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ABSTRACT

This article is a scoping review of the studies that assessed the effect of mechanical forces on the behavior of dental
stem cells (DSCs). PubMed and Scopus searches were done for in-vitro studies evaluating the effect of tension,
hydrostatic pressure (i.e., the pressure applied through an incompressible fluid), compression, simulated micro-
gravity, and vibration on DSCs. The following factors were analyzed: osteogenic/odontogenic differentiation, pro-
liferation, adhesion and migration. Articles were reviewed according to the Preferred Reporting Items for
Systematic Reviews extension for scoping reviews (PRISMA-ScR) guideline. Included studies were evaluated based
on the modified Consolidated Standards of Reporting Trials (CONSORT). A total of 18 studies published from
2008–2019 were included. Nine studies were focusing on Periodontal ligament Stem Cells (PDLSCs), eight studies
on Dental Pulp Stem Cells (DPSCs) and one study on Stem Cells from Apical Papilla (SCAP). Results showed that
tension, three-dimensional stress and simulated microgravity promoted the proliferation and osteogenic differen-
tiation of PDLSCs. DPSCs proliferation increased after microgravity and tension exertion. In addition, dynamic
hydrostatic pressure and compression promoted odontogenic differentiation of DPSCs. Besides, mechanical sti-
muli increased the osteogenic differentiation of DPSCs. One study analyzed the effect of carrier features on the
response of DSCs to 3D-stress and showed that cells cultivated on scaffolds with 30% bioactive glass (BAG) had
the highest osteogenic differentiation compared to other ratios of BAG. It has been shown that increasing the
duration of tension (i.e., from 3 h to 24 h force application) enhanced the positive effect of force application
on the osteogenic differentiation of DSCs. In conclusion, all types of mechanical forces except uniaxial tension
increased the osteogenic/odontogenic differentiation of DSCs. In addition, the effect of mechanical stimulation
on the proliferation of DSCs differs based on the type of stem cells and mechanical force.
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1 Introduction

Stem cells (SCs) can be isolated from adipose tissue, neural tissue, lung, peripheral blood, bone marrow
and heart [1]. Dental tissues are a more recent source of SCs, which can be widely used due to their ease of
access, considering that teeth are commonly extracted and distracted as waste [2]. Indeed, dental stem cells
(DSCs) can be isolated from dental pulp (DPSCs), periodontal ligament (PDLSCs), apical papilla (SCAP),
and gingival tissue (GMSCs) through minimally invasive procedures [3–7]. The response of DSCs to
physiological forces can affect the function and structure of the teeth and surrounding tissues [8–11].
Besides, alternation of the biological behavior of DSCs through mechanical forces can be useful for
therapeutic and regenerative purposes.

DSCs proliferation and differentiation can be affected by physiologic mechanical stimulations during
jaw movements and occlusion. For instance, DPSCs differentiate towards the odontoblasts and produce
dentin when they are subjected to biomechanical forces such as trauma and erosion [12–15]. On the other
aspect, PDLSCs can increase or decrease bone uptake based on the magnitude and direction of
mastication force [16]. Therefore, investigating the response of DSCs to mechanical forces can be
beneficial for explaining the physiological phenomena.

Therapeutic procedures are the other field which can benefit from altering the behavior of DSCs through
mechanical forces. For instance, PDLSCs can respond to the mechanical stimuli of stretching or compression
during orthodontic movements and produce chemical signals. These signals induce bone remodeling by
regulating osteoblastogenesis and osteoclastogenesis [8,17–20]. Therefore, analyzing and anticipating the
response of DSCs to mechanical forces can be valuable in enhancing therapeutic strategies aimed to
accelerate tooth movement and prevent tooth overload.

Additionally, DSCs derived from various sources along with scaffolds and growth factors can be applied
for bone regeneration [21,22]. The main role of growth factors is to induce osteogenic differentiation in
cultivated DSCs. Such osteogenic induction may also be created by applying mechanical forces. For
instance, cells cultivated on the scaffold can face tensile force, which increases the osteogenic
differentiation, and then be implanted in the intended site [23]. Therefore, the response of each type of
DSCs to mechanical forces can also be useful in regenerative medicine.

Recently, many in vitromodels have been designed to investigate the role of different mechanical stimuli
on the behavior of DSCs [24]. Mechanical forces such as strain, stretch, compression and microgravity can
affect proliferation, osteogenic/chondrogenic differentiation, migration and adhesion of DSCs [8,9].
However, some results are controversial and it has been shown that the response of stem cells varies
based on the type of stem cells and parameters of the applied mechanical force [25,26]. Therefore, the
main question of this scoping review was “What is the effect of mechanical forces on the behavior of
DSCs in-vitro considering the type of DSCs, mechanical stimulation and cell culture system?”

2 Material and Method

Study designed according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses
extension for scoping reviews (PRISMA-ScR) guideline.

2.1 Information Source and Search Strategy
The search strategy was designed based on the PICOS Question: “What is the effect of mechanical

forces (I) on the behavior (O) of DSCs (P) in-vitro(S)?” Considering the fact that precise analyses
concerning the behavior of stem cells are performed in-vitro conditions, this scoping review has been
performed on in-vitro studies. Pub-Med and Scopus electronic search were done based on the
combination of relevant keywords (Tab. 1). Besides, reference lists of the included articles were manually
searched to find possible related studies
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2.2 Eligibility Criteria
2.2.1 Type of Studies

All in vitro studies which stimulate DSCs through mechanical force were included. Only English studies
published before October 2020 were included. Abstracts, letters, and reviews were excluded.

2.2.2 Types of Participants and Interventions
All types of human DSCs including DPSCs, PDLSCs, SCAPs, human exfoliated deciduous teeth and

dental follicle stem cells were considered [3]. Studies that stimulate DSCs with mechanical forces
mentioned in Tab. 1 were included. Studies merely assessed the effect of medium mechanical features or
subjected stem cells to non-mechanical stimulations were excluded. Studies which did not perform the
stem cell identification tests (i.e., multilinear differentiation capacity and cell surface marker analyses)
were excluded.

2.2.3 Type of Outcome Measurement
Studies which assessed the effect of mechanical stimulation on stem cell behaviors such as proliferation,

differentiation, migration and adhesion were included. Studies performed proliferation-related tests such as
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) assay, Bromodeoxyuridine/
5-bromo-2'-deoxyuridine (BrdU) and cell counting kit or studies including osteogenic/odontogenic
differentiation tests such as Alizarin Red staining, reverse transcription-polymerase chain reaction (RT-PCR)
and western blot assessments were included.

2.3 Selection of Sources of Evidence and Data Charting Process
Two reviewers performed electronic search, study selection and data extraction independently and a

third independent expert resolved disagreements. Initial screening of titles and abstracts was done
according to the mentioned eligibility criteria. Then a complete evaluation of the full text of the chosen
articles was performed.

2.4 Data Items
The following information was extracted from each of the included articles: 1) types of DSCs; 2) types

of the mechanical stimulation; 3) force generation device and some details about the magnitude and
frequency of mechanical force; 4) types of the medium used to culture stem cells; 5) the type of cell
behaviors which were assessed, 6) results (response of the DSCs to the mechanical forces).

Table 1: Key words

Mechanical force
(MESH terms)

Mechanical force
(free text)

Cell behavior (MESH
terms)

Cell behavior
(free text)

Type of stem cells (free text)

“Stress,
Mechanical”[Mesh]

tens* “Cell
Proliferation”[Mesh]

differentiation dental pulp stem cells

“Ultrasonics” [Mesh] compress* “Cell
Differentiation”[Mesh]

proliferation human exfoliated deciduous
teeth stem cell

“Weightlessness”[Mesh] stretch dental follicle stem cells

“Mechanical strain” apical papilla stem cells

ultrasound periodontal ligament stem cells

microgravity

vibration
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2.5 Critical Appraisal
Data were evaluated based on modified CONSORT [27] including the following items: structured

summary (yes/no); specification of background, explanation and objective/or hypothesis; sufficient details
about interventions were done for each group (yes/no); usage of suitable statistical methods (yes/no);
expressing the result of each group and the estimated size of the effect and its precision (yes/no);
discussing the limitations, potential bias, imprecision and multiplicity of analyses (yes/no) and identify
the sources of funding (yes/no). If more than one item was not met, the study was considered as high risk
of bias (ROB).

3 Results

Electronic and hand search resulted in 425 studies out of which 18 articles were included (Fig. 1). The
effect of mechanical forces on PDLSCs, DPSCs and SCAP were assessed in nine, eight and one studies,
respectively. All included studies had low risk of bias. Among all included studies, merely two studies
analyzed the effect of mechanical force on the adhesion of DSCs [28,29]. No study was found concerning
the response of human exfoliated deciduous teeth and dental follicle stem cells to mechanical stimulation
(Fig. 2). Besides, studies which applied shear stress to dental cells did not met our inclusion criteria.

Figure 1: Flow diagram
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DSCs were cultivated in different culture systems. Among the included studies, one study used
polyethylene plastic dish [12], one study silicon membrane [30], one study plasma coated silicon
membrane [31], one study microcarrier beds, one study glass cover lips [32], two studies silk scaffolds
[33,34], one study bioactive glass scaffold, one study PLGA scaffold [35] and nine studies used plates.
Among the studies cultured cells on plates, four studies [36–39] coated plates with type one collagen.
Merely one study analyzed the effect of carrier features on the efficiency of the mechanical force. Wang
et al. [40] analyzed the effect of 3D-stress on PDLSCs cultivated on scaffolds with different ratios of
BAG (10%, 20%, 30%, 40%, 50%) and showed that the highest osteogenic differentiation occurred when
30% BAG scaffolds were used.

3.1 PDLSCs
Among 9 PDLSCs articles, cyclic tensile stress [23], low magnitude (magnitude < 1 g) high frequency

(frequency > 20 Hz) vibration (LMHF) [41,42], static mechanical strain [37], compressive force [24],
equiaxial strain [39], three-dimensional stress [40], simulated microgravity [43] and Cyclic tension force
[38] were considered as mechanical stimulation (Tab. 2). Five articles [37,40–43] assessed the effect of
stimulation on both differentiation and proliferation while one article [24] evaluate merely proliferation
and three articles [23,38,39] merely performed differentiation tests.

Figure 2: Distribution of the studies based on the type of force and cells
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Table 2: Comparison of studies (PDLSCs)

Study Cell type Mechanical
force

Device, duration,
frequency of the
force

Medium Differentiation
tests

Proliferation
tests

Result

Tang et al.
[23]

PDLSCs
cultured on
Bf plates

Tension
(uniaxial
cyclic tensile
strain)

3,000μ strain; 3h,
6 h, 12 h, and 24 h
by four-point
bending system

Standard - RT-PCR
- Western blot

N/A Osteogenic diff
increased: Stab2,
RUNX2, OSX exp
increased

Zhang et al.
[42]

PDLSCs
cultured on
plates

vibration
(Low
magnitude
high
frequency)

0.05 g to 0.9 g,
50 Hz, 30 min
every 24 h by
GJX-5 vibration
sensor

Standard - RT-PCR
- Western blot
- Immunostaining

- CCK8 - Osteogenic diff
increased:
RUNX2 exp peaked
at 0.1 g; OSX, COL-I,
ALP and OCN exp
peaked at 0.3 g.
- Proliferation
decreased:
the lowest level at
0.3 g

Zhang et al.
[41]

PDLSCs
cultured on
plates

vibration
(Low
magnitude
high
frequency)

0.3 g,10-180 Hz,
30 min every 24 h
by GJX-
5 vibration sensor

Standard - ALP activity
- RT-PCR
- Western blots
- ELISA

- CCK8
- CCA

- Osteogenic diff
increased: ALP
activity, RUNX2,
COL1 and OSX exp
peaked at 50 Hz;
OCN exp increased at
40, 50, 60, 90,
120 Hz.
- Proliferation
decreased

Liu et al. [37] PDLSCs
cultured on
col I-coated
Bf plates

Tension
(static
mechanical
strain)

6%, 8%, 10%,
12% and 14%
strain, 0.1 Hz for
12 h by Flexcell
Tension system

- Standard
(proliferation)
- Osteogenic
(differentiation)

- ALP activity
- Alizarin
Red S staining
- RT-PCR
- ELISA

- MTT
- CCA

- Osteogenic diff
increased ALP
activity, mineralized
nodule formation,
ALP, RUNX2, and
OCN exp peaked at
12%.
- Proliferation
increased: peaked at
12%.

Wei et al. [39] PDLSCs
cultured on
col I-coated
ASB plates

Tension
(Equiaxial
strain)

10% strain,
1.0 Hz for 12 h.
by Flexcell
tension system

Standard - ALP activity
- RT-PCR
- Western blot

N/A - Osteogenic diff
increased:
RUNX2, OCN and
BSP exp increased

Panchamanon
et al. [24]

PDLSCs
cultured on
plates

Compressive
force

0.5, 1, 1.5 or 2 g/
cm2 for 24h by
50 mL
plastic tube caps

Standard N/A - MTT
-
Flowcytometry

- Proliferation
showed a magnitude
dependent manner

Wang et al.
[40]

PDLSCs
cultured on
BAG
scaffold

3D stress:
chewing
power

1 Hz, 3 times per
day and 30 min at
per time for
1,2,3 weeks

- Standard
(proliferation)
- Osteogenic
(differentiation)

- ALP activity
- RT-PCR
- Immunostaining

- MTT - Osteogenic diff
increased:
ALP activity, BSP,
OCN and OPN exp
peaked after 3 weeks
- Proliferation
increased: peaked
after 3 weeks

Shen et al.
[38] (2014)

PDLSCs
cultured on
col I-coated
FB plates

Tension
(cyclic
tension
stretches)

12% strain,
0.1 Hz (5 s stretch
and 5 s relaxation)
for 6, 12 and 24 h
by Flexcell
Tension System

Osteogenic - RT-PCR
- Western blot

N/A - Osteogenic diff
increased:
RUNX2, ALP, and
OCN exp increased

(Continued)
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Among all PDLSCs articles, in three studies [24,37,40] proliferation assessed through MTTassay and in
two experiments [41,42] cell counting kits were used. In addition, in one article [43] BrdU assay was
performed to evaluate proliferation and in two studies [43,41] flow cytometry was used to analyze cell
cycle distribution. Two studies [41,42] showed that proliferation of PDLSCs decreased following LMHF
vibration. However, static mechanical strain [37], three-dimensional stress [40] and simulated
microgravity [43] promoted the proliferation of PDLSCs.

Panchamanon et al. [24] emphasized that the effect of mechanical forces on PDLSC is dependent on its
magnitude [24]. They showed that 49.03 Pa compressive force decreased the proliferation of PDLSCs.
However, 147.09 Pa and 196.13 Pa compressive force for 24h had no effects on the cell viability of PDLSCs.

All of the articles which assessed the differentiation of PDLSCs used RT-PCR test to analyze osteogenic/
odontogenic differentiation through evaluating various osteogenic (ALP, OPG, BMP-2, OCN, BSP, OPN,
Nestin, and RUNX2) or odontogenic genes (DSPP, DMP-1). Moreover, six articles [23,39,41–44] used
western blot analyses along with RT-PCR. It has been shown that low magnitude high frequency
vibration [41,42], all types of tension [39,44–46], three-dimensional stress [40] and simulated
microgravity [43] promoted osteogenic differentiation of PDLSCs.

Wei et al. [39] and Panchamanon et al. [24] were the only studies which did not compare the effect of
periods and magnitudes of mechanical force on the osteogenic differentiation of PDLSCs. Despite Shen et al.
[38] and Tang et al. [23] showed that osteogenic differentiation of PDLSCs increased as the duration of
tension application increased (i.e., from 3 h to 24 h force application). In addition, Li et al. [43] showed
that SMG application for 72 h increased the osteogenic differentiation of PDLSCs to higher levels
compared to 24 h of force application. Liu et al. [37] analyzed different magnitudes of tension (i.e., 6%,
8%, 10%, 12%, 14%) and showed that the highest osteogenic differentiation of PDLSCs occurred when
12% tensile force applied. Zhang et al. [42] analyzed the effect of different vibration magnitudes and
showed that the osteogenic differentiation of PDLSCs increased from 0.05 g to 0.3 g vibration and
decreased in the vibrations of higher than 0.3 g. In another study [41], they analyzed different frequencies
of vibration and showed that cells faced 50 Hz of vibration had the optimal osteogenic differentiation.

Table 2 (continued).

Study Cell type Mechanical
force

Device, duration,
frequency of the
force

Medium Differentiation
tests

Proliferation
tests

Result

Li et al. [43] PDLSCs
cultured on
microcarrier
beads

Simulated
microgravity

7 d by bioreactor
(15rpm)

- Standard
(proliferation)
- Osteogenic
(differentiation)

- Alizarin Red
- RT-PCR
- Western blot

- BrdU
- CCA

- Osteogenic diff
increased:
COL1 and ALP exp
increased
- Proliferation
increased:
86% and 55.6% of
cells were in
G0G1 phases before
and after stimulation
respectively.

Note: PDLSCs: Periodontal ligament stem cells; Bf: Bioflex; h: Hour; RT-PCR: Reverse transcription polymerase chain reaction; N/A: not
applicable; diff: differentiation; SATB: special AT-rich sequence-binding protein; RUNX2: Runt-related transcription factor2; OSX: Osterix; exp:
expression; g: gram; min: minute; CCK: Cell Counting Kit; COL: Collagen; ALP: Alkaline Phosphatase; OCN: Osteocalcin; Hz: Hertz; ELISA:
Enzyme-linked Immune Sorbent Assay; CCA: Cell Cycle Assay; ASB: amino silicone-bottom; BSP: Bone sialoprotein; BAG: Bioactive glass;
OPN: Osteopontin; FB: flexible bottomed; rpm: rounds per minute; BrdU: Bromodeoxyuridine
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3.2 DPSCs
Among 8 articles assessing the effect of mechanical stimuli on DPSCs (Tab. 3), seven articles analyzed

the differentiation of DPSCs while four [32,34–36] assessed the proliferation. Dynamic mechanical tension
[36], dynamic hydrostatic pressure [32], equiaxial strain [30], cyclic tensile stretch [12,33], compression
[31], combined mechanical stimulation (i.e., shear stress, tension and compression) [34] and microgravity
[35] were applied (Tab. 3).

Table 3: Comparison of studies (DPSCs)

Study Cell type Mechanical
force

Device, duration,
frequency of the
force

Medium Differentiation
tests

Proliferation
tests

Result

Han et al.
[36]

DPSCs
(cultured on
type I AC
coted FB
plate)

Tension
(Equiaxial
Dynamic
tensile
stretch)

5% and 8% strains;
2 cycles/min for
10 d by Flexercell
System

Standard - RT-PCR - MTT - Osteogenic diff increased:
OPN exp increased at 8%
strain; α-SMA expression
decreased
- Proliferation increased:
After 5 days, 5 and 8% strains
showed similar proliferation,
after 10 days, 8% strain
showed the highest

Han et al.
[33]

DPSCs
(cultured on
silk
scaffold)

Tension
(Uniaxial
tensile
stretch)

10% strain, 0.2 Hz
for the first 5 d,
continuous strain
for the next 10 d by
bioreactor

Standard - RT-PCR
- Western blot
-
Immunostaining

N/A - Osteogenic diff increased:
OPG exp increased, a-SMA
exp decreased

Woloszyk
et al. [34]

DPSCs
(cultured on
silk fibroin
scaffold)

Combined
force (Shear,
Tension and
Pressure)

bioreactor 120 rpm - Osteogenic
- Odontogenic

- µCT
- RT-PCR
- ALP activity

- DNA
Assay
- Alamar
Blue assay

- Osteogenic and
Odontogenic diff increased:
Mineralization, ALP activity,
OCN exp increased
- Proliferation unchanged

Yu et al.
[32]

DPSCs
(cultured on
glass cover
slip)

Dynamic
hydrostatic
pressure

2.5 MPa, 0.5 Hz by
hydrostatic
pressure device

- Osteogenic - RT-PCR
- Alizarin Red
Staining

- WST-1 - Odontogenic diff
increased:
calcium accumulation
increased; no difference in
DSPP and DMP-1 exp
- Proliferation decreased
- Adhesion decreased

Tabatabaei
et al. [30]

DPSCs
(silicone
membrane)

Tension
(Equiaxial
Tensile
Stretch)

3% strain for
2 weeks by
equiaxial strain
device

-Force:
standard
-Control+:
osteogenic
- Control-:
standard

- Immuno-
staining
- RT-PCR

N/A - Osteogenic diff increased:
OCN, ALP and OPN exp
increased; OPN>ALP in
Control+ and Force group

Cai et al.
[12]

DPSCs
cultured on
PEP dish

Tension
(Uniaxial
Cyclic
Tensile
Stretch)

2000 µε strain,
1 Hz, for 6 h using
four-point bending
mechanical
loading device

- Osteogenic
- Odontogenic

- RT–PCR
- Immuno-
staining

N/A - Osteogenic and
Odontogenic diff decreased:
ALP, OCN, BMP-2, DSP,
BSP andDSPP exp decreased

Miyashita
et al. [31]

DPSCs
(cultured on
plasma-
coated
Silicon
membrane)

Cyclic
Compression

19.6 kPa, 0.083 Hz
for 9 h by
bioreactor

Odontogenic -RT–PCR
- Western blot

N/A - Odontogenic diff
increased:
DSPP and Enamelysin exp
increased

(Continued)
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MTT assay was used to assess proliferation in two experiments [36,35]. He et al. [35] used BrdU assay
and flowcytometry beside MTT to analyze DPSC proliferation and cell cycle, respectively. In addition,
Wolozyk et al. [34] used DNA assay kit and Almar Blue assay to evaluate proliferation. Although
proliferation increased after microgravity [35] and tension [36] exertion, Wolozyk et al. [34] demonstrated
that the combined mechanical force had no significant effect on the proliferation of DPSCs.

All of the articles which assessed differentiation performed RT-PCR tests. In addition, western blot
analysis [31,33], alizarin red staining [32] and immunostaining [12,30,33] were also performed to analyze
osteogenic/odontogenic differentiation. Among reviewed articles, Cai et al. [12] was the only study which
showed a decrease in DPSCs odontogenic differentiation following tension. However, it has been shown
that combined mechanical forces [34], dynamic hydrostatic pressure [32] and compression [31] promote
odontogenic differentiation of DPSCs. In addition, it has been shown that osteogenic differentiation of
DPSCs increased following tension [47–49] and combined mechanical force [34].

A total of two studies assessed the effect of mechanical forces on adhesion. Yu et al. [32] showed that
hydrostatic pressure decreased the adhesion of DPSCs. However, He et al. [35] showed the positive effect of
microgravity on adhesion.

In the case of the medium condition, four articles [12,30–32] used inducing mediums to evaluate DPSCs
differentiation while in others [33,36] cells were cultured in standard (non-inducing) medium.

Yu et al. [32], Woloszyk et al. [34], Cai et al. [12], Han et al. [33], He et al. [35] and Tabatabaei et al. [30]
did not compare the effect of different time points and magnitudes of mechanical stimulation on the
osteogenic/odontogenic differentiation of DPSCs. However, Han et al. [36] showed that increasing the
magnitude of tension enhanced the osteogenic differentiation of DPSCs. Besides, Miyashita et al. [31]
analyzed different magnitudes of compression and showed that the highest odontogenic differentiation
occurred when 19.6 kPa force applied.

3.3 SCAP
Mu et al. [50] analyzed differentiation and proliferation followed by mechanical stimuli in SCAP

(Tab. 4). They applied mechanical strain for 30 min using a centrifuge. Differentiation was assessed
through Alkaline phosphatase (ALP) activity assay, Alizarin red staining, RT-PCR and western plot.
Proliferation evaluated via MTT and cell cycle analysis. It was demonstrated that although mechanical
stimulation increased osteogenic and odontogenic differentiation, SCAPs proliferation was decreased
following the application of mechanical force.

Table 3 (continued).

Study Cell type Mechanical
force

Device, duration,
frequency of the
force

Medium Differentiation
tests

Proliferation
tests

Result

He et al.
[35]

DPSCs
cultured on
PLGA
scaffold

Simulated
Microgravity

1.0-2 g for 3 d by
55-mL high aspect
ratio vessel
(15 rpm to 25 rpm)

Standard N/A - MTT
- BrdU
- CCA
- Western
blot

Proliferation increased:
8.4% and 23.58% DPSCs
entered S phase before and
after stimulation respectively
- Adhesion increased
- Migration decreased

Note: DPSCs: Dental Pulp Stem Cells; Bf: Bioflex; h: Hour; RT-PCR: Reverse transcription polymerase chain reaction; N/A: not applicable; diff:
differentiation; SATB: special AT-rich sequence-binding protein; RUNX2: Runt-related transcription factor2;OSX: Osterix; exp: expression; g: gram;
min: minute; CCK: Cell Counting Kit; Col: Collagen; ALP: Alkaline Phosphatase; OCN: Osteocalcin; Hz: Hertz; ELISA: Enzyme-linked Immune
Sorbent Assay; CCA: Cell Cycle Assay; ASB: amino silicone-bottom; BSP: Bone sialoprotein; BAG: Bioactive glass; OPN: Osteopontin; FB:
flexible bottomed; rpm: rounds per minute; BrdU: Bromodeoxyuridine; kPa: Kilopascal; PLGA: poly lactic-co-glycolic acid; DSPP: Dentin
Sialo Phospho-Protein; PEP: polyethylene plastic; BMP-2: Bone Morphogenic Protein-2; DSP: Dentin Sialo Protein; BSP: Bone Sialo Protein;
DMP: Dentin Matrix Acidic Phosphoprotein; SMA: Smooth muscle actin.
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4 Discussion

It has been shown that the rate of differentiation and proliferation of DSCs can be altered by mechanical
stimulation based on the type of force [12,30,31,35]. The main purpose of this scoping review was to analyze
studies applied mechanical forces to DSCs comprehensively. The osteogenic/odontogenic differentiation
increased in all of the studies but one which applied uniaxial tensile force to DPSCs [12]. In addition,
results of the included studies showed that the effect of mechanical stimulation on the proliferation of
DSCs differs based on the type, magnitude and frequency of the mechanical force.

4.1 Tension
During orthodontic tooth movement, osteoclastic and osteoblastic differentiation occurs in the

compression and tension sides, respectively [51–54]. Our study showed that tension (without any other
chemical stimulation) can stimulate the osteogenic differentiation of DSCs. This is a different route from
pressure-tension theory that states changes in the blood flow of periodontal tissue which occurs following
the application of forces, result in the release of chemokines stimulate osteoblastic and osteoclastic
differentiation [55–57].

The effect of tensile force on the differentiation of DSCs can be altered based on the force type and
magnitude as well as the cell culture system and the presence of inflammatory factors [12,24,37].

Different types of mechanical tensions including cyclic tensile stretch [23], static mechanical stretch
[37], equiaxial stretch [39] and uniaxial cyclic tensile stretch [12] were applied to DSCs. Static forces can
mimic orthodontic and soft tissue forces while cyclic stimulations can mimic mastication forces [30].
In-vivo applied tensile forces can be uniaxial or equiaxial which depends on the location of the cells. For
instance, cells may face equiaxial forces due to the complex structure of cells located in the apical region.
Both types of tensile force have been analyzed in the included studies. The included studies showed that
mechanical tension increased the osteogenic differentiation of PDLSCs and SCAPs, regardless of the type
of tensile force [39,44–46,58–62]. However, the response of DPSCs to tension was based on the type of
force. Uniaxial tensile force decreased the osteogenic/odontogenic differentiation [12], while other types
of tensions increased osteogenic/odontogenic differentiation of DPSCs [47–49].

The magnitude of the tensile force was the other factor which was different between the studies.
Different amounts of strain forces are needed for the horizontal and intrusive displacement of teeth. It has
been shown that the maximal strain force which is needed for horizontal orthodontic tooth movement and
intrusion is about 8%–25% and 6%–7% tensile strength, respectively [63]. All of the included studies

Table 4: SCAP studies

Study Cell type Mechanical
force

Device,
duration,
frequency
of the force

Medium Differentiation
tests

Proliferation
tests

Result

Mu et al.
[50]

SCAP
cultured
on six-well
plates

Tension
(Uniaxial
Tensile
Stretch)

30 min by
centrifuge
(1000 rpm)

Standard - ALP Activity
- Alizarin Red
Staining
- Western blot
- RT-PCR

- MTT
- CCA

- Osteogenic and Odontogenic
diff increased; ALP activity,
RUNX2, OSX, OCN, and DSPP
exp increased.
- Proliferation decreased:
51.92% and 54.99% of cells
were in G0G1 phases before and
after stimulation respectively.

Note: SCAPs: Stem Cell from Apical Papilla; RT-PCR: Reverse transcription polymerase chain reaction; diff: differentiation; RUNX2: Runt-related
transcription factor2; OSX: Osterix; exp: expression; min: minute; ALP: Alkaline Phosphatase; OCN: Osteocalcin; CCA: Cell Cycle Assay; rpm:
rounds per minute; DSPP: Dentin Sialo Phospho-Protein
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applied tensile forces in the mentioned range. Flexor tension and four-point bending systems were the most
common methods to apply tension. In order to simulate the in-vivo condition of tension force (i.e., during
orthodontic force application), a 3-dimensional environment is needed. Indeed, different types of tensile
force must be applied to cells located in different parts of the environment to mimic the in-vivo condition
accurately. However, it is not feasible to separate cells cultivated on different parts and analyze their
behavior independently. Therefore, it is recommended to identify the specific type of force which is
applied to stem cells located in different parts of the teeth and analyze the effect of each of the identified
forces using a separate setup.

Cell culture system is another factor which may affect the response of DSCs to tensile force. However, cells
cultured in 2-dimensional (2-D) and 3-dimensional (3-D) environments showed the same differentiation potential
[33,36]. Three-dimensional environments can mimic the in-vivo niche of stem cells more accurately [64]. Han
et al. [33] applied mechanical tension using bioreactors. They cultivated cells on 3-D silk scaffold prior to
mechanical stimulation. They also performed another study which applied mechanical tension using the
Flexercell system and cultivated cells on Bioflex 2-D plates [36]. Both studies demonstrated that mechanical
stimulation increased COL-1 and Osteoprotegerin expression. However, the expression of α-SMA decreased
in both studies [33,36]. There were no studies which compared the response of DSCs to mechanical force in
2D and 3D conditions. However, it must be considered that the composition of scaffold affects the
differentiation of stem cells which may impact the response of cell to mechanical stimulation.

DSCs can be cultivated in inducing or non-inducing mediums. Considering the high proliferation
capacity of DSCs, inducing mediums were used in some of the included studies to evaluate the
differentiation capacity of DSCs [12,31,30–32]. However, comparison of the results of studies showed no
significant difference in using inducing or non-inducing mediums. Tang et al. [23] and Shen et al. [38]
applied cyclic tensile force to PDLSCs [23,38]. Although the condition of the medium was different
between studies, they both mentioned higher expression of RUNX2 and OSX following the mechanical
stimulation. In addition, Tabatabaei et al. [30] compared the inducing and non-inducing medium in their
study [30]. They revealed that cells cultured on inducing mediums had higher OPN expression while the
expression of ALPL was lower in inducing conditions.

All of the included studies used healthy DSCs to evaluate the effect of mechanical stress. However, Liu
et al. [37] compared the behavior of PDLSCs isolated from healthy and inflammatory periodontal tissue [37]
and showed that periodontitis PDLSCs (PPDLSCs) were more sensitive to mechanical stretch [37]. Indeed,
8% strain was the best condition for osteogenic differentiation of PPDLSCs while it was 12% for healthy
PDLSCs (HPDLSCs). Applying strain force at higher levels than mentioned amounts led to a decrease in
the cell viability and differentiation capacity of HPDLSCs and PPDLSCs. The reason behind the different
responses of PPDLSCs and HPDLSCs to mechanical stimulation is still unclear [37].

The proliferation of PDLSCs and DPSCs, on the other hand, increased after the application of tensile
force. However, tension decreased the proliferation of SCAPs [50]. Although it is expected that different
types of DSCs respond in the same manner to the mechanical forces, the decrease of the proliferation rate
of SCAPs following tensile stimulation can be justified by considering the cell cycle and relation between
proliferation and differentiation. In fact, osteoblast development can be divided into three phases [65].
The first phase is proliferation, in which the proliferation rate starts to decrease from its maximum level
and the differentiation rate starts to increase. In the second phase, the extracellular matrix development
phase, the proliferation has stopped and the expression of early differentiation genes (e.g., osteopontin,
alkaline phosphatase) increases. At the final stage, Mineralization, the expression of osteocalcin and
hydroxyapatite increase [65]. Therefore, the decrease in the proliferation rate may be due to the onset of
osteoblast development and cell entry to the first phase of osteoblast development. For instance, Mu et al.
[50] showed that the MTT results of SCAPs were the same as the control group for the first three days.
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However, after that, osteoblast development started and cells that faced tensile force had lower cell count and
higher differentiation.

It must also be considered that stem cells may respond differently to a specific magnitude of tensile force
overtime. Han et al. [36] showed that after ten days, the highest level of proliferation was caused by 8% strain
[36]. However, in the short-term (five days), there were no significant differences between 5% and 8% strain.

4.2 Hydrostatic Pressure and Compression
Pressure and compression were considered synonyms in the included studies [31]. However, hydrostatic

pressure is a type of pressure that is applied through incompressible liquids and is thoroughly different from
compression. Studies showed that both compression and hydrostatic pressure increased the osteogenic/
odontogenic differentiation of DSCs. Besides, it has been shown that compression had magnitude
dependent effect on the proliferation of DSCs [24] while hydrostatic pressure decreased the proliferation
of DSCs [66]. It must be considered that in the latter study the effect of different magnitudes was not
analyzed and 2.5 MPa force was considered as optimum magnitude based on their cell attachment and
morphology results.

Dynamic hydrostatic pressure mimics the sustained pulpal pressure, in-vivo. In-vitro results showed that
hydrostatic pressure increased the odontogenic differentiation of DSCs which imitate the behavior of DSCs
facing hydrostatic pressure during pulp inflammation [67]. It has been shown that dental pulp faces
mechanical forces during tooth eruption [68,69], mastication [70,71] and traumas. In the reparative
dentinogenesis procedure, previous odontoblasts are dead due to substantive damage of pulp tissue. Thus,
DPSCs will differentiate into odontoblasts due to mechanical forces to replace old cells and create tertiary
dentin [72–74]. In addition, the formation of pulp stones, root canal calcification and calcified nodules
following abnormal occlusal and parafunctional forces can be justified based on the differentiation of
DSCs to odontoblast-like cells [32,75]. Another example of odontoblastic differentiation of DPSCs
following mechanical force is the production of thick dentin (secondary dentin) in teeth that are in
occlusion. In confirmation of the hypothesis, since impacted teeth are not used during mastication and
their DPSCs do not face mechanical forces, no secondary dentin can be found in impacted teeth [25].

4.3 Microgravity
The application of microgravity can be beneficial in enhancing the proliferation and differentiation

capacity of stem cells. Results of included studies showed that simulated microgravity increased the
proliferation rate of DSCs [35,43]. In addition, it has been shown that the osteogenic differentiation of
DSCs increased following simulated microgravity which was applied through bioreactors [43]. This can
potentially result in producing engineered grafts ex-vivo which its cells are activated by microgravity
environment and have more regeneration capacity.

4.4 Vibration
This stimulation can mimic the physiological forces of mastication [76]. Among all included studies, two

studies applied low magnitude high-frequency vibration to PDLSCs [41,42]. The magnitude and frequency of
vibration differed among the mentioned articles. It has been shown that vibration decrease the proliferation of
DSCs. On the contrary, vibration enhanced the osteogenic differentiation of PDLSCs [41,42]. The positive
effect of vibration on the differentiation of PDLSCs peaked at 50 Hz and decreased at the higher
frequencies and even become lower than control group at 180 Hz. In addition, among all of the analyzed
genes, OSX expression was lower than control group in the majority of tested frequencies. The lowest gene
expression among osteogenic genes belonged to OSX while RUNX2 had the highest.
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4.5 Shear Stress
DSCs located in the periodontal tissue may face shear stress during the fluid transfer which occurs as a

result of mastication or other forces applied to teeth and surrounding structures [77]. However, none of the
included studies analyzed the effect of shear stress on the behavior of dental stem cells. Nevertheless, it has
been shown that this force can increase the osteogenic differentiation of other types of stem cells including
adipose derived stem cells [78] and bone mesenchymal stem cells [79].

4.6 Limitation and Suggestions for Future Studies
The effect of cell-cell interaction, body fluid and surrounding tissue are not considered in vitro studies.

Although these studies are beneficial to analyze the behavior of DSCs independently, in-vivo studies can be
done to overcome the aforementioned limitations. Considering that DSCs may face different types of
mechanical forces in the oral tissue, it is recommended to analyze the effect of the combined mechanical
stimulation (i.e., tension, compression and shear) on the behavior of stem cells as it did in a study by
Woloszyk et al. [34]. However, in this study [34], the effect of each of the stimulations as well as impact
of intercellular interaction were not analyzed. In addition, it is not feasible to categorize applied
mechanical stimuli into pathological, physiological and therapeutic forces. Besides, more studies are
needed to reveal; the intracellular mechanism regarding the effect of mechanical stimuli on DSCs.

5 Conclusion

Although most types of mechanical forces increased the osteogenic/odontogenic differentiation of
DSCs, there were controversial results regarding the effect of uniaxial tension on DSCs. This force
increased the osteogenic differentiation of PDLSCs while decreased the osteogenic/odontogenic
differentiation of DPSCs. Besides, compression showed magnitude dependent effect on the proliferation
of DSCs, while hydrostatic pressure and vibration decreased the proliferation of DSCs. The effect of
tension on the proliferation of DSCs differs based on the type of cell. Indeed, tension increased the
proliferation of DSCs but SCAPs.

Funding Statement: The current study was funded by Dentofacial Deformities Research Center, Research
Institute of Dental Sciences, Shahid Beheshti University of Medical Sciences, Tehran, Iran.

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References
1. Berebichez-Fridman, R., Montero-Olvera, P. R. (2018). Sources and clinical applications of mesenchymal stem

cells: State-of-the-art review. Sultan Qaboos University Medical Journal, 18(3), 264–277. DOI 10.18295/
squmj.2018.18.03.002.

2. Abedian, Z., Jenabian, N., Moghadamnia, A. A., Zabihi, E., Pourbagher, R. et al. (2020). A comparative study on
immunophenotypic characterization and osteogenic differentiation of human mesenchymal stromal cells derived
from periodontal ligament and gingiva. Journal of Periodontology, 91(9), 1194–1202. DOI 10.1002/JPER.19-0535.

3. Egusa, H., Sonoyama, W., Nishimura, M., Atsuta, I., Akiyama, K. (2012). Stem cells in dentistry–Part I: stem cell
sources. Journal of Prosthodontic Research, 56(3), 151–165. DOI 10.1016/j.jpor.2012.06.001.

4. Gronthos, S., Mankani, M., Brahim, J., Robey, P. G., Shi, S. (2000). Postnatal human dental pulp stem cells
(DPSCs) in vitro and in vivo. Proceedings of the National Academy of Sciences of the United States of
America, 97(25), 13625–13630. DOI 10.1073/pnas.240309797.

5. Seo, B. M., Miura, M., Gronthos, S., Bartold, P. M., Batouli, S. et al. (2004). Investigation of multipotent postnatal
stem cells from human periodontal ligament. Lancet, 364(9429), 149–155. DOI 10.1016/S0140-6736(04)16627-0.

MCB, 2021, vol.18, no.2 63

http://dx.doi.org/10.18295/squmj.2018.18.03.002
http://dx.doi.org/10.18295/squmj.2018.18.03.002
http://dx.doi.org/10.1002/JPER.19-0535
http://dx.doi.org/10.1016/j.jpor.2012.06.001
http://dx.doi.org/10.1073/pnas.240309797
http://dx.doi.org/10.1016/S0140-6736(04)16627-0


6. Miura, M., Gronthos, S., Zhao, M., Lu, B., Fisher, L. W. et al. (2003). SHED: Stem cells from human exfoliated
deciduous teeth. Proceedings of the National Academy of Sciences of the United States of America, 100(10), 5807–
5812. DOI 10.1073/pnas.0937635100.

7. Sonoyama, W., Liu, Y., Fang, D., Yamaza, T., Seo, B. M. et al. (2006). Mesenchymal stem cell-mediated functional
tooth regeneration in swine. PLoS One, 1(1), e79. DOI 10.1371/journal.pone.0000079.

8. Zordani, A., Pisciotta, A., Bertoni, L., Bertani, G., Vallarola, A. et al. (2019). Regenerative potential of human
dental pulp stem cells in the treatment of stress urinary incontinence: In vitro and in vivo study. Cell
Proliferation, 52(6), S3. DOI 10.1111/cpr.12675.

9. Marrelli, M., Codispoti, B., Shelton, R. M., Scheven, B. A., Cooper, P. R. et al. (2018). Dental pulp stem cell
mechanoresponsiveness: effects of mechanical stimuli on dental pulp stem cell behavior. Frontiers in
Physiology, 9, 347. DOI 10.3389/fphys.2018.01685.

10. Mabuchi, R., Matsuzaka, K., Shimono, M. (2002). Cell proliferation and cell death in periodontal ligaments during
orthodontic tooth movement. Journal of Periodontal Research, 37(2), 118–124. DOI 10.1034/j.1600-
0765.2001.10602.x.

11. Naveh, G. R. S., Lev-Tov Chattah, N., Zaslansky, P., Shahar, R., Weiner, S. (2012). Tooth-PDL–bone complex:
Response to compressive loads encountered during mastication–A review. Archives of Oral Biology, 57(12),
1575–1584. DOI 10.1016/j.archoralbio.2012.07.006.

12. Cai, X., Zhang, Y., Yang, X., Grottkau, B. E., Lin, Y. (2011). Uniaxial cyclic tensile stretch inhibits osteogenic and
odontogenic differentiation of human dental pulp stem cells. Journal of Tissue Engineering and Regenerative
Medicine, 5(5), 347–353. DOI 10.1002/term.319.

13. Kraft, D. C. E., Bindslev, D. A., Melsen, B., Klein-Nulend, J. (2011). Human dental pulp cells exhibit bone cell-
like responsiveness to fluid shear stress. Cytotherapy, 13(2), 214–226. DOI 10.3109/14653249.2010.487897.

14. Rombouts, C., Jeanneau, C., Bakopoulou, A., About, I. (2016). Dental pulp stem cell recruitment signals within
injured dental pulp tissue. Dentistry Journal, 4(2), 8. DOI 10.3390/dj4020008.

15. Grünheid, T., Morbach, B. A., Zentner, A. (2007). Pulpal cellular reactions to experimental tooth movement in rats.
Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and Endodontology, 104(3), 434–441. DOI
10.1016/j.tripleo.2007.03.022.

16. Men, Y., Wang, Y., Yi, Y., Jing, D., Luo, W. et al. (2020). Gli1+ Periodontium stem cells are regulated by
osteocytes and occlusal force. Developmental Cell, 54(5), 639–654.e6. DOI 10.1016/j.devcel.2020.06.006.

17. Huang, H., Yang, R., Zhou, Y. H. (2018). Mechanobiology of periodontal ligament stem cells in orthodontic tooth
movement. Stem Cells International, 2018(11), 1–7.

18. Liu, F., Wen, F., He, D., Liu, D., Yang, R. et al. (2017). Force-induced H(2)S by PDLSCs modifies osteoclastic
activity during tooth movement. Journal of Dental Research, 96(6), 694–702. DOI 10.1177/0022034517690388.

19. He, D., Liu, F., Cui, S., Jiang, N., Yu, H. et al. (2020). Mechanical load-induced H2S production by periodontal
ligament stem cells activates M1 macrophages to promote bone remodeling and tooth movement via STAT1. Stem
Cell Research & Therapy, 11(1), 306. DOI 10.1186/s13287-020-01607-9.

20. Safari, S., Mahdian, A., Motamedian, S. R. (2018). Applications of stem cells in orthodontics and dentofacial
orthopedics: Current trends and future perspectives. World Journal of Stem Cells, 10(6), 66–77. DOI 10.4252/
wjsc.v10.i6.66.

21. Khojasteh, A., Motamedian, S. R. (2016). Mesenchymal stem cell therapy for treatment of craniofacial bone
defects: 10 years of experience. Journal of "Regeneration, Reconstruction & Restoration" (Triple R), 1(1), 1.

22. Motamedian, S. R., Tabatabaei, F. S., Akhlaghi, F., Torshabi, M., Gholamin, P. et al. (2017). Response of dental
pulp stem cells to synthetic, Allograft, and Xenograft Bone Scaffolds. International Journal of Periodontics and
Restorative Dentistry, 37(1), 47–59. DOI 10.11607/prd.2121.

23. Tang, N., Zhao, Z., Zhang, L., Yu, Q., Li, J. et al. (2012). Up-regulated osteogenic transcription factors during early
response of human periodontal ligament stem cells to cyclic tensile strain. Archives of Medical Science: AMS, 8(3),
422–430. DOI 10.5114/aoms.2012.28810.

24. Panchamanon, P., Pavasant, P., Leethanakul, C. (2019). Periostin plays role in force-induced stem cell potential by
periodontal ligament stem cells. Cell Biology International, 43(5), 506–515. DOI 10.1002/cbin.11116.

64 MCB, 2021, vol.18, no.2

http://dx.doi.org/10.1073/pnas.0937635100
http://dx.doi.org/10.1371/journal.pone.0000079
http://dx.doi.org/10.1111/cpr.12675
http://dx.doi.org/10.3389/fphys.2018.01685
http://dx.doi.org/10.1034/j.1600-0765.2001.10602.x
http://dx.doi.org/10.1034/j.1600-0765.2001.10602.x
http://dx.doi.org/10.1016/j.archoralbio.2012.07.006
http://dx.doi.org/10.1002/term.319
http://dx.doi.org/10.3109/14653249.2010.487897
http://dx.doi.org/10.3390/dj4020008
http://dx.doi.org/10.1016/j.tripleo.2007.03.022
http://dx.doi.org/10.1016/j.devcel.2020.06.006
http://dx.doi.org/10.1177/0022034517690388
http://dx.doi.org/10.1186/s13287-020-01607-9
http://dx.doi.org/10.4252/wjsc.v10.i6.66
http://dx.doi.org/10.4252/wjsc.v10.i6.66
http://dx.doi.org/10.11607/prd.2121
http://dx.doi.org/10.5114/aoms.2012.28810
http://dx.doi.org/10.1002/cbin.11116


25. Marrelli, M., Codispoti, B., Shelton, R. M., Scheven, B. A., Cooper, P. R. et al. (2018). Dental pulp stem cell
mechanoresponsiveness: Effects of mechanical stimuli on dental pulp stem cell behavior. Frontiers in
Physiology, 9, 347. DOI 10.3389/fphys.2018.01685.

26. Li, M., Zhang, C., Yang, Y. (2019). Effects of mechanical forces on osteogenesis and osteoclastogenesis in human
periodontal ligament fibroblasts: A systematic review of in vitro studies. Bone & Joint Research, 8(1), 19–31. DOI
10.1302/2046-3758.81.BJR-2018-0060.R1.

27. Faggion, C. M., Jr. (2012). Guidelines for reporting pre-clinical in vitro studies on dental materials. Journal of
Evidence Based Dental Practice, 12(4), 182–189. DOI 10.1016/j.jebdp.2012.10.001.

28. He, L., Pan, S., Li, Y., Zhang, L., Zhang, W. et al. (2016). Increased proliferation and adhesion properties of human
dental pulp stem cells in PLGA scaffolds via simulated microgravity. International Endodontic Journal, 49(2),
161–173. DOI 10.1111/iej.12441.

29. Yu, V., Damek-Poprawa, M., Nicoll, S. B., Akintoye, S. O. (2009). Dynamic hydrostatic pressure promotes
differentiation of human dental pulp stem cells. Biochemical and Biophysical Research Communications,
386(4), 661–665. DOI 10.1016/j.bbrc.2009.06.106.

30. Tabatabaei, F., Jazayeri, M., Ghahari, P., Haghighipour, N. (2014). Effects of equiaxial strain on the differentiation of
dental pulp stem cells without using biochemical reagents. Molecular & Cellular Biomechanics, 11(3), 209–220.

31. Miyashita, S., Ahmed, N. E. M. B., Murakami, M., Iohara, K., Yamamoto, T. et al. (2017). Mechanical forces
induce odontoblastic differentiation of mesenchymal stem cells on three-dimensional biomimetic scaffolds.
Journal of Tissue Engineering and Regenerative Medicine, 11(2), 434–446. DOI 10.1002/term.1928.

32. Yu, V., Damek-Poprawa, M., Nicoll, S., Akintoye, S. O. (2009). Dynamic hydrostatic pressure promotes
differentiation of human dental pulp stem cells. Biochemical and Biophysical Research Communications,
386(4), 661–665. DOI 10.1016/j.bbrc.2009.06.106.

33. Han, M. J., Seo, Y. K., Yoon, H. H., Song, K. Y., Park, J. K. (2010). Upregulation of bone-like extracellular matrix
expression in human dental pulp stem cells by mechanical strain. Biotechnology and Bioprocess Engineering,
15(4), 572–579. DOI 10.1007/s12257-009-0102-3.

34. Woloszyk, A., Dircksen, S. H., Bostanci, N., Müller, R., Hofmann, S. et al. (2014). Influence of the mechanical
environment on the engineering of mineralised tissues using human dental pulp stem cells and silk fibroin
scaffolds. PLoS One, 9(10), e111010. DOI 10.1371/journal.pone.0111010.

35. He, L., Pan, S., Li, Y., Zhang, L., Zhang, W. et al. (2016). Increased proliferation and adhesion properties of human
dental pulp stem cells in PLGA scaffolds via simulated microgravity. International Endodontic Journal, 49(2),
161–173. DOI 10.1111/iej.12441.

36. Han, M. J., Seo, Y. K., Yoon, H. H., Song, K. Y., Park, J. K. (2008). Effect of mechanical tension on the human
dental pulp cells. Biotechnology and Bioprocess Engineering, 13(4), 410–417. DOI 10.1007/s12257-008-0146-9.

37. Liu, J., Li, Q., Liu, S., Gao, J., Qin, W. et al. (2017). Periodontal ligament stem cells in the periodontitis
microenvironment are sensitive to static mechanical strain. Stem Cells International, 2017(3), 1–13.

38. Shen, T., Qiu, L., Chang, H., Yang, Y., Jian, C. et al. (2014). Cyclic tension promotes osteogenic differentiation in
human periodontal ligament stem cells. International Journal of Clinical and Experimental Pathology, 7(11), 7872.

39. Wei, F., Wang, J., Ding, G., Yang, S., Li, Y. et al. (2015). Mechanical force-induced specific MicroRNA expression
in human periodontal ligament stem cells. Cells Tissues Organs, 199(5–6), 353–363. DOI 10.1159/000369613.

40. Wang, T., Li, G., Chen, J., Lin, Z., Qin, H. et al. (2016). Three-dimensional stress In vitro promotes the
proliferation and differentiation of periodontal ligament stem cells implanted by bioactive glass. Cellular and
Molecular Biology, 62(13), 62–67. DOI 10.14715/cmb/2016.62.13.11.

41. Zhang, C., Li, J., Zhang, L., Zhou, Y., Hou, W. et al. (2012). Effects of mechanical vibration on proliferation and
osteogenic differentiation of human periodontal ligament stem cells. Archives of Oral Biology, 57(10), 1395–1407.
DOI 10.1016/j.archoralbio.2012.04.010.

42. Zhang, C., Lu, Y., Zhang, L., Liu, Y., Zhou, Y. et al. (2015). Influence of different intensities of vibration on
proliferation and differentiation of human periodontal ligament stem cells. Archives of Medical Science, 11(3),
638–646. DOI 10.5114/aoms.2015.52370.

MCB, 2021, vol.18, no.2 65

http://dx.doi.org/10.3389/fphys.2018.01685
http://dx.doi.org/10.1302/2046-3758.81.BJR-2018-0060.R1
http://dx.doi.org/10.1016/j.jebdp.2012.10.001
http://dx.doi.org/10.1111/iej.12441
http://dx.doi.org/10.1016/j.bbrc.2009.06.106
http://dx.doi.org/10.1002/term.1928
http://dx.doi.org/10.1016/j.bbrc.2009.06.106
http://dx.doi.org/10.1007/s12257-009-0102-3
http://dx.doi.org/10.1371/journal.pone.0111010
http://dx.doi.org/10.1111/iej.12441
http://dx.doi.org/10.1007/s12257-008-0146-9
http://dx.doi.org/10.1159/000369613
http://dx.doi.org/10.14715/cmb/2016.62.13.11
http://dx.doi.org/10.1016/j.archoralbio.2012.04.010
http://dx.doi.org/10.5114/aoms.2015.52370


43. Li, S., Ma, Z., Niu, Z., Qian, H., Xuan, D. et al. (2009). NASA-approved rotary bioreactor enhances proliferation
and osteogenesis of human periodontal ligament stem cells. Stem Cells and Development, 18(9), 1273–1282. DOI
10.1089/scd.2008.0371.

44. Shen, T., Qiu, L., Chang, H., Yang, Y., Jian, C. et al. (2014). Cyclic tension promotes osteogenic differentiation in
human periodontal ligament stem cells. International Journal of Clinical and Experimental Pathology, 7(11),
7872–7880.

45. Liu, J., Li, Q., Liu, S., Gao, J., Qin, W. et al. (2017). Periodontal ligament stem cells in the periodontitis
microenvironment are sensitive to static mechanical Strain. Stem Cells International, 2017(3), 1–13. DOI
10.1155/2017/1380851.

46. Tang, N., Zhao, Z., Zhang, L., Yu, Q., Li, J. et al. (2012). Up-regulated osteogenic transcription factors during early
response of human periodontal ligament stem cells to cyclic tensile strain. Archives of Medical Science, 8(3), 422–
430. DOI 10.5114/aoms.2012.28810.

47. Han, M. J., Seo, Y. K., Yoon, H. H., Song, K. Y., Park, J. K. (2010). Upregulation of bone-like extracellular matrix
expression in human dental pulp stem cells by mechanical strain. Biotechnology and Bioprocess Engineering,
15(4), 572–579. DOI 10.1007/s12257-009-0102-3.

48. Han, M. J., Seo, Y. K., Yoon, H. H., Song, K. Y., Park, J. K. (2008). Effect of mechanical tension on the human
dental pulp cells. Biotechnology and Bioprocess Engineering, 13(4), 410–417. DOI 10.1007/s12257-008-0146-9.

49. Tabatabaei, F. S., Jazayeri, M., Ghahari, P., Haghighipour, N. (2014). Effects of equiaxial strain on the
differentiation of dental pulp stem cells without using biochemical reagents. Molecular & Cellular
Biomechanics, 11(3), 209–220.

50. Mu, C., Lv, T., Wang, Z., Ma, S., Ma, J. et al. (2014). Mechanical stress stimulates the osteo/odontoblastic
differentiation of human stem cells from apical papilla via erk 1/2 and JNK MAPK pathways. BioMed
Research International, 2014(4), 1–10. DOI 10.1155/2014/494378.

51. Feller, L., Khammissa, R. A., Schechter, I., Thomadakis, G., Fourie, J. et al. (2015). Biological events in
periodontal ligament and alveolar bone associated with application of orthodontic forces. Scientific World
Journal, 2015(11), 1–7. DOI 10.1155/2015/876509.

52. Jiang, N., Guo, W., Chen, M., Zheng, Y., Zhou, J. et al. (2016). Periodontal ligament and alveolar bone in health
and adaptation: Tooth movement. Frontiers of Oral Biology, 18, 1–8.

53. Feller, L., Khammissa, R. A., Schechter, I., Moodley, A., Thomadakis, G. et al. (2015). Periodontal biological
events associated with orthodontic tooth movement: The biomechanics of the cytoskeleton and the extracellular
matrix. Scientific World Journal, 2015(1), 1–7. DOI 10.1155/2015/894123.

54. Garlet, T. P., Coelho, U., Repeke, C. E., Silva, J. S., de Queiroz Cunha, F. et al. (2008). Differential expression of
osteoblast and osteoclast chemmoatractants in compression and tension sides during orthodontic movement.
Cytokine, 42(3), 330–335. DOI 10.1016/j.cyto.2008.03.003.

55. Oppenheim, A. (1911). Tissue changes, Particularly in the bone incident to tooth movement. American Journal of
Orthodontics, 3, 113–132.

56. Schwarz, A. M. (1932). Tissue changes incidental to orthodontic tooth movement. International Journal of
Orthodontia, Oral Surgery and Radiography, 18(4), 331–352. DOI 10.1016/S0099-6963(32)80074-8.

57. Asiry, M. A. (2018). Biological aspects of orthodontic tooth movement: A review of literature. Saudi Journal of
Biological Sciences, 25(6), 1027–1032. DOI 10.1016/j.sjbs.2018.03.008.

58. Li, S., Ma, Z., Niu, Z., Qian, H., Xuan, D. et al. (2009). NASA-approved rotary bioreactor enhances proliferation
and osteogenesis of human periodontal ligament stem cells. Stem Cells and Development, 18(9), 1273–1282. DOI
10.1089/scd.2008.0371.

59. Wang, Y., Li, J., Qiu, Y., Hu, B., Chen, J. et al. (2018). Low-intensity pulsed ultrasound promotes periodontal
ligament stem cell migration through TWIST1-mediated SDF-1 expression. International Journal of Molecular
Medicine, 42(1), 322–330.

60. Zhang, C., Li, J., Zhang, L., Zhou, Y., Hou, W. et al. (2012). Effects of mechanical vibration on proliferation and
osteogenic differentiation of human periodontal ligament stem cells. Archives of Oral Biology, 57(10), 1395–1407.
DOI 10.1016/j.archoralbio.2012.04.010.

66 MCB, 2021, vol.18, no.2

http://dx.doi.org/10.1089/scd.2008.0371
http://dx.doi.org/10.1155/2017/1380851
http://dx.doi.org/10.5114/aoms.2012.28810
http://dx.doi.org/10.1007/s12257-009-0102-3
http://dx.doi.org/10.1007/s12257-008-0146-9
http://dx.doi.org/10.1155/2014/494378
http://dx.doi.org/10.1155/2015/876509
http://dx.doi.org/10.1155/2015/894123
http://dx.doi.org/10.1016/j.cyto.2008.03.003
http://dx.doi.org/10.1016/S0099-6963(32)80074-8
http://dx.doi.org/10.1016/j.sjbs.2018.03.008
http://dx.doi.org/10.1089/scd.2008.0371
http://dx.doi.org/10.1016/j.archoralbio.2012.04.010


61. Zhang, C., Lu, Y., Zhang, L., Liu, Y., Zhou, Y. et al. (2015). Influence of different intensities of vibration on
proliferation and differentiation of human periodontal ligament stem cells. Archives of Medical Science, 11(3),
638–646. DOI 10.5114/aoms.2015.52370.

62. Mu, C., Lv, T., Wang, Z., Ma, S., Ma, J. et al. (2014). Mechanical stress stimulates the osteo/odontoblastic
differentiation of human stem cells from apical papilla via erk 1/2 and JNK MAPK pathways. BioMed
Research International, 2014(4), 1–10. DOI 10.1155/2014/494378.

63. Natali, A. N., Pavan, P. G., Scarpa, C. (2004). Numerical analysis of tooth mobility: Formulation of a non-linear
constitutive law for the periodontal ligament. Dental Materials, 20(7), 623–629. DOI 10.1016/j.
dental.2003.08.003.

64. Vining, K. H., Mooney, D. J. (2017). Mechanical forces direct stem cell behaviour in development and
regeneration. Nature Reviews: Molecular Cell Biology, 18(12), 728–742. DOI 10.1038/nrm.2017.108.

65. Lian, J. B., Stein, G. S. (1992). Concepts of osteoblast growth and differentiation: Basis for modulation of bone cell
development and tissue formation. Critical Reviews in Oral Biology and Medicine, 3(3), 269–305. DOI 10.1177/
10454411920030030501.

66. Aguilar-Perez, F. J., Vargas-Coronado, R., Cervantes-Uc, J. M., Cauich-Rodriguez, J. V., Rosales-Ibañez, R. et al.
(2018). Preparation and characterization of titanium-segmented polyurethane composites for bone tissue
engineering. Journal of Biomaterials Applications, 33(1), 11–22. DOI 10.1177/0885328218772708.

67. Tucker, A. S., Matthews, K. L., Sharpe, P. T. (1998). Transformation of tooth type induced by inhibition of BMP
signaling. Science, 282(5391), 1136–1138. DOI 10.1126/science.282.5391.1136.

68. Andrade Jr, I., Sousa, A. B. D. S., Silva, G. G. D. (2014). New therapeutic modalities to modulate orthodontic
tooth movement. Dental Press Journal of Orthodontics, 19(6), 123–133. DOI 10.1590/2176-9451.19.6.123-
133.sar.

69. Wise, G. E., King, G. J. (2008). Mechanisms of tooth eruption and orthodontic tooth movement. Journal of Dental
Research, 87(5), 414–434. DOI 10.1177/154405910808700509.

70. Su, K. C., Chuang, S. F., Ng, E. Y. K., Chang, C. H. (2014). An investigation of dentinal fluid flow in dental pulp
during food mastication: simulation of fluid-structure interaction. Biomechanics and Modeling in Mechanobiology,
13(3), 527–535. DOI 10.1007/s10237-013-0514-z.

71. Loginova, N. K., Ivanova, E. V., Troitskaia, T. V. (2008). Masticatory loading influence upon dental pulp
functional status and its blood supply. Stomatologiia, 87(6), 13–16.

72. Smith, A. J., Tobias, R. S., Murray, P. E. (2001). Transdentinal stimulation of reactionary dentinogenesis in ferrets
by dentine matrix components. Journal of Dentistry, 29(5), 341–346. DOI 10.1016/S0300-5712(01)00020-3.

73. Pispa, J., Thesleff, I. (2003). Mechanisms of ectodermal organogenesis. Developmental Biology, 262(2), 195–205.
DOI 10.1016/S0012-1606(03)00325-7.

74. Thesleff, I., Nieminen, P. (1996). Tooth morphogenesis and cell differentiation. Current Opinion in Cell Biology,
8(6), 844–850. DOI 10.1016/S0955-0674(96)80086-X.

75. Landay, M. A., Nazimov, H., Seltzer, S. (1970). The effects of excessive occlusal force on the pulp. Journal of
Periodontology, 41(1), 3–11. DOI 10.1902/jop.1970.41.1.3.

76. Yang, L., Yang, Y., Wang, S., Li, Y., Zhao, Z. (2015). In vitro mechanical loading models for periodontal ligament
cells: From two-dimensional to three-dimensional models. Archives of Oral Biology, 60(3), 416–424. DOI
10.1016/j.archoralbio.2014.11.012.

77. Qi, L., Zhang, Y. (2014). The microRNA 132 regulates fluid shear stress-induced differentiation in periodontal
ligament cells through mTOR signaling pathway. Cellular Physiology and Biochemistry, 33(2), 433–445. DOI
10.1159/000358624.

78. Elashry, M. I., Gegnaw, S. T., Klymiuk, M. C., Wenisch, S., Arnhold, S. (2019). Influence of mechanical fluid
shear stress on the osteogenic differentiation protocols for Equine adipose tissue-derived mesenchymal stem
cells. Acta Histochemica, 121(3), 344–353. DOI 10.1016/j.acthis.2019.02.002.

79. Yourek, G., McCormick, S. M., Mao, J. J., Reilly, G. C. (2010). Shear stress induces osteogenic differentiation of
human mesenchymal stem cells. Regenerative Medicine, 5(5), 713–724. DOI 10.2217/rme.10.60.

MCB, 2021, vol.18, no.2 67

http://dx.doi.org/10.5114/aoms.2015.52370
http://dx.doi.org/10.1155/2014/494378
http://dx.doi.org/10.1016/j.dental.2003.08.003
http://dx.doi.org/10.1016/j.dental.2003.08.003
http://dx.doi.org/10.1038/nrm.2017.108
http://dx.doi.org/10.1177/10454411920030030501
http://dx.doi.org/10.1177/10454411920030030501
http://dx.doi.org/10.1177/0885328218772708
http://dx.doi.org/10.1126/science.282.5391.1136
http://dx.doi.org/10.1590/2176-9451.19.6.123-133.sar
http://dx.doi.org/10.1590/2176-9451.19.6.123-133.sar
http://dx.doi.org/10.1177/154405910808700509
http://dx.doi.org/10.1007/s10237-013-0514-z
http://dx.doi.org/10.1016/S0300-5712(01)00020-3
http://dx.doi.org/10.1016/S0012-1606(03)00325-7
http://dx.doi.org/10.1016/S0955-0674(96)80086-X
http://dx.doi.org/10.1902/jop.1970.41.1.3
http://dx.doi.org/10.1016/j.archoralbio.2014.11.012
http://dx.doi.org/10.1159/000358624
http://dx.doi.org/10.1016/j.acthis.2019.02.002
http://dx.doi.org/10.2217/rme.10.60

	Effect of Mechanical Forces on the Behavior of Dental Stem Cells: A Scoping Review of In-Vitro Studies
	Introduction
	Material and Method
	Results
	Discussion
	Conclusion
	References


