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Abstract
Objectives:MicroRNAs (miRNAs) are small noncoding RNAs demonstrated as
critical post-transcriptional modulators in dental tissues and bone regeneration,
particularly miR-21-5p. However, the role of miR-21-5p in the healing of alveolar
sockets following tooth extraction remains unknown. In this study we evaluated
the influence ofmiR-21-5p in the healing of alveolar socket after tooth extraction.
Methods: Eight miR-21-5p knockout mice and eight littermate controls under-
went tooth extraction of the upper right incisor. After a healing period of 14 days
microCT and histological analyses were performed.
Results:MicroCT analysis showed that the percentage of bone in the extraction
socket was significantly higher in the control group than in the miR-21 knockout
mice; either in the coronal (39.0%, CI 31.8 to 48.0 versus 23.0%, CI 17.8 to 35.2,
P= 0.03) or in themiddle part of the alveolar socket (56.0%, CI 50.9 to 62.5 versus
43.5%CI 28.6 to 54.6,P= 0.03). These differenceswere not noted in the apical part
of the extraction socket. Histological analysis supported the microCT findings.
Newly bone volume per tissue volume (BV/TV) was significantly higher in the
control group when compared to miR-21 knockout mice, 27.4% (CI 20.6 to 32.9)

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2020 The Authors. Journal of Periodontology published by Wiley Periodicals, Inc. on behalf of American Academy of Periodontology

J Periodontol. 2020;1–9. wileyonlinelibrary.com/journal/jper 1

s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
7
8
9
2
/
b
o
r
i
s
.
1
4
8
7
4
0
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
2
7
.
1
2
.
2
0
2
0

https://orcid.org/0000-0002-5832-7327
https://orcid.org/0000-0002-5631-3300
https://orcid.org/0000-0002-9023-4745
https://orcid.org/0000-0002-2499-325X
https://orcid.org/0000-0003-4565-5222
https://orcid.org/0000-0003-2025-0739
https://orcid.org/0000-0002-4136-7293
https://orcid.org/0000-0001-5474-6332
https://orcid.org/0000-0001-5400-9009
mailto:reinhard.gruber@meduniwien.penalty -@M ac.at
mailto:reinhard.gruber@meduniwien.penalty -@M ac.at
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jper
http://crossmark.crossref.org/dialog/?doi=10.1002%2FJPER.19-0567&domain=pdf&date_stamp=2020-06-20


2 STRAUSS et al.

versus 19.0% (CI 14.7 to 21.5, P< 0.05), respectively. Surprisingly, no evident signs
of buccal bone resorption were observed in both groups.
Conclusion: Despite the limitation of one observation period, these findings
suggest that miR-21-5p delays the early healing of alveolar socket following tooth
extraction.WhethermiR-21-5p is essential for healing of alveolar sockets remains
to be elucidated.
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1 INTRODUCTION

Tooth extraction is a common procedure that generates
an empty space in the alveolar socket. Following tooth
extraction a cascade of conserved cellular events is trig-
gered that culminate in the formation of bone at sites
previously occupied by the tooth.1 This bone formation
follows the principles of intramembranous ossification
where mesenchymal cells, supplied by the blood sprout-
ing capillaries, become bone-forming osteoblasts.2 This
sequence of events has been extensively investigated to
further elucidate the process of fracture healing driven
by the burden of the patients suffering from non-healing
and large size fractures.3,4 In addition, there is a clinical
demand to understand the healing of extraction sockets
in dentistry mainly because of the rising need to restore
the original tooth with dental implants.5 Because implant
osseointegration in fresh extraction sockets follows the
same principles of intramembranous ossification6 a better
understanding of the healing of extraction sockets is
desirable to improve implant-based therapies.
Research on alveolar bone healing after tooth extrac-

tion is mainly based on large preclinical models that have
provided insight into the conserved post-extraction heal-
ing sequence.1 This sequence triggered by the tooth extrac-
tion induces the formation of a blood clot. Subsequently,
this blood clot is organized into a connective tissue matrix
that is later reinforced by woven bone and finally replaced
by organized lamellar bone.1 This sequence of events also
occurs when dental implants are placed into the alveo-
lar bone as documented in canine models. The healing of
tooth extraction has also been studied in rodent models,
particularly in molar teeth of rats.7 It should be mentioned
however, that rat models are reliable in simulating osteo-
porosis and diabetes but are not suitable when studying
the impact of certain genes on the healing of the alveolar
socket. Therefore, mice models were introduced by Vieira
et al.8 to test the effect of certain genes on socket healing.9
Based on this concept, it was demonstrated that knockout
of CD24 impairs bone healing following tooth extraction,10

that CBX7 deficiency improves bone healing in the alveo-
lar sockets 11 and that CCR2 has no effect in bone healing.9
Consequently, this model has become increasingly used to
evaluate the impact of particular genes on the healing of
the extraction socket.
MicroRNAs (miRNAs) are small noncoding RNAs

demonstrated as critical posttranscriptional modulators
in dental tissues and are involved in tooth eruption and
movement, differentiation of dental cells, and enamel
mineralization.12 Although microRNA-21-5p (miR-21-
5p) knockout mice seem to have no major skeletal
phenotype,13 miR-21-5p deficiency prevents bone loss
in mice by the inhibition of osteoclast.14 Similarly, mice
lacking miR-21 have compromised orthodontic tooth
movement.15 However, the impact of miR-21-5p loss on
alveolar socket healing still remains unknown. What
is known is that high miR-21-5p levels accelerate frac-
ture healing in rats16 and promote maxillofacial bone
regeneration.17 Transient knockdown and overexpression
of miR-21-5p are reducing and enhancing wound healing
features respectively in mice.18 In humans, miR-21-5p
is high in the circulation of osteoporotic patients,19
osteoporotic type 2 diabetes patients20 and osteoporotic
fracture patients,19 and overexpression of it leads to
lower osteogenic differentiation.21 The above summarized
data give reason to suggest that miR-21-5p is a crucial
element in the healing of extraction sockets. To test this
hypothesis, we took advantage of mice lacking miR-21-5p
and evaluated alveolar socket healing using the incisor
extraction model.8 Here we indeed show that miR-21-5p
is required for proper healing of the alveolar socket
in vivo.

2 MATERIAL ANDMETHODS

2.1 Study design

The Medical University of Vienna ethical review board
for animal research approved the study protocol (GZ
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BMWFW-66.009/0080-WF/V/3b/2017). The study was
performed at the Department of Biomedical Research
of the Medical University of Vienna in accordance with
the ARRIVE guidelines.22 miR-21 knockout mice were
crossed into the C57BL/6J background and bred by mating
of animals heterozygous for the miR-21 knockout allele
under specific-pathogen-free (SPF) conditions. Nine
miR-21 knockout mice and nine littermates (WT) controls
(20 to 45 weeks, 20 to 25 g) underwent tooth extraction of
the upper right incisor. The animals were treated accord-
ing to the guidelines for animal care with free access to
water and a standard diet.23

2.2 Tooth extraction model

FJS and AS performed the surgeries as previously
described with some modifications.8 All animals received
ketamine 100mg/kg* and xylazine hydrochloride 5mg/kg†
by intramuscular injection. First, the head of the mouse
was stabilized by holding the contralateral tooth with a
tweezer. Next, with the aid of a stereomicroscope‡ under
16× magnification, the upper right incisor was luxated
using disposable needles§ of different diameters (0.4 mm,
0.6 mm, and 0.8 mm) as periotomes (see Supplementary
Video in online Journal of Periodontology). Then, the
tooth was gently extracted to avoid any root fracture using
an Adson tweezer¶ and checked for integrity. For pain
relief, buprenorphine 0.06 mg/kg s.c.# and piritramide in
drinking water ad lib was administered. The first 72 hours
after surgery soft diet was provided. Mice were euthanized
on day fourteen with an overdose of sodium pentobarbital
at 300 mg/kg i.p. and each alveolar socket was subjected
to micro computed tomographic (µCT) and histological
analysis.

2.3 MicroCT analysis

After euthanasia the heads were fixed in phosphate-
buffered formalin.∥ MicroCT scans were made using
a Scanco µCT 50** at 90 kV/200 µA with an isotropic
resolution of 17.2 µm and an integration time of 500 ms.
Using Amira 6.1.1,†† an oblique slice was positioned along

* AniMedica, Senden, Erlangen, Germany.
† Bayer Austria, Vienna, Austria.
‡ Leica M651, Leica Microsystems, Wetzlar, Germany.
§ HSW FINE-JECT, Tuttlingen, Germany.
¶Aesculap, Tuttlingen, Germany.
# Temgesic, Temgesic, Reckitt and Colman Pharm., Hull
∥Roti-Histofix 4%, Carl Roth, Karlsruhe, Germany.
** Scanco Medical AG, Bruttisellen, Switzerland.
†† Thermo Fisher Scientific, Waltham, MA.

the central axis of the alveolar socket. Perpendicular to
this slice and approximately perpendicular to the central
axis, three oblique slices were positioned in the coronal
part, the middle and the apical part of the alveolar socket
(Figure 1A and 1B). The regions were exported as images
using the extract image tool. The extracted images were
imported into Fiji.24,25 The region of interest (ROI) was
drawn using the polygon and freehand selection tools
and saved using the ROI manager. Bone volume per
tissue volume (BV/TV) was measured in the ROI using
the bone volume fraction tools of the BoneJ plugin26
with a threshold of 254 mgHA/cmş. The thickness of
the buccal bone plate was measured at four equidistant
points using the coronal cross section slice through
the root of the tooth and the alveolar socket for all the
samples.

2.4 Histological and
histomorphometric analysis

All samples were dehydrated with ascending alcohol
grades and embedded in light-curing resin‡‡. Blocks were
further processed using Exakt cutting and grinding equip-
ment.¶¶ Thin-ground sections from all samples were
prepared,27 in a plane parallel to the sagittal suture and
through the middle of the alveolar socket and stained
with Levai–Laczko dye. The slices of around 100 µm
were scanned using an Olympus BX61VS digital virtual
microscopy system§§ with a 20× objective resulting in a
resolution of 0.32 µm per pixel and then evaluated. The
region of interest was estimated to be the middle of the
tooth extraction socket in an apico-coronal direction, 1mm
in width, inside the alveolar plates. A rule set for the histo-
morphometry software Definiens Developer XD 2.7## was
constructed to segment the mineralized bone tissue. The
inaccurately segmented areas were manually corrected
under visual control using Adobe Photoshop CS6.*** The
following parameters were calculated on the whole region
of interest: percentage of newly-formed bone (nBV/TV)
and the trabecular thickness (Tb.Th). The trabecular thick-
ness was measured using Fiji using the BoneJ plugin on
the segmented images. The bone close to the buccal and
lingual cortical plates of the ROI was manually excluded
from measurement.

‡‡ Technovit 7200 VLC + BPO; Kulzer & Co., Wehrheim, Germany.
¶¶Exakt Apparatebau, Norderstedt, Germany.
§§ DotSlide 2.4, Olympus, Tokyo, Japan.
## Definiens, Munich, Germany.
*** Adobe, San Jose, CA.
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F IGURE 1 Positioning of the measurement slices in microCT data. The coronal (green), central (red) and apical (blue) oblique slices
approximately perpendicular to the alveolar socket. The coronal slice was positioned at 0.5mm from themost coronal part of the alveolar socket
whereas the apical slice was positioned at 2 mm from the most apical part of the alveolar socket. The central slice was located approximately
in the middle of both abovementioned slices. (A) Isosurface of the skull, (B) oblique slice oriented along the central alveolar socket (yellow)

2.5 Statistical analysis

Statistical analysis were based on the data observed with
themicroCT analysis.Median values and confidence inter-
vals (CI) of the primary endpoint, bone volume per tis-
sue volume (BV/TV) in the alveolar socket, between the
two groups were compared with Mann-Whitney U test.
Secondary endpoints were also compared with Mann-
WhitneyU test. Analyses were performed using Prism v7.*
Significance was set at P < 0.05. Owing to the pilot nature
of the study, the sample size was chosen based on experi-
ence from previous studies8 to balance the ability to mea-
sure significant differences while reducing the number of
animals used.

3 RESULTS

3.1 Micro CT analysis

A total of two mice were excluded from the analysis
because of tooth fracture; one WT and one miR-21 knock-
out mouse. As a result, a total of 16 mice were analyzed.
MicroCT analysis revealed that WT mice displayed higher
amounts of bone volume in the coronal (Figure 2A) and
middle (Figure 2B) part of the extraction socket when com-
pared to miR-21 knockout mice. This difference however,
was not visible in the apical part of the extraction socket
(Figure 2C).Quantitative analysis showed that the percent-
age of BV/TV at the coronal part of the extraction socket
was significantly higher in WT group (Figure 2D) 39.0%
(CI 31.8 to 48.0) versus 23.0% (CI 17.8 to 35.2, P < 0.05).

* GraphPad Software, La Jolla, CA.

Similarly, WT mice displayed significantly higher levels of
BV/TV in the middle of the extraction socket (Figure 2E)
when compared to the miR-21 knockout mice, 56.0% (CI
50.9 to 62.5) versus 43.5% (CI 28.6 to 54.6, P < 0.05). Nev-
ertheless, these differences were not detected in the apical
part of the extraction socket (Figure 2F) 31.5% (CI 21.6 to
52.3) versus 36.0% (CI 19.0 to 44.1, P > 0.05).
As shown in Figure 3A, microCT analysis further

revealed that WT and miR-21 knockout mice displayed a
similar thickness of the alveolar bone in the four anatom-
ical sites—the buccal (B), the upper lateral (UL), medial
lateral (ML) and lower lateral (LL). Buccal bone thick-
ness was comparable between both groups (Figure 3B),
0.06 mm (CI 0.06 to 0.07) in the WT and 0.07 mm (CI
0.06 to 0.09, P > 0.05) in miR-21 knockout mice. Similarly,
at the contralateral tooth the buccal bone thickness was
0.05 mm (CI 0.04 to 0.06) and 0.07 mm (CI 0.06 to 0.08,
P > 0.05) (Figure 3C) in the WT and miR-21 knock-
out mice, respectively. The bone thickness at the other
anatomical sites; UL,ML, and LLwas also similar between
the groups, either in the extraction socket or in the con-
tralateral tooth. Taken together, these findings indicate
that the bone phenotype is not affected by the lack of
miR-21.

3.2 Histomorphometric and histological
analyses

Histomorphometric analysis (Figure 4A) revealed that
newBV/TV in the WT was significantly higher when
compared to the miR-21 knockout mice, 27.4% (CI 20.6 to
32.9) versus 19.0% (CI 14.7 to 21.5, P < 0.05) respectively
(Figure 4B). The thickness of the trabeculae, nevertheless,



STRAUSS et al. 5

F IGURE 2 Lack of miR-21 impairs bone regeneration of the alveolar socket. Quantitative analysis of the bone volume per tissue volume
(BV/TV) in three regions of interest of the extraction socket: coronal (A, D), middle (B, E) and apical (C, F). Statistical analysis was based on
Mann-Whitney U test, P values are given

F IGURE 3 Bone thickness of the alveolar bone is not affected by miR-21. Bone thickness of the alveolar bone at four anatomical sites
(green arrows), buccal (B), upper lateral (UL), medial lateral (ML) and lower lateral (LL) (A). Quantitative analysis of bone thickness at the
extraction socket in different anatomical sites (B). Quantitative analysis of bone thickness at the contralateral tooth in different anatomical sites
(C). Statistical analysis was based on Mann-Whitney U test
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F IGURE 4 Histomorphometric analysis at the region of inter-
est (A). Quantitative analysis of new bone volume per tissue volume
(BV/TV) (B). Quantitative analysis of trabeculae thickness (Tb. Th.)
(C). Statistical analysis was based on Mann-Whitney U test, P val-
ues are given. Undecalcified thin ground sections stained with Levai-
Laczko

was similar between both groups 49.9% (CI 41.9 to 54.4)
versus 47.8% (CI 39.6 to 52.5, P > 0.05) (Figure 4C). Con-
sistent with the microCT findings, WT mice showed more
bone formation (Figure 5A) than miR-21 knockout mice

(Figure 5B). Histological analyses further revealed that
in general the buccal plate remained intact (Figure 5C),
showing few remodeling sites irrespective of the genetic
background (Figure 5D). Moreover, the quality of the
regenerated bone was rather similar between the groups
(Figure 6) consisting mainly of woven bone (dark purple).
This woven bone formed trabecular ridges with ran-
dom orientation and was enclosed either by thin layers of
parallel-fibered bone (light purple) or thin layers of unmin-
eralized osteoid. Unlike osteoid and parallel-fibered bone,
woven bone is rich in cells. The considerably presence of
erythrocytes around the newly formed bone indicated the
existence of blood vessels and a strong vascularization.

4 DISCUSSION

The main finding of the present study is that miR-21 is
involved in the early healing of tooth extraction sockets in
murine incisors. Bone formation in the coronal and mid-
dle part of the extraction socket in miR-21 knockout mice
was around 15% lower when compared to wild type con-
trols. These findings suggest that the lack of miR-21 at
least delays bone regeneration. It cannot, however, be con-
cluded that miR-21 is essential for healing of tooth extrac-
tion sockets as we did not include late time points that
would represent full recovery in the wildtype mice. Never-
theless, these data support miR-21 as a critical mechanism
for alveolar socket healing suggesting a plausible molec-
ular target to enhance bone regeneration in regenerative
dentistry. This is the first study showing that a lack of miR-
21 affects bone regeneration by intramembranous bone for-
mation. Notably, the present study also revealed that tooth

F IGURE 5 WT mice show more bone formation. Representative undecalcified thin ground sections stained with Levai-Laczko (A and
B). Region of interest at higher magnification (C and D)
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F IGURE 6 Bone features are similar between WT and miR-21. Representative undecalcified thin ground sections stained with Levai-
Laczko (A and B). Ground sections at higher magnification (C andD). White asterisks (*) indicate woven bone, black arrows indicate parallel-
fibered bone, andwhite arrows indicate osteocytes getting imbedded into osteoid. Undecalcified thin ground sections stainedwith Levai-Laczko

extraction in mice does not cause the expected catabolic
events that lead to the resorption of the buccal bone in a
clinical scenario28 or canine models.29
Vieira et al. pioneered the alveolar socket healing model

following tooth extraction inmicewith a series ofmicroCT,
histomorphometric and molecular characterization.8 In
that study, they showed ≈ 50% bone-fill after 14 days,
which corresponds well to our findings in the wild type
mouse. In addition, the histological appearance picture
of the new bone they observed resembles the one we
report here—woven bone entombed by thin layers of
parallel-fibered bone. Other studies have shown that a
lack of miR-21 impairs orthodontic tooth movement15
and wound healing in mice18—even though the under-
lying mechanisms remain unclear. One might specu-
late that a lack of miR-21 can affect osteoblast or
osteoclast formation and activity, as miR-21 is a well-
known regulator of the PTEN pathway.30 Moreover, miR-
21 targets genes that regulate key receptors, includ-
ing bone morphogenetic protein receptor type II31 and
TGF beta receptor II32 and the Wnt/β‑catenin signaling
pathway thereby controlling osteogenic differentiation.33
Thus, miR-21 can control major pathways involved in
bone cell fate.
In support of this concept, the impaired orthodontic

tooth movement15 might be linked to the role of miR-21
in osteoclastogenesis, and also a possible role in osteoblast
differentiation,34,35 both being key factors for tooth move-
ment. However, the above-mentionedmechanisms cannot
explain the impairedwound healing inmicewith lowmiR-
21 levels.18 Furthermore, the inhibition of osteoclasts by

bisphosphonates along with the blockade of RANKL with
denosumab can boost intramembranous ossification in a
fracture model36,37 implying that the presumable impaired
osteoclastogenesis related to lack ofmiR-21might also sup-
port intramembranous ossification in our tooth extraction
model. One common mechanism however, that integrates
wound healing and bone regeneration of defect models
is angiogenesis.38,39 Considering the importance of blood
vessels for wound healing40 and bone regeneration,2 the
lack of miR-21 might impair angiogenesis thereby decreas-
ing intramembranous ossification in our tooth extraction
model.
The clinical relevance of our findings remains a matter

of speculation. Nonetheless, they can be interpreted as a
step towards understanding the effect of miRNAs in the
healing of the alveolar socket paving the way for miRNA-
based strategies in regenerative dentistry. The preservation
of the extraction socket following tooth extraction is a com-
mon procedure in daily practice, particularly in implant
dentistry. Therapeutic modalities in implant dentistry may
include the application ofmiR-based therapeutic in combi-
nation with current regenerative approaches to counteract
the alveolar bone changes following tooth extraction that
may interfere the placement of dental implants. In our
opinion, the current surge in genomic and proteomic
data will aid in the identification of key miRs focused on
miR-targeted therapeutic approaches to support osseoin-
tegration or bone graft consolidation. Nevertheless a clear
picture of miR-21-5p targets has yet to be drawn. miRNAs
are able to target multiples pathways, in this sense it
remains unknown whether the impaired socket healing
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is because of a defect in osteoclastogenesis, osteoblast or
angiogenesis. Another limitation is that we only selected
one time point. Consequently, the present study cannot
represent the late and final stages of the socket healing.

5 CONCLUSION

These findings support the hypothesis that miR-21-5p is
involved in the early stages of intramembranous ossifica-
tion of extraction sockets in mice.

ACKNOWLEDGMENTS
All authors disclose any potential sources of conflict of
interest. The authors thank BeckyHughes for critical read-
ing of the manuscript. The authors would like to thank Dr.
Anne Kramer and the team of the Center for Biomedical
Research (Chair Professor Bruno Podesser) at the Medi-
cal University of Vienna for taking care of the animal wel-
fare and for their support during the surgical experimental
procedure. The authors thank Eric N. Olson (UT South-
western Medical Center) for providing miRNA-21 knock-
out mice. This study was funded by a grant (17-125) from
the Osteology Foundation, Switzerland. Reinhard Gruber
is supported by a grant fromAustrian Science Fund (FWF)
(4072-B28). Franz Josef Strauss is supported by a grant
(17-125) from the Osteology Foundation and the Comisión
Nacional de Investigación Científica y Tecnológica (CON-
ICYT), Chile. Alexandra Stähli received grants from the
SwissDental Association (288-15), the Swiss Society of Peri-
odontology (SSP), the Foundation for the Promotion of
Oral Health andResearch aswell as theOsteology Founda-
tion. Karol Alí Apaza Alccayhuaman holds a Scholarship
from the Osteology Foundation.

CONFL ICTS OF INTEREST
The authors declare no conflicts of interest.

AUTH OR CONTRIBUT IONS
Reinhard Gruber and Franz Josef Strauss contributed to
conception and design; contributed to acquisition, anal-
ysis, and interpretation; drafted manuscript; critically
revised manuscript; gave final approval; agreed to be
accountable for all aspects of work. Reiko Kobatake, Ste-
fan Tangl, Patrick Heimel contributed to conception and
design, contributed to acquisition, analysis, and interpre-
tation; critically revised manuscript; gave final approval;
agreed to be accountable for all aspects of work. Markus
Schosserer, Johannes Grillari contributed to coordinating
the breeding and backcrossing the miR-21 knockout mice,
as well as the selection of the experimental animals; crit-
ically revised manuscript; gave final approval; agreed to
be accountable for all aspects of work. Alexandra Stahli,

Matthias Hackl, Karol Ali Apaza Alaccayhuaman con-
tributed to acquisition, analysis, and interpretation; criti-
cally revised manuscript; gave final approval; agreed to be
accountable for all aspects of work.

ORCID
Franz Josef Strauss https://orcid.org/0000-0002-5832-
7327
AlexandraStähli https://orcid.org/0000-0002-5631-
3300
StefanTangl https://orcid.org/0000-0002-9023-4745
PatrickHeimel https://orcid.org/0000-0002-2499-325X
KarolAlíApazaAlccayhuaman https://orcid.org/0000-
0003-4565-5222
Markus Schosserer https://orcid.org/0000-0003-2025-
0739
MatthiasHackl https://orcid.org/0000-0002-4136-7293
JohannesGrillari https://orcid.org/0000-0001-5474-
6332
ReinhardGruber https://orcid.org/0000-0001-5400-
9009

REFERENCES
1. Cardaropoli G, AraujoM, Lindhe J. Dynamics of bone tissue for-

mation in tooth extraction sites. An experimental study in dogs.
J Clin Periodontol. 2003;30:809-818.

2. Kusumbe AP, Ramasamy SK, Adams RH. Coupling of angio-
genesis and osteogenesis by a specific vessel subtype in bone.
Nature. 2014;507:323-328.

3. Einhorn TA,Gerstenfeld LC. Fracture healing:mechanisms and
interventions. Nat Rev Rheumatol. 2015;11:45-54.

4. Claes L, Recknagel S, IgnatiusA. Fracture healing under healthy
and inflammatory conditions. Nat Rev Rheumatol. 2012;8:133-
143.

5. Hammerle CH, Araujo MG, Simion M, Osteology Consensus
G. Evidence-based knowledge on the biology and treatment of
extraction sockets. Clin Oral Implants Res. 2012;23(Suppl 5):80-
82.

6. Vignoletti F, Johansson C, Albrektsson T, De Sanctis M, San
Roman F, Sanz M. Early healing of implants placed into fresh
extraction sockets: an experimental study in the beagle dog. De
novo bone formation. J Clin Periodontol. 2009;36:265-277.

7. DevlinH,Hoyland J, Newall JF, Ayad S. Trabecular bone forma-
tion in the healing of the rodent molar tooth extraction socket.
J Bone Miner Res. 1997;12:2061-2067.

8. Vieira AE, Repeke CE, Ferreira Junior Sde B, et al. Intramem-
branous bone healing process subsequent to tooth extraction
in mice: micro-computed tomography, histomorphometric and
molecular characterization. PLoS One. 2015;10:e0128021.

9. Biguetti CC, Vieira AE, Cavalla F, et al. CCR2 contributes to
F4/80+ cells migration along intramembranous bone healing in
maxilla, but its deficiency does not critically affect the healing
outcome. Front Immunol. 2018;9:1804.

10. Avivi-Arber L, Avivi D, Perez M, Arber N, Shapira S. Impaired
bone healing at tooth extraction sites in CD24-deficient mice: a
pilot study. PLoS One. 2018;13:e0191665.

https://orcid.org/0000-0002-5832-7327
https://orcid.org/0000-0002-5832-7327
https://orcid.org/0000-0002-5832-7327
https://orcid.org/0000-0002-5631-3300
https://orcid.org/0000-0002-5631-3300
https://orcid.org/0000-0002-5631-3300
https://orcid.org/0000-0002-9023-4745
https://orcid.org/0000-0002-9023-4745
https://orcid.org/0000-0002-2499-325X
https://orcid.org/0000-0002-2499-325X
https://orcid.org/0000-0003-4565-5222
https://orcid.org/0000-0003-4565-5222
https://orcid.org/0000-0003-4565-5222
https://orcid.org/0000-0003-2025-0739
https://orcid.org/0000-0003-2025-0739
https://orcid.org/0000-0003-2025-0739
https://orcid.org/0000-0002-4136-7293
https://orcid.org/0000-0002-4136-7293
https://orcid.org/0000-0001-5474-6332
https://orcid.org/0000-0001-5474-6332
https://orcid.org/0000-0001-5474-6332
https://orcid.org/0000-0001-5400-9009
https://orcid.org/0000-0001-5400-9009
https://orcid.org/0000-0001-5400-9009


STRAUSS et al. 9

11. Jiang F, Yang X, Meng X, Zhou Z, Chen N. Effect of CBX7 defi-
ciency on the socket healing after tooth extractions. J BoneMiner
Metab. 2019;37:584-593.

12. Sehic A, Tulek A, Khuu C, Nirvani M, Sand LP, Utheim TP.
Regulatory roles of microRNAs in human dental tissues. Gene.
2017;596:9-18.

13. Patrick DM, Montgomery RL, Qi X, et al. Stress-dependent car-
diac remodeling occurs in the absence of microRNA-21 in mice.
J Clin Invest. 2010;120:3912-3916.

14. Hu CH, Sui BD, Du FY, et al. miR-21 deficiency inhibits
osteoclast function and prevents bone loss in mice. Sci Rep.
2017;7:43191.

15. Chen N, Sui BD, Hu CH, et al. microRNA-21 contributes to
orthodontic tooth movement. J Dent Res. 2016;95:1425-1433.

16. Sun Y, Xu L, Huang S, et al. mir-21 overexpressing mesenchy-
mal stem cells accelerate fracture healing in a rat closed femur
fracture model. Biomed Res Int. 2015;2015:412327.

17. Yang C, Liu X, Zhao K, et al. miRNA-21 promotes osteogene-
sis via the PTEN/PI3K/Akt/HIF-1alpha pathway and enhances
bone regeneration in critical size defects. Stem Cell Res Ther.
2019;10:65.

18. Wang T, Feng Y, SunH, et al. miR-21 regulates skinwound heal-
ing by targeting multiple aspects of the healing process. Am J
Pathol. 2012;181:1911-1920.

19. Seeliger C, Karpinski K, Haug AT, et al. Five freely circulating
miRNAs and bone tissue miRNAs are associated with osteo-
porotic fractures. J Bone Miner Res. 2014;29:1718-1728.

20. Heilmeier U, Hackl M, Skalicky S, et al. Serum miRNA sig-
natures are indicative of skeletal fractures in postmenopausal
women with and without Type 2 diabetes and influence
osteogenic and adipogenic differentiation of adipose tissue-
derived mesenchymal stem cells in vitro. J Bone Miner Res.
2016;31:2173-2192.

21. Weilner S, Skalicky S, Salzer B, et al. Differentially circulat-
ing miRNAs after recent osteoporotic fractures can influence
osteogenic differentiation. Bone. 2015;79:43-51.

22. Kilkenny C, Browne W, Cuthill IC, et al. Animal research:
reporting in vivo experiments—the ARRIVE guidelines. J Cereb
Blood Flow Metab. 2011;31:991-993.

23. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG.
Improving bioscience research reporting: the ARRIVE guide-
lines for reporting animal research. PLoS Biol. 2010;8:e1000412.

24. Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an open-
source platform for biological-image analysis. Nat Methods.
2012;9:676-682.

25. Schindelin J, Rueden CT, Hiner MC, Eliceiri KW. The ImageJ
ecosystem: an open platform for biomedical image analysis.Mol
Reprod Dev. 2015;82:518-529.

26. Doube M, Klosowski MM, Arganda-Carreras I, et al. BoneJ:
free and extensible bone image analysis in ImageJ. Bone.
2010;47:1076-1079.

27. Donath K, Breuner G. A method for the study of undecalci-
fied bones and teeth with attached soft tissues. The Sage-Schliff
(sawing and grinding) technique. J Oral Pathol. 1982;11:318-326.

28. Chappuis V, Engel O, Reyes M, Shahim K, Nolte LP, Buser D.
Ridge alterations post-extraction in the esthetic zone: a 3D anal-
ysis with CBCT. J Dent Res. 2013;92:195S-201S.

29. Araujo MG, Lindhe J. Dimensional ridge alterations following
tooth extraction. An experimental study in the dog. J Clin Peri-
odontol. 2005;32:212-218.

30. Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel
T. MicroRNA-21 regulates expression of the PTEN tumor sup-
pressor gene in human hepatocellular cancer. Gastroenterology.
2007;133:647-658.

31. QinW, Zhao B, Shi Y, Yao C, Jin L, Jin Y. BMPRII is a direct tar-
get ofmiR-21.Acta BiochimBiophys Sin (Shanghai). 2009;41:618-
623.

32. Kim YJ, Hwang SJ, Bae YC, Jung JS. MiR-21 regulates adi-
pogenic differentiation through themodulation of TGF-beta sig-
naling in mesenchymal stem cells derived from human adipose
tissue. Stem Cells. 2009;27:3093-3102.

33. Zhang WM, Zhang ZR, Yang XT, Zhang YG, Gao YS. Overex-
pression of miR21 promotes neural stem cell proliferation and
neural differentiation via the Wnt/betacatenin signaling path-
way in vitro.Mol Med Rep. 2018;17:330-335.

34. Mei Y, Bian C, Li J, et al. miR-21 modulates the ERK-MAPK
signaling pathway by regulating SPRY2 expression during
human mesenchymal stem cell differentiation. J Cell Biochem.
2013;114:1374-1384.

35. Meng YB, Li X, Li ZY, et al. microRNA-21 promotes osteogenic
differentiation of mesenchymal stem cells by the PI3K/beta-
catenin pathway. J Orthop Res. 2015;33:957-964.

36. Gerstenfeld LC, Sacks DJ, Pelis M, et al. Comparison of effects
of the bisphosphonate alendronate versus the RANKL inhibitor
denosumab on murine fracture healing. J Bone Miner Res.
2009;24:196-208.

37. McDonald MM, Dulai S, Godfrey C, Amanat N, Sztynda T,
Little DG. Bolus or weekly zoledronic acid administration
does not delay endochondral fracture repair but weekly dosing
enhances delays in hard callus remodeling. Bone. 2008;43:653-
662.

38. Liu LZ, Li C, Chen Q, et al. MiR-21 induced angiogenesis
through AKT and ERK activation and HIF-1alpha expression.
PLoS One. 2011;6:e19139.

39. Dellago H, Preschitz-Kammerhofer B, Terlecki-Zaniewicz L,
et al. High levels of oncomiR-21 contribute to the senescence-
induced growth arrest in normal human cells and its
knock-down increases the replicative lifespan. Aging Cell.
2013;12:446-458.

40. Conway EM, Collen D, Carmeliet P. Molecular mechanisms of
blood vessel growth. Cardiovasc Res. 2001;49:507-521.

SUPPORT ING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

How to cite this article: Strauss FJ, Stähli A,
Kobatake R, et al. miRNA-21 deficiency impairs
alveolar socket healing in mice. J Periodontol.
2020;1–9. https://doi.org/10.1002/JPER.19-0567

https://doi.org/10.1002/JPER.19-0567

