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Abstract

Published: 31 October 2023

Dental pulp stem cells (DPSCs) are a type of mesenchymal stem cells derived from dental pulp that serves as an important model for

investigating biological regeneration. DPSCs have a multipotent differentiation capacity and can promote different biological processes,

including osteogenesis, odontogenesis, chondrogenesis, and angiogenesis. These biological processes are regulated by an extensive range

of intra- and extra-cellular factors. Further, biomechanical cues, such as substrate stiffness, physical stress, and cell spreading, have been

highlighted as particularly important modulators of DPSC function. This review sought to discuss various related signaling components

involved in biomechanical cues and their respective roles in cellular and tissue responses in DPSCs, summarize current findings, and

provide an outlook on the potential applications of biomechanics in regenerative medicine and tissue engineering.

Keywords: dental pulp stem cells; mechanical signaling; cell fate determination

1. Introduction

Dental pulp stem cells (DPSCs), a type of mesenchy-
mal stem cells derived from dental pulp [1], can differenti-
ate into a variety of cells, such as dental pulp, dentin, and
osteoblasts, and serve as important models for investigat-
ing biological regeneration [2—4]. Biomechanics, an in-
terdisciplinary field that investigates the effects of forces
and motion on biological systems, focuses on mechanical
stimuli and their impact on cell behavior [5-7]. Over the
past decades, mechanical stimuli, such as tissue stiffness,
physical forces, and cell spreading, have led to significant
advances in the fields of regenerative medicine and tissue
engineering [8—10]. Understanding the underlying mecha-
nisms of DPSC response to mechanical stimuli can provide
multiple ideas for the regeneration and immune regulation
of various cells or tissues, such as dentin, bone, and car-
tilage. Here, we summarize these findings and provide a
perspective on the prospects and potential applications of
DPSCs in bioengineering and regenerative medicine.

2. Dental Pulp Stem Cells (DPSCs)

Mesenchymal stem cells (MSCs) are heterogeneous
stem cells that exhibit self-renewal and multilineage differ-
entiation ability [11,12]. MSCs can be isolated from dif-
ferent tissues, such as bone marrow, adipose tissue, and
umbilical cord tissue [13—15]. In the oral cavity, MSCs
can be classified into several distinct subtypes, including

DPSCs [1,16], stem cells from human exfoliated deciduous
teeth (SHEDs) [17], stem cells from apical papilla (SCAPs)
[18,19], periodontal ligament stem cells (PDLSCs) [20],
dental follicle stem cells (DFSCs) [21], gingival-derived
mesenchymal stem cells (GMSCs) [22], and buccal fat pad-
derived stem cells (BFPSCs) [23]. DPSCs, which were
first isolated from the dental pulp of third molars [1,24,25],
are characterized by high self-renewal and differentiation
capacities [1,26,27]. Similar to MSCs, DPSCs express
stem cell markers, such as CD29, CD44, CD73, CD90,
CD105, CD146, CD271, and STRO-1 [1,28], whereas the
hematopoietic markers including CD14, CD34, CD45, and
CD117, are absent or expressed at very low levels [29,30].
DPSCs also express the vascular endothelial growth factors,
TLR4 and TLRS [31-33]. Therefore, owing to their het-
erogeneity, DPSCs could be a great choice for regenerative
medicine and clinical therapy.

Several studies have revealed that DPSCs can differ-
entiate into odontoblasts, osteoblasts, neural cells, chon-
drocytes, and adipocytes [3,4]. Odontoblasts are special-
ized cells that produce the dentin matrix and are respon-
sible for mineral deposition [34]. Similarly, osteoblasts
are specialized cells that produce the bone matrix and reg-
ulate bone metabolism [35]. Odonto/osteogenesis is the
most important differentiation potential of DPSCs. Many
studies have explored the effects of different culture con-
ditions [1,36,37], signaling molecules [38—41], and chem-
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icals [42—45] on the odonto/osteogenic differentiation of
DPSCs. For instance, BMP and TGF-£ signaling have been
reported to be involved in the differentiation of DPSCs into
odontoblast-like cells [46,47]. However, the specific mech-
anisms underlying the regulation of the odonto/osteogenic
differentiation have not been fully elucidated. During the
complex process of odonto/osteogenic differentiation, an
array of odonto/osteogenic-associated markers, such as al-
kaline phosphatase (ALP), collagen type 1 (COL1), osteo-
calcin (OCN), osteopontin (OPN), dentin stromal acidic
phosphoprotein 1 (DMP1), stromal extracellular phospho-
glycoprotein (MEPE), and dentin salivary phosphoprotein
(DSPP) [48], are exclusively expressed. DPSCs can ex-
press specific neural markers, such as nestin, S-III tubu-
lin, glial fibrillary acidic protein, synaptophysin, and S100
protein [49]. Under different conditions, DPSCs can differ-
entiate into various types of neuronal cells, such as oligo-
dendrocyte progenitors [50], stellate neuron-like phenotype
[51], neuronal and Schwann glial lineage cells [52], and
spiral ganglion neuron-like cells [53]. DPSCs also exhibit
other differentiation capabilities and promote various bio-
logical processes, including chondrogenesis [54], adipoge-
nesis [55], hepatogenesis [56—58], and myogenesis [59].

Owing to the multilineage differentiation potential and
availability of DPSCs, they are attractive candidates for tis-
sue engineering and regenerative medicine. DPSCs have
been demonstrated to regenerate the pulp-dentin complex
[1], which provides an immense step toward endodontic
treatment and enables dentin-pulp regeneration. DPSCs can
also stimulate endothelial [60] and immune cells [61], indi-
cating a potential role for DPSCs in angiogenesis, wound
healing, and immune regulation. As DPSCs originate from
the neural crest, they exhibit neuroregenerative properties.
Although emerging evidence has revealed that DPSC-based
therapy is promising, more studies on the biological at-
tributes of DPSCs are warranted.

3. Mechanical Signaling and Related Signal
Components

The complex process of mechanical signal perception
in cells is primarily mediated by specialized mechanosen-
sors that convert these signals into biochemical signals, trig-
gering a cascade of biological effects. Mechanosensors
consist of various molecules, including cadherin-catenin
junctions and cell adhesions complexes, which mediate
cell-cell adhesion and cell-extracellular matrix (ECM) ad-
hesion, respectively, and then transduce mechanical forces
into intracellular signaling (mechanotransduction) and me-
diate cellular processes, such as gene expression, cell pro-
liferation, and differentiation [62—65] (Fig. 1). Below, we
opted to discuss various signaling components involved in
biomechanical stress and their respective roles in cellular
and tissue responses, with a particular focus on stem cells.
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the extracellular environment activate mechano-sensing factors on
the cell surface. These factors, including cell-extracellular ma-
trix (ECM) adhesion complexes such as focal adhesions and cell-
cell adhesion such as cadherin—catenin junctions and ion chan-
nels, regulate specific mechanotransduction pathways, which af-
fect DPSC proliferation and odonto/osteogenesis.

3.1 Cell-Cell Adhesion

Adherens junctions (AJs), one of the major
mechanosensory cell-cell junction structures, allow
cells to be precisely interconnected, ensuring the structural
stability of the multicellular layer of specific tissues, such
as the epithelium and pulp [66-68]. The transmission
of mechanical signals between cells varies with cell
density [69]. Cells can sense compressive or tensile forces
at intercellular contacts and respond by modifying the
biomedical properties of adhesion receptors, constituting
mechanochemical feedback loops that eventually affect
biological behaviors, including cell proliferation [70].
Proper intercellular mechanical signal exchanges are
critical for tissue homeostasis.

The most widely studied adhesion receptors for modi-
fying cell-cell junctions and mediating mechanotransduc-
tion are cadherins [71,72]. Various cadherin members
are specifically expressed in tissues. E- and P-cadherin
are most prevalent in the epithelia, whereas N-cadherin is
more frequently present in non-epithelial cells. Further,
only blood vessels express VE-cadherin. Notably, these
molecules are structure equivalent [73]. Classic cadherins
phenotypically interact with adjacent cell surfaces and con-
tribute to AJ formation. Classic cadherins consist of a
single-pass transmembrane domain, an N-terminal extra-
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cellular domain with five cadherin domains that create ad-
hesive contacts, and a cytoplasmic domain associated with
actin-binding proteins, including a-catenin, -catenin, and
p120-catenin [74,75]. Different binding interfaces between
the N-terminal domains, which have diverse mechanical
functions, determine the bonding strength of AJs. Cadherin
binding can be classified into strand dimers, X-dimers, and
lateral dimers based on the different structures of cadherin-
cadherin adhesion [76].

Endogenous or exogenous stimuli can be converted
into biochemical signals by AJs. However, the cadherin-
catenin core complex, which links cadherin to the actin
cytoskeleton, regulates the cytoplasmic mechanical signal-
ing chain and directly coordinates the dynamic organiza-
tion of the cytoskeleton [77]. p120-catenin (which binds to
the membrane-proximal region of the cytoplasmic domain
of cadherins) can modify cell cohesion by decreasing cad-
herin renewal in the membrane [78]. Scatenin binds to the
membrane-distal region of the cytoplasmic domain of cad-
herins and recruits a-catenin. a-catenin is a major molecule
involved in cadherin mechanotransduction. Notably, this
molecule undergoes force-dependent conformation and in-
teracts with actin filaments or alternative actin-binding pro-
teins, such as vinculin, ZO-1, afadin, a-actinin, formin-1,
and EPLIN, to trigger the junction-base response [79,80].
Vinculin is proposed to serve as a junction stabilizer as it
can recruit a-catenin under internal contractility and exter-
nal tension [81]. Vinculin may modify the actin-binding
strength or recruit actin regulators in response to mechani-
cal forces [82]. Finally, the cadherin-catenin complex me-
diates Rho-GTPase signaling (including RhoA, Racl, and
Cdc42) to regulate the cytoskeletal structure [83].

3.2 Cell-ECM Adhesion

Cell-ECM interactions are generally mediated by fo-
cal adhesions (FAs), which have been demonstrated to
physically connect the ECM to the cytoskeleton [84]. Cells
are enclosed in their local ECM, and can detect mechan-
ical changes caused by varying ECM components [85].
Mechanochemical feedback loops also exist, whereby cells
release synthesizing or degrading enzymes that eventu-
ally modify the mechanical properties of the ECM [86].
Cell morphology and motility respond quickly to mechan-
ical variations, influencing tissue and organ development,
wound repair, and immunological response [87—89].

The ECM, which mainly consists of collagen fibers,
elastin, proteoglycans, and glycoproteins, contains a large
amount of biological information [90]. Integrin, a key
mechanoreceptor or FA, may identify certain ECM ligands
and transmit mechanical signals intracellularly by binding
to kindlin, talin, fibronectin, or vinculin, which are eventu-
ally linked to the actomyosin cytoskeleton [91]. The quan-
tity and intensity of FAs vary in mechanically induced con-
formations of integrin-ligand complexes [92]. Talin and
vinculin are F-actin-binding proteins. The head and tail do-
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mains of vinculin bind talin and actin, respectively. Vin-
culin enhances Talin-F-actin links by recruiting more F-
actin [93]. Focal adhesion kinase (FAK), paxillin, Arp2/3,
and B-PIX also contribute to actomyosin bundle assembly
by activating Racl GTPase [94-97].

As FAs and AlJs are intracellularly related to the actin
cytoskeleton, they share a common collection of receptor
proteins and signaling molecules, including the Rho family
of GTPases and vinculin, forming a cross-regulation net-
work [98,99]. FAs and AJs communicate and collaborate to
maintain the mechanochemical signal ecology and achieve
tensional homeostasis within tissues.

3.3 Ion Channel

Mechanosensitive ion channels, including Piezo and
transient receptor potential (TRP) channels, are vital clus-
ters of operative proteins that convert physical stimuli
into intracellular biological signals [100]. These chan-
nels, located in the cell membrane, open and close in re-
sponse to mechanical tension, voltage, and ligand bind-
ing, thereby mediating the influx of cations, such as Ca?*,
Nat, K*, and Mg?*, across the cell membrane. For ex-
ample, mechanical stretch and shear stress trigger cells
via Piezo family proteins (Piezol and Piezo2) to activate
Ca?*-dependent downstream molecules [101,102], such
as ERK1/2, thereby promoting cells to undergo mitosis
[103,104]. Cell compression maintains tissue homeostasis
via cell extrusion by controlling Piezo activity [105]. Stud-
ies have demonstrated that the force generated by actin and
microtubule cytoskeleton-related motors leads to the activa-
tion of Piezo channels [106,107]. Although Piezo channels
induce downstream signaling molecules mainly by modify-
ing Ca®* influx [104,108], the mechanism by which Piezo
and other signaling molecules coordinate to elicit cell re-
sponses must be further explored [109].

Similar to Piezo channels, TRP channels serve as
signal transducers by modifying the intracellular Ca?*
concentration. Generally, TRP channels are classified
as the ankyrin subfamily (TRPA), canonical subfamily
(TRPC), melastatin subfamily (TRPM), mucolypin sub-
family (TRPML), polycystin subfamily (TRPP), and vanil-
loid subfamily (TRPV) [110-112]. Several studies have re-
vealed that TRP channels can be mediated by direct force
activation via signaling cascades [113—115], and the G
protein-coupled receptor (GPCR) is one example. Me-
chanical stimuli activate GPCRs to couple with the het-
erotrimeric G-protein (Gq) and recruit PLC, subsequently
activating TRP channels. Actin cytoskeleton has been
demonstrated to be an essential transduction component
that regulates the mechanosensitivity of TRP channels.
Together, these studies revealed that mechanosensitive
ion channels can modify intracellular ion concentrations,
thereby transforming mechanical signals into biochemical
signals.
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3.4 Rho GTPases

Rho GTPases are a family of small G proteins [116]
that have been found to regulate a variety of fundamen-
tal cellular processes, including morphogenesis, cell migra-
tion, cell division, and gene expression [117]. The link be-
tween mechanical cues and Rho GTPases has been widely
recognized [118—120]. One of the major mechanical cues
regulating Rho GTPases is the ECM, where integrins and
fatty acids are the main mediators. For instance, ECM stiff-
ness modulates the activity of Rho GTPases through focal
adhesion kinases and integrins, leading to actin cytoskele-
ton assembly via the LIMK-cofilin pathway [121,122]. In-
tegrin a644, and integrin o5, which are mediated by the
stiffness sensor epidermal growth factor receptor (EGFR),
can also induce Rho activation. Studies have revealed that
tensile stress can induce the phosphorylation of FAK/Src,
leading to RhoA activation, whereas shear stress can block
Racl by inhibiting paxillin at FAs [118,119]. However,
how integrin-mediated compression modulates Rho GT-
Pases requires further investigation.

Ion channel activation stimulates Rho GTPases by in-
ducing Ca?* influx. For example, Piezo and TRP activated
by stress or force can trigger Ca®* influx, leading to the ac-
tivation of the RhoA and Rac signaling pathways [117,118].
As the mechanisms by which other ion channels participate
in the regulation of Rho GTPase activity remain unclear,
this will be a future direction for exploration.

3.5 Yes-Associated Protein (YAP)/Transcriptional
Co-Activator with PDZ-Binding Motif (TAZ)

YAP/TAZ 1is a transcriptional co-activator initially
discovered downstream of the Hippo signaling pathway.
YAP/TAZ comprises a cascade signaling module of two
pairs of kinases: MST1/2 and LATS1/2 [123]. MST1/2
and LATS1/2 function as core protein kinases that phos-
phorylate YAP/TAZ, leading to the inhibition of nuclear
localization and transcriptional coactivation [124]. Al-
though the cytoplasmic restriction of YAP/TAZ promotes
their degradation or regulates other signaling pathways, the
accumulation of YAP/TAZ in the nucleus drives their in-
teraction with DNA-binding transcription factors, such as
TEADs, thereby regulating cell proliferation and differen-
tiation [125].

The ability of YAP and TAZ to respond to diverse
mechanical inputs underscores their importance in the reg-
ulation of mechanotransduction. The status of YAP/TAZ
activity is based on their cellular localization [126—129].
For example, different ECM elasticities and cell spreading
can modulate YAP/TAZ localization. While stiff substrates
and large cell spreading promote YAP/TAZ nuclear shift,
contact inhibition, which involves cell geometry remodel-
ing, inhibits YAP/TAZ activity. Thus, changes in cell-ECM
contacts, which are typically affected by FAs, and cell-cell
contacts, which are mediated by cadherin adhesion sites,
are assumed to be strongly related to YAP/TAZ activity

[130,131]. The angiomotin (AMOT) complex at tight junc-
tions directly restricts YAP/TAZ in the cytoplasm and/or
induces LATS1/2-mediated YAP/TAZ phosphorylation. E-
cadherin and a-catenin, which are adherens junction ele-
ments, have been demonstrated to inhibit YAP/TAZ nuclear
accumulation. Notably, the presence of the actin cytoskele-
ton and actin contractility are required for YAP/TAZ nu-
clear localization [124,131,132]. Mechanical signals in-
duced by ECM rigidity and cell shape induce YAP/TAZ
activation and nuclear accumulation via Rho/Rho kinase-
dependent actin rearrangement [131]. As diverse signals
converge on actin cytoskeletal tension, the regulation of
YAP/TAZ has been demonstrated to be multifaceted; thus,
more studies are warranted to validate the regulation of
YAP/TAZ by mechanical signals.

3.6 Wnt/B-Catenin

The Wnt/S-catenin signaling pathway has been iden-
tified as a crucial component of mechanotransduction path-
ways. Wnt ligands bind to a receptor complex including a
member of the Frizzled family and low-density lipoprotein-
related receptor 5 (Lrp5) or Lrp6. When a Wnt signal is
present, the cytoplasmic domains of Lrp5 or Lrp6 are phos-
phorylated, which eventually raises the level of -catenin
in the cytoplasm, allowing it to enter the nucleus and ac-
tivate transcriptional activity [133]. Based on prior evi-
dence, mechanical forces can upregulate the expression of
the target genes of the Wnt/3-catenin signaling pathway
[134]. Wnt/S-catenin signaling activation can further in-
crease the sensitivity of cells to mechanical forces [135].
Moreover, oscillatory fluid flow induces 3-catenin accumu-
lation in the nucleus, promotes TCF/LEF-associated gene
transcription, and upregulates the expression of Wnt-related
proteins [136]. Another study found that estradiol (E2) had
a sensitizing effect on the expression of mechanically in-
duced cyclooxygenase-2 (Cox-2). This mechanosensitizing
effect of E2 may be ligand-specific as it can be inhibited
by the anti-estrogen, ICI 182,780. However, mechanical
strain reduces the sensitizing effect of E2 and the stimula-
tory effect of Wnt in the presence of Wnt signaling activa-
tors. Additionally, mechanical stretching has been demon-
strated to stimulate the expansion of SOX9+ progenitors by
activating Wnt/$-catenin signaling [137]. A recent study
[138] revealed that different extracellular mechanical inputs
(such as mechanical compression, matrix rigidity, osmotic
pressure, and stretch) affect intracellular crowding in dif-
ferent manners, thereby impacting the mechanism by which
Whnt/[3-catenin is activated through the regulation of LRP6
signalosome.

3.7 Mitogen-Activated Protein Kinase (MAPK)

There are four main MAPK signaling pathways in
mammalian cells: extracellular signal-regulated protein ki-
nase (ERK)1/2, c-Jun amino-terminal kinase (JNK), p38
MAPK, and ERKS5. Therefore, the MAPK signaling path-
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way plays a crucial role in cytoskeletal regulation [139,
140]. ERK1/2 modulates cytoskeletal signaling by activat-
ing myosin light chain kinase (MLCK), which phospho-
rylates the light chain regulatory sequence of myosin and
induces microfilament contraction [141,142]. ERK1/2 can
affect cytoskeletal signaling by phosphorylating calpain, a
calcium-dependent protease that cleaves structural proteins,
leading to the breakage of cell adhesion sites. ERK1/2 can
also phosphorylate kinases at the local adhesion site, which
regulates the activity of integral proteins and prevent their
polymerization with piled proteins, thereby facilitating the
depolymerization of integral proteins from the ECM. These
pathways, which are regulated by ERK1/2 signaling, are
critical for maintaining the balance of cytoskeletal dynam-
ics.

The p38 MAPK pathway is considered a stress-
activated signaling pathway (SAPK) as it is activated by
various environmental stresses [143,144]. The p38 MAPK
signaling pathway is related to anti-proliferation and apop-
tosis [145], which differs from the function of ERK1/2;
thus, an interaction occurs between these two pathways.
Understanding the intricate interplay between different
MAPK signaling pathways is essential for gaining insights
into the mechanisms underlying cell fate determination and
tissue homeostasis.

4. Role of Mechanical Signals in DPSCs

The effects of mechanical stimulation on DPSCs are
multifaceted. Multiple factors that control cell fate determi-
nation of DPSCs have been identified. Below, we focused
on the role of mechanical signaling components in the pro-
liferation and differentiation of DPSCs.

4.1 Mechanoregulation of DPSCs Proliferation

Integrin is crucial for DPSC proliferation in the cell-
ECM interplay. For instance, the inhibition of integrin-a5
(ITGAS) expression was found to prevent the migration and
proliferation of DPSCs but enhance odontogenic differen-
tiation [146,147]. When ITGAS expression is suppressed,
the levels of pFAK, pERK1/2, and pAKT are upregulated.
Furthermore, the expression of the Wnt/3-catenin regula-
tors, DKK1 and SFRP1, has been shown to increase, in-
dicating a crosstalk between cell-ECM-mediated signal-
ing and cell-cell adhesion-related signaling. Integrin-a6
(ITGA®6) plays a similar role in promoting pluripotency
maintenance and the proliferation of DPSCs while in-
hibiting their odonto/osteogenic differentiation through the
Rho/ROCK signaling pathway [148].

The role of ion channels in DPSC proliferation has
been extensively studied. The activation of Piezol by
Yodal induces ATP release, which promotes DPSC migra-
tion, subsequently activating the P2 receptor purinergic sig-
naling pathway and the downstream PYK2 and MEK/ERK
signaling pathways [149]. The proliferation of DPSCs
is affected by the activation of MAPK/ERK1/2 signal-
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ing after 24 h of low-intensity pulsed ultrasound (LIPUS)
stimulation [150]. In contrast, the presence of the piezo
blocker, ruthenium red (RR), inhibits the proliferation of
LIPUS-stimulated DPSCs [151]. These results demonstrate
that Piezo positively modulates DPSC proliferation. The
TRPCI1 channel inhibitor, SKF96365, inhibits the prolifer-
ation of DPSCs in a dose-dependent manner [152], whereas
TRPM4 is essential for the proliferation and survival of DP-
SCs by mediating Ca?* signaling [153]. Notably, the inhi-
bition of TRPM7 suppresses the proliferation and migration
of DPSCs under conditions of induced osteogenic differen-
tiation [154]. Further research is required to explore the
specific mechanisms by which ion channels interact with
other signaling pathways to control cell proliferation.

Rho GTPases, particularly Racl, have been shown to
participate in the regulation of DPSC proliferation. Racl
silencing suppresses the pro-apoptotic effect of miR-224
in DPSCs. However, whether other Rho GTPases are in-
volved in the regulation of DPSC proliferation remains to
be investigated [155].

Based on growing evidence, YAP/TAZ plays a role in
the proliferation process. DPSCs seeded in a static mag-
netic field accumulate nuclear YAP/TAZ has been demon-
strated to promote cell proliferation [156]. In addition,
the inhibition of TAZ in DPSCs downregulates the regu-
lation of CTGF and Cyr6, and suppresses cellular prolifer-
ation and migration through the TGF-S-dependent signal-
ing pathway [157]. Consistently, increased TAZ expres-
sion mediated by miR-584 promotes the proliferation and
migration of DPSCs via the PI3K/AKT pathway [158]. As
YAP/TAZ signaling has been extensively shown to be in-
volved in the regulation of cell proliferation in other stem
cells [159,160], further research is necessary to clarify the
specific mechanism by which YAP/TAZ cooperates in con-
cert with other mechanical components to promote DPSC
proliferation.

Wnt signaling is another signaling pathway that is es-
sential for the growth of DPSCs. The promotion of DPSC
stemness by the Wnt signaling pathway is related to its ef-
fects on oxidative metabolism upon activation. In particu-
lar, metabolic remodeling is accompanied by enhanced gly-
colysis and mitochondrial tricarboxylic acid cycle (TCA)
activity [161]. When Wnt/S-catenin expression is inhib-
ited, the calcium hydroxide-induced proliferation and mi-
gration of DPSCs are abolished [162]. Wnt signaling pro-
motes DPSC stemness by coordinating with the Notch sig-
naling pathway [163]. Overall, Wnt signaling promotes the
proliferation of DPSCs.

Increasing evidence highlights the role of the MAPK
signaling pathway in the mechanically stimulated prolifer-
ation of DPSCs. When uniaxial stretching is applied to DP-
SCs, the expression of phosphorylated Akt, ERK1/2, and
p38 MAPK is induced, which promotes DPSC prolifera-
tion. In contrast, stretch-induced proliferation of DPSCs
is abolished after inhibition of the MAPK/ERK pathway.


https://www.imrpress.com

Interestingly, osteocalcin and osteopontin are significantly
inhibited by stretching, indicating that stretching inhibits
osteogenic differentiation of DPSCs [164]. As previously
mentioned, LIPUS stimulation activates MAPK/ERK1/2
signaling in DPSCs to increase their proliferation. Using se-
lective ERK1/2 inhibitors before ultrasound exposure abol-
ished the stimulatory effect on DPSC proliferation, whereas
the inhibition of p38 and JNK had no effect [148]. Further,
vibrations induce GO/G1 arrest in DPSCs, inhibiting their
proliferation [165]. These data emphasize the unique role
of ERK1/2 in the MAPK pathway in the presence of vi-
brations during DPSC proliferation [150]. Atypical physi-
cal stimuli may contribute to the proliferation of DPSCs via
MAPK signaling. For example, the application of 0.4-Telsa
static magnetic fields (SMFs) on DPSCs significantly trig-
gers p38 MAPK and promotes the proliferation of DPSCs.
During this process, the cytoskeleton and cell morphology
are reorganized [166]. Cells treated with a 0.4-Telsa SMF
also exhibit a higher regeneration potential capacity for pulp
repair by regulating MAPK signaling. Furthermore, the
promotion of proliferation and migration is inhibited by the
p38 inhibitor, SB203580 [167].

4.2 Mechanoregulation of DPSCs Odonto/Osteogenic
Differentiation

The role of mechanical ion channels in the process
of odonto/osteogenic differentiation of DPSCs has been
demonstrated. TRPM7 in DPSCs reduces the expression
of specific odontoblast markers, such as ALP, DSPP, BSP,
RUNX2, and OSX, indicating that TRPM7 plays an im-
portant role in the osteogenic differentiation of DPSCs
[154]. Odonto/osteogenic differentiation induced by low-
level light-emitting diodes has been shown to be medi-
ated by TRPVI1. Specifically, capsazepine, a selective
TRPV1 inhibitor, inhibits odonto/osteogenesis in DPSCs
[168]. However, the piezo-dependent mechanism mediat-
ing DPSC differentiation remains unclear.

Rho GTPases and the downstream effector protein,
ROCK, promote the differentiation of DPSCs. Treatment
with the C3 exoenzyme, a RhoA/ROCK signaling pathway
inhibitor, was found to suppress the expression of RUNX2.
In particular, the presence of the C3 exoenzyme has been
demonstrated to significantly promote odontoblast differen-
tiation of DPSCs in the late stage without affecting the early
stage. An interesting research direction would be to deter-
mine whether other Rho GTPases can mediate mechanical
signals to regulate DPSC differentiation [169].

The mechanoregulation of YAP/TAZ during DPSC
differentiation has been reported previously. SMFs rear-
range the cytoskeleton of DPSCs and recruit YAP/TAZ to
the nucleus, which upregulates the corresponding genes,
CTGF and ANKRDI, finally promoting DPSC mineral-
ization [156]. Consistently, the roughness and pore sizes
associated with the scaffold topographic cues affect the
nuclear localization of YAP by altering the arrangement

and morphology of cellular F-actin, thereby promoting the
odonto/osteogenic differentiation of DPSCs [170]. The
topographical factors of PGLA membranes promote the
nuclear translocation of -catenin in DPSCs, suggesting
YAP/TAZ interacts with Wnt/3-catenin and promotes the
odontogenic differentiation process of DPSCs under me-
chanical stimulation [171]. A recent study revealed that
hyaluronans promote odonto/osteogenesis by activating
YAP/TAZ in DPSCs [172]. The subcellular location of
YAP/TAZ was found to remain the same on polydimethyl-
siloxane (PDMS) substrates; however, the relationship be-
tween YAP/TAZ and mechanical cues requires further in-
vestigation.

Emerging evidence connects DPSC differentiation to
mechanically induced Wnt signaling. Pulsed electromag-
netic fields (PEMFs), such as DSPP, DMP1, and RUNX2,
induce a significant increase in odontogenic markers, and
GSK-33/3-catenin signaling is involved in this process
[173]. WntlOa, which acts as an upstream regulatory
molecule of DSPP, is induced by cell-matrix interaction
during DPSC odontoblastic differentiation [174]. When
DPSCs were cultured on more rigid PDMS, the odonto-
genic differentiation ability increased with upregulation. In
contrast, the expression of GSK-3/, a negative regulator
of [-catenin in the Wnt signaling pathway, was inhibited
[175]. Therefore, the odonto/osteogenic differentiation of
DPSCs is regulated by matrix stiffness through the typi-
cal Wnt/(S-catenin signaling pathway. The Wnt/-catenin
pathway is activated by SATB2-mediated DKK 1, which ul-
timately promotes odonto/osteogenesis in DPSCs [176]. In-
terestingly, a previous study revealed that the typical Wnt
signaling pathway plays a negative role in the regulation
of odonto/osteogenetic differentiation of DPSCs. Wntl in-
hibits ALP activity, mineralizes nodule formation, and in-
duces OPN expression in DPSCs. In addition, the overex-
pression of $-catenin inhibits the differentiation and miner-
alization of DPSCs [177]. Similarly, short-term activation
of Wnt signaling by Wnt3a is reversible in the default os-
teoblastic lineage pre-differentiation phenotype of DPSCs
[178]. Thus, different Wnt signaling components can par-
ticipate in the positive and negative regulatory mechanisms
of DPSC differentiation.

Several studies have supported the role of the MAPK
pathway in DPSC differentiation. Exposure to medium-
magnitude sonic vibration was found to enhance the odon-
togenic differentiation of DPSCs, which was accompanied
by an increase in the expression of osteogenic markers (os-
teocalcin, BMP-2, and ALP). These studies suggest that
mechanical vibrations are related to MAPK signaling dur-
ing DPSC differentiation. Nevertheless, 0.4-Telsa SMF ex-
posure promoted a significant increase in the expression
of DSPP and DMP-1, whereas DPSC differentiation was
significantly reduced in the presence of the p38 inhibitors,
SB203580 and SMF [167]. Another study revealed that
the odontoblastic differentiation of DPSCs under mechan-
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ical compression is mediated via the MAPK pathway by
ERK1/2 and p38 rather than by JNK, as the phosphoryla-
tion level of JNK remains the same. In addition, coordina-
tion between the MAPK and Wnt signaling pathways has
been demonstrated to play a role in promoting DPSC dif-
ferentiation [179].

5. Conclusions

Recently, there has been a significant interest in the
role of mechanical stimuli in tissue homeostasis. DPSCs,
which exhibit self-renewal and multilineage potential, play
a critical role in pulp homeostasis and restorative dentin
formation. This review provides further insights into the
biomechanical properties of DPSCs. Notably, the diversity
of mechanical stimuli increases the potential intricate inter-
action in DPSCs, thereby providing a greater opportunity to
explore the interplay between each mechanical stimulation
factor in determining DPSC fate. Thus, mechanical cues
may offer innovative biomaterial platforms or biochemical-
mechanical strategies that regulate the differentiation and
proliferation of DPSCs by interconnecting cell microenvi-
ronments, biomaterials, and cell behaviors. Overall, this
study provides a theoretical basis for DPSC applications in
tissue engineering and regenerative medicine.
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