574.1.

Lazari, P. Secretory micro-RNA 29 in Gingival Crevicular Fluid during Canine Retraction [Internet] [Thesis]. University of Illi-
nois at Chicago. 2016. Available online: /articles/thesis/Secretory_Micro-RNA_29_in_Gingival_Crevicular_Fluid_During_Ca-
nine_Retraction/10812575/1 (accessed on 12 March 2021).

Seagraves, A.L. Circulatory microRNA-27, -146, and -214 in Gingival Crevicular Fluid during Orthodontic Tooth Movement
[Internet] [Thesis]. University of Illinois at Chicago. 2020. Available online: /articles/thesis/Circulatory_MicroRNA-27_-
146_and_-214_in_Gingival_Crevicular_Fluid_During_Orthodontic_Tooth_Movement/13475250/1 (accessed on 24 December
2020).

Zhang, Y.; Tian, Y.; Yang, X.; Zhao, Z.; Feng, C.; Zhang, Y. MicroRNA-21 serves an important role during PAOO-facilitated
orthodontic tooth movement. Mol. Med. Rep. 2020, 22, 474-482. https://doi.org/10.3892/mmr.2020.11107.

Chen, N.; Sui, B.D.; Hu, CH,; Cao, J.; Zheng, C.X,; Hou, R; Yang, Z.K.; Zhao, P.; Chen, Q.; Yang, Q.J.; et al. microRNA-21
Contributes to Orthodontic Tooth Movement. J. Dent. Res. 2016, 95, 1425-1433. https://doi.org/10.1177/0022034516657043.

Wu, L,; Su, Y.; Lin, F,; Zhu, S;; Wang, J.; Hou, Y.; Du, J.; Liu, Y.; Guo, L. MicroRNA-21 promotes orthodontic tooth movement
by modulating the RANKL/OPG balance in T cells. Oral Dis. 2020, 26, 370-380. https://doi.org/10.1111/0di.13239.

Meng, X.; Wang, W.; Wang, X. MicroRNA-34a and microRNA-146a target CELF3 and suppress the osteogenic differentiation
of periodontal ligament stem cells under cyclic mechanical stretch. ] Dent. Sci. 2022, 17, 1281-1291.
https://doi.org/10.1016/j.jds.2021.11.011.

Yu, W.; Zheng, Y.; Yang, Z.; Fei, H.; Wang, Y.; Hou, X,; Sun, X; Shen, Y. N-AC-l-Leu-PEI-mediated miR-34a delivery improves
osteogenic differentiation under orthodontic force. Oncotarget. 2017, 8, 110460-110473. https://doi.org/10.18632/oncotar-
get.22790.

Jiang, H.; Kitaura, H.; Liu, L.; Mizoguchi, L; Liu, S. The miR-155-5p inhibits osteoclast differentiation through targeting CXCR2
in orthodontic root resorption. J. Periodontal. Res. 2021, 56, 761-773. https://doi.org/10.1111/jre.12875.

He, W.; Zhang, N.; Lin, Z. MicroRNA-125a-5p modulates macrophage polarization by targeting E26 transformation-specific
variant 6 gene during orthodontic tooth movement. Arch. Oral Biol. 2021, 124, 105060. https://doi.org/10.1016/j.archoral-
bi0.2021.105060.

Liu, L.; Liu, M,; Li, R,; Liu, H.; Du, L.; Chen, H.; Zhang, Y.; Zhang, S.; Liu, D. MicroRNA-503-5p inhibits stretch-induced osteo-
genic differentiation and bone formation. Cell Biol. Int. 2017, 41, 112-123. https://doi.org/10.1002/cbin.10704.

Kanzaki, H.; Wada, S.; Yamaguchi, Y.; Katsumata, Y.; Itohiya, K.; Fukaya, S.; Miyamoto, Y.; Narimiya, T.; Noda, K.; Nakamura,
Y. Compression and tension variably alter Osteoprotegerin expression via miR-3198 in periodontal ligament cells. BMC Mol.
Cell Biol. 2019, 20, 6. https://doi.org/10.1186/s12860-019-0187-2.

Wu, Y.; Ou, Y,; Liao, C; Liang, S.; Wang, Y. High-throughput sequencing analysis of the expression profile of microRNAs and
target genes in mechanical force-induced osteoblastic/cementoblastic differentiation of human periodontal ligament cells. Am.
J. Transl. Res. 2019, 11, 3398-3411.

Jia, J; Tian, Q.; Ling, S.; Liu, Y.; Yang, S.; Shao, Z. miR-145 suppresses osteogenic differentiation by targeting Sp7. FEBS Lett.
2013, 587, 3027-3031. https://doi.org/10.1016/j.febslet.2013.07.030.



Int. J. Mol. Sci. 2022, 23, 15501 15 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

Szklarczyk, D.; Morris, ].H.; Cook, H.; Kuhn, M.; Wyder, S.; Simonovic, M.; Santos, A.; Doncheva, N.T.; Roth, A.; Bork, P.; et al.
The STRING database in 2017: Quality-controlled protein-protein association networks, made broadly accessible. Nucleic Acids
Res. 2017, 45, D362-D368. https://doi.org/10.1093/nar/gkw937.

Kagiya, T.; Nakamura, S. Expression profiling of microRNAs in RAW264.7 cells treated with a combination of tumor necrosis
factor alpha and RANKL during osteoclast differentiation. J. Periodontal. Res. 2013, 48, 373-385. https://doi.org/10.1111/jre.12017.
Franceschetti, T.; Kessler, C.B.; Lee, S.K.; Delany, A.M. miR-29 promotes murine osteoclastogenesis by regulating osteoclast
commitment and migration. J. Biol. Chem. 2013, 288, 33347-33360. https://doi.org/10.1074/jbc.M113.484568.

Kook, S.H.; Jang, Y.S.; Lee, ].C. Human periodontal ligament fibroblasts stimulate osteoclastogenesis in response to compression
force through TNF-a-mediated activation of CD4+ T cells. J. Cell Biochem. 2011, 112, 2891-2901. https://doi.org/10.1002/jcb.23205.
Toyono, T.; Usui, T.; Villarreal, G, Jr.; Kallay, L.; Matthaei, M.; Vianna, L.M.; Zhu, A.Y.; Kuroda, M.; Amano, S.; Jun, A.S. Mi-
croRNA-29b Overexpression Decreases Extracellular Matrix mRNA and Protein Production in Human Corneal Endothelial
Cells. Cornea. 2016, 35, 1466-1470. https://doi.org/10.1097/ICO.0000000000000954.

Zhang, Y.; Ghazwani, M.; Li, ].; Sun, M; Stolz, D.B.; He, F.; Fan, J.; Xie, W.; Li, S. MiR-29b inhibits collagen maturation in hepatic
stellate cells through down-regulating the expression of HSP47 and lysyl oxidase. Biochem. Biophys. Res. Commun. 2014, 446,
940-944. https://doi.org/10.1016/j.bbrc.2014.03.037.

Villarreal, G., Jr.; Oh, D.]J.; Kang, M.H.; Rhee, D.]J. Coordinated regulation of extracellular matrix synthesis by the microRNA-29
family in the trabecular meshwork. Investig. Ophthalmol. Vis. Sci. 2011, 52, 3391-3397. https://doi.org/10.1167/iovs.10-6165.
Isola, G.; Matarese, G.; Cordasco, G.; Perillo, L.; Ramaglia, L. Mechanobiology of the tooth movement during the orthodontic
treatment: a literature review. Minerva Stomatol. 2016, 65, 299-327. PMID: 27580655

Kapinas, K.; Kessler, C.B.; Delany, A.M. miR-29 suppression of osteonectin in osteoblasts: Regulation during differentiation and
by canonical Wnt signaling. J. Cell Biochem. 2009, 108, 216-224. https://doi.org/10.1002/jcb.22243.

Li, Z.; Hassan, M.Q.; Jafferji, M.; Ageilan, R.I.; Garzon, R.; Croce, C.M.; van Wijnen, A.J.; Stein, J.L.; Stein, G.S.; Lian, ].B. Correc-
tion: Biological functions of miR-29b contribute to positive regulation of osteoblast differentiation. J. Biol. Chem. 2019, 294, 10018.
https://doi.org/10.1074/jbc. AAC119.009552. Erratum in J. Biol Chem. 2009, 284, 15676-15684.

Li, C; Li, C; Yue, J.; Huang, X.; Chen, M.; Gao, J.; Wu, B. miR-21 and miR-101 regulate PLAP-1 expression in periodontal
ligament cells. Mol. Med. Rep. 2012, 5, 1340-1346. https://doi.org/10.3892/mmr.2012.797.

Cheng, H.S; Sivachandran, N.; Lau, A.; Boudreau, E.; Zhao, ]J.L.; Baltimore, D.; Delgado-Olguin, P.; Cybulsky, M.L; Fish, J.E.
MicroRNA-146 represses endothelial activation by inhibiting pro-inflammatory pathways. EMBO Mol. Med. 2013, 5, 1017-1034.
https://doi.org/10.1002/emmm.201202318.

Sugatani, T.; Hruska, K.A. Down-regulation of miR-21 biogenesis by estrogen action contributes to osteoclastic apoptosis. J. Cell
Biochem. 2013, 114, 1217-1222. https://doi.org/10.1002/jcb.24471.

Yang, N.; Wang, G.; Hu, C.; Shi, Y.; Liao, L.; Shi, S.; Cai, Y.; Cheng, S.; Wang, X.; Liu, Y.; et al. Tumor necrosis factor a suppresses
the mesenchymal stem cell osteogenesis promoter miR-21 in estrogen deficiency-induced osteoporosis. J. Bone Miner. Res. 2013,
28, 559-573. https://doi.org/10.1002/jbmr.1798.

Frankel, L.B.; Christoffersen, N.R.; Jacobsen, A.; Lindow, M.; Krogh, A.; Lund, A.H. Programmed cell death 4 (PDCD4) is an
important functional target of the microRNA miR-21 in breast cancer cells. J. Biol. Chem. 2008, 283, 1026-1033.
https://doi.org/10.1074/jbc.M707224200.

Wang, H.; Wang, H.; Li, X.; Zhang, Z.; Zhao, X.; Wang, C.; Wei, F. MicroRNA-21 promotes bone reconstruction in maxillary
bone defects. J. Oral Rehabil. 2020, 47 (Suppl. 1), 4-11. https://doi.org/10.1111/joor.12896.

Yan, Y,; Liu, F,; Kou, X,; Liu, D.; Yang, R.; Wang, X.; Song, Y.; He, D.; Gan, Y.; Zhou, Y. T Cells Are Required for Orthodontic
Tooth Movement. J. Dent. Res. 2015, 94, 1463-1470. https://doi.org/10.1177/0022034515595003.

Lu, T.X,; Hartner, J.; Lim, E.J.; Fabry, V.; Mingler, M.K.; Cole, E.T.; Orkin, S.H.; Aronow, B.]J.; Rothenberg, M.E. MicroRNA-21
limits in vivo immune response-mediated activation of the IL-12/IFN-gamma pathway, Th1 polarization, and the severity of
delayed-type hypersensitivity. J. Immunol. 2011, 187, 3362-3373. https://doi.org/10.4049/jimmunol.1101235.

Lu, T.X.; Munitz, A.; Rothenberg, M.E. MicroRNA-21 is up-regulated in allergic airway inflammation and regulates IL-12p35
expression. J. Immunol. 2009, 182, 4994-5002. https://doi.org/10.4049/jimmunol.0803560.

Ma, Z.; Zheng, J.; Yang, C.; Xie, Q.; Liu, X.; Abdelrehem, A. A new modified bone grafting technique for periodontally acceler-
ated osteogenic orthodontics. Medicine (Baltimore) 2018, 97, €12047. https://doi.org/10.1097/MD.0000000000012047.

Hou, H.Y,; Li, CH.; Chen, M.C;; Lin, P.Y.; Liu, W.C,; Cathy Tsai, Y.W.; Huang, R.Y. A novel 3D-printed computer-assisted
piezocision guide for surgically facilitated orthodontics. Am. ]. Orthod. Dentofacial. Orthop. 2019, 155, 584-591.
https://doi.org/10.1016/j.ajodo.2018.11.010.

Boisvert, W.A.; Curtiss, L.K,; Terkeltaub, R.A. Interleukin-8 and its receptor CXCR2 in atherosclerosis. Immunol. Res. 2000, 21,
129-137. https://doi.org/10.1385/ir:21:2-3:129.

Liu, P.; Li, X,; Lv, W.; Xu, Z. Inhibition of CXCL1-CXCR?2 axis ameliorates cisplatin-induced acute kidney injury by mediating
inflammatory response. Biomed. Pharmacother. 2020, 122, 109693. https://doi.org/10.1016/j.biopha.2019.109693.

Hammond, M.E.; Lapointe, G.R.; Feucht, P.H.; Hilt, S.; Gallegos, C.A.; Gordon, C.A.; Giedlin, M.A.; Mullenbach, G.; Tekamp-
Olson, P. IL-8 induces neutrophil chemotaxis predominantly via type I IL-8 receptors. J. Immunol. 1995, 155, 1428-1433.

Bickel, M. The role of interleukin-8 in inflammation and mechanisms of regulation. J. Periodontol. 1993, 64 (Suppl. 5), 456—460.
Curtale, G.; Rubino, M.; Locati, M. MicroRNAs as Molecular Switches in Macrophage Activation. Front. Immunol. 2019, 10, 799.
https://doi.org/10.3389/fimmu.2019.00799.



Int. J. Mol. Sci. 2022, 23, 15501 16 of 17

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

Roy, S. miRNA in Macrophage Development and Function. Antioxid. Redox Signal. 2016, 25, 795-804.
https://doi.org/10.1089/ars.2016.6728.

Loh, P.G,; Yang, H.S.; Walsh, M.A; Wang, Q.; Wang, X.; Cheng, Z.; Liu, D.; Song, H. Structural basis for translational inhibition
by the tumour suppressor Pdcd4. EMBO J. 2009, 28, 274-285. https://doi.org/10.1038/emboj.2008.278.

Friedman, A.D. Transcriptional control of granulocyte and monocyte development. Oncogene 2007, 26, 6816-6828.
https://doi.org/10.1038/sj.onc.1210764.

Huhe, M.; Liu, S.; Zhang, Y.; Zhang, Z.; Chen, Z. Expression levels of transcription factors c-Fos and c-Jun and transmembrane
protein HADb18G/CD147 in urothelial carcinoma of the bladder. Mol. Med. Rep. 2017, 15, 2991-3000.
https://doi.org/10.3892/mmr.2017.6411.

Huang, Y.; Yang, Y.B.; Zhang, X.H.; Yu, X.L.; Wang, Z.B.; Cheng, X.C. MicroRNA-21 gene and cancer. Med. Oncol. 2013, 30, 376.
https://doi.org/10.1007/s12032-012-0376-8.

Fan, B,; Jin, Y.; Zhang, H.; Zhao, R.; Sun, M.; Sun, M.; Yuan, X.; Wang, W.; Wang, X.; Chen, Z.; et al. MicroRNA-21 contributes
to renal cell carcinoma cell invasiveness and angiogenesis via the PDCD4/c-Jun (AP-1) signalling pathway. Int. ]. Oncol. 2020,
56, 178-192. https://doi.org/10.3892/ij0.2019.4928.

Sehic, A.; Tulek, A.; Khuu, C.; Nirvani, M.; Sand, L.P.; Utheim, T.P. Regulatory roles of microRNAs in human dental tissues.
Gene. 2017, 596, 9-18. https://doi.org/10.1016/j.gene.2016.10.009.

Krzeszinski, ].Y.; Wei, W.; Huynh, H,; Jin, Z.; Wang, X.; Chang, T.C; Xie, X.J.; He, L.; Mangala, L.S.; Lopez-Berestein, G.; et al.
miR-34a blocks osteoporosis and bone metastasis by inhibiting osteoclastogenesis and Tgif2. Nature 2014, 512, 431-435.
https://doi.org/10.1038/nature13375. Retraction in Nature 2020, 582, 134. Erratum in Nature 2019, 570, E51.

Paiva, K.B.S.; Granjeiro, ].M. Matrix Metalloproteinases in Bone Resorption, Remodeling, and Repair. Prog. Mol. Biol. Transl. Sci.
2017, 148, 203-303. https://doi.org/10.1016/bs.pmbts.2017.05.001.

Zeng, X.Z.; He, L.G.; Wang, S.; Wang, K.; Zhang, Y.Y.; Tao, L.; Li, X.J.; Liu, S.W. Aconine inhibits RANKL-induced osteoclast
differentiation in RAW264.7 cells by suppressing NF-kB and NFATc1 activation and DC-STAMP expression. Acta Pharmacol.
Sin. 2016, 37, 255-263. https://doi.org/10.1038/aps.2015.85.

Linsuwanont, B.; Takagi, Y.; Ohya, K.; Shimokawa, H. Expression of matrix metalloproteinase-9 mRNA and protein during
deciduous tooth resorption in bovine odontoclasts. Bone 2002, 31, 472-478. https://doi.org/10.1016/s8756-3282(02)00856-6.

Zuo, B.; Zhu, J.; Li, J.; Wang, C,; Zhao, X.; Cai, G; Li, Z; Peng, J.; Wang, P.; Shen, C.; et al. microRNA-103a functions as a
mechanosensitive microRNA to inhibit bone formation through targeting Runx2. J. Bone Miner. Res. 2015, 30, 330-345.
https://doi.org/10.1002/jbmr.2352.

Marin, T.; Gongol, B.; Chen, Z.; Woo, B.; Subramaniam, S.; Chien, S.; Shyy, ].Y. Mechanosensitive microRNAs-role in endothelial
responses to shear stress and redox state. Free Radic. Biol. Med. 2013, 64, 61-68. https://doi.org/10.1016/j.freeradbio-
med.2013.05.034.

Hassan, M.Q.; Maeda, Y.; Taipaleenmaki, H.; Zhang, W.; Jafferji, M.; Gordon, ]J.A.; Li, Z.; Croce, C.M.; van Wijnen, A.].; Stein,
J.L,; et al. miR-218 directs a Wnt signaling circuit to promote differentiation of osteoblasts and osteomimicry of metastatic cancer
cells. J. Biol. Chem. 2012, 287, 42084-42092. https://doi.org/10.1074/jbc.M112.377515.

Storey, E. The nature of tooth movement. Am. J. Orthod. 1973, 63, 292-314. https://doi.org/10.1016/0002-9416(73)90353-9.
Persson, H.; Kvist, A.; Rego, N.; Staaf, J.; Vallon-Christersson, J.; Luts, L.; Loman, N.; Jonsson, G.; Naya, H.; Hoglund, M.; et al.
Identification of new microRNAs in paired normal and tumor breast tissue suggests a dual role for the ERBB2/Her2 gene. Cancer
Res. 2011, 71, 78-86. https://doi.org/10.1158/0008-5472.CAN-10-1869.

Huang, X.; Xiong, X,; Liu, J.; Zhao, Z.; Cen, X. MicroRNAs-containing extracellular vesicles in bone remodeling: An emerging
frontier. Life Sci. 2020, 254, 117809. https://doi.org/10.1016/j.1fs.2020.117809.

Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255-289. https://doi.org/10.1146/annurev-cellbio-101512-122326.

Li, Q.; Wang, H.; Peng, H.; Huyan, T.; Cacalano, N.A. Exosomes: Versatile Nano Mediators of Immune Regulation. Cancers
2019, 11, 1557. https://doi.org/10.3390/cancers11101557.

Nawaz, M.; Fatima, F.; Vallabhaneni, K.C.; Penfornis, P.; Valadi, H.; Ekstrom, K.; Kholia, S.; Whitt, J.D.; Fernandes, J.D.; Pocham-
pally, R.; et al. Extracellular Vesicles: Evolving Factors in Stem Cell Biology. Stem Cells Int. 2016, 2016, 1073140.
https://doi.org/10.1155/2016/1073140.

Zhang, L.; Jiao, G.; Ren, S.; Zhang, X,; Li, C; Wu, W.; Wang, H.; Liu, H.; Zhou, H.; Chen, Y. Exosomes from bone marrow
mesenchymal stem cells enhance fracture healing through the promotion of osteogenesis and angiogenesis in a rat model of
nonunion. Stem Cell Res. Ther. 2020, 11, 38. https://doi.org/10.1186/s13287-020-1562-9.

Rahmati, S.; Shojaei, F.; Shojaeian, A.; Rezakhani, L.; Dehkordi, M.B. An overview of current knowledge in biological functions
and potential theragnostic applications of exosomes. Chem. Phys. Lipids 2020, 226, 104836. https://doi.org/10.1016/j.chem-
physlip.2019.104836.

Chen, X.;; Wang, Z.; Duan, N.; Zhu, G.; Schwarz, E.M.; Xie, C. Osteoblast-osteoclast interactions. Connect. Tissue Res. 2018, 59,
99-107. https://doi.org/10.1080/03008207.2017.1290085.

Yuan, F.L.; Wu, Q.Y.; Miao, Z.N.; Xu, M.H.; Xu, R.S;; Jiang, D.L.; Ye, ].X,; Chen, F.H.; Zhao, M.D.; Wang, H.J.; et al. Osteoclast-
Derived Extracellular Vesicles: Novel Regulators of Osteoclastogenesis and Osteoclast-Osteoblasts Communication in Bone Re-
modeling. Front. Physiol. 2018, 9, 628. https://doi.org/10.3389/fphys.2018.00628.



Int. J. Mol. Sci. 2022, 23, 15501 17 of 17

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Hu, J; Zhai, C,; Hu, J.; Li, Z,; Fei, H.; Wang, Z.; Fan, W. MiR-23a inhibited IL-17-mediated proinflammatory mediators expres-
sion via targeting IKKa in articular chondrocytes. Int. Immunopharmacol. 2017, 43, 1-6. https://doi.org/10.1016/j.in-
timp.2016.11.031.

Yang, ].X,; Xie, P.; Li, Y.S.; Wen, T.; Yang, X.C. Osteoclast-derived miR-23a-5p-containing exosomes inhibit osteogenic differen-
tiation by regulating Runx2. Cell. Signal. 2020, 70, 109504. https://doi.org/10.1016/j.cellsig.2019.109504.

Xu, Q.; Cui, Y.; Luan, J.; Zhou, X; Li, H.; Han, J. Exosomes from C2C12 myoblasts enhance osteogenic differentiation of MC3T3-
El  pre-osteoblasts by delivering miR-27a-3p.  Biochem.  Biophys.  Res.  Commun. 2018, 498,  32-37.
https://doi.org/10.1016/j.bbrc.2018.02.144.

Yin, X.; Wang, ].Q.; Yan, S.Y. Reduced miR-26a and miR-26b expression contributes to the pathogenesis of osteoarthritis via the
promotion of p65 translocation. Mol. Med. Rep. 2017, 15, 551-558. https://doi.org/10.3892/mmr.2016.6035.

Holliday, L.S.; McHugh, K.P.; Zuo, ].; Aguirre, ].I; Neubert, ] K.; Rody, W.]., Jr. Exosomes: Novel regulators of bone remodelling
and potential therapeutic agents for orthodontics. Orthod. Craniofac. Res. 2017, 20 (Suppl 1), 95-99.
https://doi.org/10.1111/ocr.12165.

Pan, Y,; Li, D.; Lou, S.; Zhang, C.; Du, Y,; Jiang, H.; Zhang, W.; Ma, L.; Wang, L. A functional polymorphism in the pre-miR-
146a gene is associated with the risk of nonsyndromic orofacial cleft. Hum. Mutat. 2018, 39, 742-750.
https://doi.org/10.1002/humu.23415.

Schoen, C.; Aschrafi, A.; Thonissen, M.; Poelmans, G.; Von den Hoff, ].W.; Carels, C.E.L. MicroRNAs in Palatogenesis and Cleft
Palate. Front. Physiol. 2017, 8, 165. https://doi.org/10.3389/fphys.2017.00165.

Mendes, SSM.D.A.; Espinosa, D.D.S.G.; Moreira, P.E.O.; Marques, D.; Fagundes, N.C.F.; Ribeiro-Dos-Santos, A. miRNAs as
biomarkers of orofacial clefts: A systematic review. J. Oral Pathol. Med. 2020, 49, 201-209. https://doi.org/10.1111/jop.12950.
Janjic, M.; Docheva, D.; Trickovic Janjic, O.; Wichelhaus, A.; Baumert, U. In Vitro Weight-Loaded Cell Models for Understanding
Mechanodependent Molecular Pathways Involved in Orthodontic Tooth Movement: A Systematic Review. Stem Cells Int. 2018,
2018, 3208285. https://doi.org/10.1155/2018/3208285.

Wang, Z.; Ishihara, Y.; Ishikawa, T.; Hoshijima, M.; Odagaki, N.; Ei Hsu Hlaing, E.; Kamioka, H. Screening of key candidate
genes and pathways for osteocytes involved in the differential response to different types of mechanical stimulation using a
bioinformatics analysis. J. Bone Miner. Metab. 2019, 37, 614-626. https://doi.org/10.1007/s00774-018-0963-7.

Klein, Y.; Fleissig, O.; Polak, D.; Barenholz, Y.; Mandelboim, O.; Chaushu, S. Immunorthodontics: In vivo gene expression of
orthodontic tooth movement. Sci. Rep. 2020, 10, 8172. https://doi.org/10.1038/s41598-020-65089-8.

Butera, A.; Gallo, S.; Pascadopoli, M.; Taccardi, D.; Scribante, A. Home Oral Care of Periodontal Patients Using Antimicrobial
Gel with Postbiotics, Lactoferrin, and Aloe Barbadensis Leaf Juice Powder vs. Conventional Chlorhexidine Gel: A Split-Mouth
Randomized Clinical Trial. Antibiotics 2022, 11, 118. https://doi.org/10.3390/antibiotics11010118.

Butera, A.; Gallo, S.; Maiorani, C.; Molino, D.; Chiesa, A.; Preda, C.; Esposito, F.; Scribante, A. Probiotic Alternative to Chlor-
hexidine in Periodontal Therapy: Evaluation of Clinical and Microbiological Parameters. Microorganisms 2021, 9, 69.
https://doi.org/10.3390/microorganisms9010069.

Yang, X; Wang, H. miRNAs Flowing Up and Down: The Concerto of Psoriasis. Front. Med. 2021, 8, 646796.
https://doi.org/10.3389/fmed.2021.646796.

Neagu, M.; Constantin, C.; Cretoiu, S.M.; Zurac, S. miRNAs in the Diagnosis and Prognosis of Skin Cancer. Front. Cell Dev. Biol.
2020, 8, 71. https://doi.org/10.3389/fcell.2020.00071.

Ramanathan, K.; Padmanabhan, G. miRNAs as potential biomarker of kidney diseases: A review. Cell Biochem. Funct. 2020, 38,
990-1005. https://doi.org/10.1002/cbf.3555.

Zhang, L.; Wu, H.; Zhao, M.; Chang, C.; Lu, Q. Clinical significance of miRNAs in autoimmunity. J. Autoimmun. 2020, 109,
102438. https://doi.org/10.1016/j.jaut.2020.102438.

Brandao, B.B.; Lino, M.; Kahn, C.R. Extracellular miRNAs as mediators of obesity-associated disease. J. Physiol. 2022, 600, 1155—
1169. https://doi.org/10.1113/JP280910.

Liu, Z.; Fan, P.; Chen, M.; Xu, Y.; Zhao, D. miRNAs and Leukotrienes in Respiratory Syncytial Virus Infection. Front. Pediatr.
2021, 9, 602195. https://doi.org/10.3389/fped.2021.602195.



