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Abstract

Background: The damaged neuronal cells of adult mammalian lack the regenerative ability to replace the neuronal
connections. Periodontal ligament stem cells (PDLSCs) are the promising source for neuroregenerative applications
that can improve the injured microenvironment of the damaged neural system. They provide neuronal progenitors
and neurotrophic, anti-apoptotic and anti-inflammatory factors. In this study, we aimed to comprehensively explore
the various neuronal differentiation potentials of PDLSCs for application in neural regeneration therapy.

Main text: PDLSCs have superior potential to differentiate into various neural-like cells through a dedifferentiation
stage followed by differentiation process without need for cell division. Diverse combination of nutritional factors can
be used to induce the PDLSCs toward neural lineage. PDLSCs when coupled with biomaterials could have significant
implications for neural tissue repair. PDLSCs can be a new clinical research target for Alzheimer’s disease treatment,
multiple sclerosis and cerebral ischemia. Moreover, PDLSCs have beneficial effects on retinal ganglion cell regenera-
tion and photoreceptor survival. PDLSCs can be a great source for the repair of injured peripheral nerve through the
expression of several neural growth factors and differentiation into Schwann cells.

Conclusion: In conclusion, these cells are an appealing source for utilizing in clinical treatment of the neuropatho-
logical disorders. Although significant in vitro and in vivo investigations were carried out in order for neural differ-
entiation evaluation of these cells into diverse types of neurons, more preclinical and clinical studies are needed to
elucidate their therapeutic potential for neural diseases.

Keywords: Periodontal ligament stem cells, Neural regeneration, Neural differentiation, Neurotrophic factors,
Apoptosis, Inflammation

Introduction constitute the PNS. The PNS has a built-in ability to

The central nervous system (CNS) and the peripheral
nervous system (PNS) are parts of the nervous system.
The brain and spinal cord make up the CNS, whereas cra-
nial and spinal nerves, as well as their associated ganglia,
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regenerate and repair itself, whereas the CNS is essen-
tially incapable of self-repair. Furthermore, depending
on the characteristics and type of damage, the inherent
regenerating ability is limited through injury itself [1].

In neural injuries, the damaged neural cells such as
neurons and glial cells of adult mammalian lack the
regenerative ability to replace the neuronal connections.
This is due to the limited ability of neuronal progenitors
to regenerate functional neuronal cells and inhibition of
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neural regeneration by the local injured microenviron-
ment, especially in the glial scar [2].

One of the main formidable reasons for the limited
success of pharmacotherapeutic strategies in neural
damages is the microenvironment of the injury site with
many molecular growth inhibitors that are hostile to
any neuroregenerative therapy and function restoring of
nerve fibers. It leads to the incapability of the damaged
nerves to regrow and develop new synaptic connections.
Targeting these inhibitors could be an efficient approach
to overcome the permanent stopping of nerve growth [3].

The development of more precise therapies focused
at specific molecular targets linked with a specific dis-
ease or injury of the nervous system has resulted from
advances in neuroregenerative research. Due to several
pathological injury processes and mechanisms, any neu-
roregenerative approach that focuses on just one of the
events or mechanisms will not probably lead to a consid-
erable therapeutic effect on neural injuries. The reasons
for the limited therapeutic options are mainly because
of both the extracellular and intracellular components of
the nervous system that inhibits regeneration. To bridge
the short-term requirements and revive immediate func-
tion of the nervous system, changes in plasticity and
neuroregeneration firstly occur at the regional level. The
lengthy and more permanent process of restoring func-
tion occurs at cellular level and promotes one or more of
the restorative mechanisms which may improve neuro-
logical damages [4, 5].

Neuroregenerative medicine (NRM) is a growing field
with the goal of neurogenesis, angiogenesis and synaptic
plasticity [5] through replacement of lost cells and tis-
sues and restoration of normal function [2]. Scientists are
optimistic about the potentials of NRM to lead to provid-
ing novel approaches for the treatment of neural diseases
and answer the ethical questions about their clinical
applications [6].

NRM uses stem cells as a promising tool that make up
for the scarcity of cell alternatives. Transplanted stem
cells can improve the microenvironment in the injured
site of the neural system and provide neuronal progeni-
tors [7]; then, they help to slow or repair the deteriora-
tion related to degenerative or traumatic neural diseases
and trigger a great effort in the field of preclinical and
clinical neural research [8].

Mesenchymal stem cells (MSCs) have potential to inte-
grate into host neuronal networks and renew functional
neural connections. They can restore synaptic trans-
mitter secretion, modulate the plasticity of damaged
host tissues as well as release growth and neurotrophic
factors with ability to promote cell survival [9]. In addi-
tion, MSCs have been found to diminish inflammation
in vivo by suppressing pro-inflammatory cytokines and

(2022) 13:273

Page 2 of 14

increasing anti-inflammatory cytokines and antigen-spe-
cific T-regulatory cells [10]. Researchers suggested that
MSCs can cross the blood—brain barrier (BBB) [11], and
this ability is the main reason for the treatment potential
in neural diseases like cerebral ischemic diseases or spi-
nal cord injuries [12, 13].

The oral cavity as an available source of MSCs includes
two kinds of cells. Nondental oral MSCs which comprise
periodontal ligament stem cells (PDLSCs), gingival MSCs
(GMSCs), and dental follicle stem cells (DFSC) and the
dental MSCs which consist of stem cells from apical
papilla (SCAP), dental pulp stem cells (DPSCs) and stem
cells from exfoliated deciduous teeth (SHED) [7].

Oral stem cells are rather accessible and show broad
differentiation potential and high plasticity; hence, they
can make autologous cell transplantation possible [8].
Moreover, they have advantages such as a higher prolif-
eration rate and potential of immunosuppression [14,
15]; therefore, they are an excellent cell source in order
for allogeneic transplantation.

They originate from cranial neural crest-derived
ectomesenchymal cells (CNCCs); thus, they are capable
of differentiation into neural cells in order for the recon-
struction of central nervous system tissues. These cells
express neural progenitors markers, including nestin,
Pax6, Tujl and p75/NGEFR, and have a more favorable
neurotrophic secretome [16].

Periodontal ligament-derived MSCs
PDL is the connective tissue that connects the root of the
tooth to the alveolar bone socket, and it is derived from
embryonic CNCCs. It includes bone and cementum cells
and a mix of fibroblasts, mesenchymal and undifferen-
tiated cells, all of which are seated on a hydrated fibril-
lar extracellular substance rich in collagen [17]. Human
periodontal ligament stem cells (hPDLSCs) derived from
PDL. PDLSCs are an ethical and accessible source of
cells. These are an ample source of undifferentiated cells
with a doubling rate of 22 h from periodontal ligament
(PDL) with low rate of immunogenicity and can be trans-
planted without need for pre-differentiation, and they
have the potential for the off-the-shelf product [2].
Periodontal ligament stem cells (PDLSCs) contain 95%
of mesenchymal stem cells and 5% of neural crest stem
cells [18]. These cells have the ability to grow clonally and
express MSCs markers (vimentin, STRO-1, CD90, scle-
raxis, CD44), markers of embryonic stem cells (c-Myc,
SSEA4, Klf4, Oct4, Nanog and Sox2) and neural crest
cells markers (Sox10, nestin, Snail, Slug, Sox10 p75 and
Tujl). These markers are considered as hallmarks of
multipotency that highlight the differentiation capacity
of PDLCs into various cell types, such as chondrogenic,
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cardiomyogenic, osteogenic and neurogenic lineages
[19-21]. (Fig. 1).

PDLSCs possess cell replacement potential without
tumorigenicity in cultured PDL cells. PDLSCs can exert
an immunomodulatory effect via inflammatory cell
recruitment [22, 23]. Different spectra of neurotrophic
factors secretion were indicated by human PDLSCs such
as BDNF, NGF, CNTE, bFGF, NT-3, VEGFA, IGF-1, and
GDNE. Transplantation of different source of hPDLSCs
like autologous and allogeneic sources can be promising
paracrine-mediated and cell-free therapy for neural dam-
age. The cell surface markers and differentiation potenti-
ality of PDLSC:s are similar to that of BMSCs and DPSCs
[24], although it is demonstrated that the pluripotency
and regenerative capacity of PDLSCs decrease with age
[25].

Isolation and characterization of PDLSCs

PDLSCs isolation

PDLSCs isolation was described for the first time by
Seo BM [26] and Trubiani [27]. These stem cells can be
isolated with different techniques and expanded in a
xeno-free medium with no alteration in morphological
properties, their normal karyotype, and markers related
to pluripotency. PDLSCs can be easily harvested from
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periodontal tissue during the noninvasive procedure
[28, 29]. Different methods that are described to this
date have some technical problems, but a simplified and
highly replicable method is required [30].

Periodontal ligament biopsies can be obtained from
root planning and dental scaling procedure. The first
and second premolar teeth are suitable for the purpose
of PDLSCs isolation. Teeth must be healthy with no sign
of caries, periapical lesion, periodontal disease or gin-
givitis. Teeth are transferred in the cell culture medium
supplemented with 1% antibiotic at 4 °C. In all seeding
techniques, complete Dulbecco’s modified Eagle medium
(DMEM) (supplemented with L-glutamine, 1% antibiotic,
10% of FBS) is used in standard culture conditions (37 °C
with 5% CO2). The cells are isolated with two different
methods through enzymatic digestion with type 1 colla-
genase or trypsin/EDTA and mechanical disaggregation
and explant culture [30].

For enzymatic digestion, tissue is digested during 1 h
at 37 °C in 500 pl type I collagenase at a concentration
of 0.5 mg/ml or 500 pl of 0.25% trypsin with 0.1% EDTA
[31]. At 10-min intervals, the sample is shaken every 30 s.
The enzyme is inactivated with complete DMEM. Filtra-
tion of suspension is carried out with a 70-um-diameter

mesh to prepare a single-cell suspension, and
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centrifugation is performed at 1200 RPM/10 m. The
supernatant is removed, and sedimented tissue is resus-
pended in complete DMEM. 300-500 pL of suspen-
sion is seeded in 6-well plates, and the culture medium
is changed every 3 days. The advantages of this method
are higher vitality of samples during transportation with
DMEM, and also, conducted rinses in this method are
efficient. Disadvantages of this technique are sample fil-
tering and prolonged time for enzymatic digestion [30,
32].

For explant, cultured tissue fragments of approximately
1 mm diameter are minced and seeded on a culture plate
or flasks with a minimum amount of complete DMEM.
Explants are placed in the incubator under standard con-
ditions, and it takes 6—8 h to adhere to the culture plate.
After cell attachment, 500 pL of complete cell culture
media is added. After 72 h, to discard floating tissue frag-
ments, medium is changed. The advantage of this tech-
nique is that the use of explants provides high expectancy
to access primary tissue; the disadvantage is very pro-
longed time for explant adhesion and washes with defi-
cient time [30, 33].

PDLSCs characterization

Cell migration assessment ~ After the cells reached conflu-
ency, a lesion that causes continuity loss between PDLSCs
is performed along the culture. The culture is monitored
with photographs taken at different time points (12, 24,
48 and 72 h). After 12 h of lesion onset, cell migration
toward the scratched area can be observed. Cell numbers
increase after 24 h, and at 48 h after lesion onset, cells are
in semi-confluence, and after 72 h, cells totally can cover
the area [34].

Flow cytometric analysis for cell surface markers Multi-
parametric flow cytometry can analyze the expression
of cell surface markers of PDLSCs. PDLSCs from pas-
sage 4 are used for this experiment. Trypsinized cells are
counted using a hemocytometer, adjusted to the con-
centration of 0.7 —10° cells in 700 ml PBS, and equally
divided into seven separate flow tubes. Cells (1 x 10°) are
incubated for 45 min at 4 °C with the specific antibod-
ies conjugated with fluorescein isothiocyanate (FITC).
Cells are stained using antibodies against CD105, CD73,
CD166, CD90, CD34, CD45, CD13, CD29, CD44, CD146,
HLA-DR, OCT3/4, Sox2 and Nestin, SSEA4 intracellular
antigens, p75, SOX10, CD49, SLACS and neural crest-
related markers to study the cell surface characteristics
[32, 35, 36]. The CLPP, NQO1, SCOT1, DDAHI and a
new isoform of TBB5 proteins that are related to the cell
cycle regulation and homing, stress reaction and detoxi-
fication can be studied in PDLSCs [37]. After incubation
with each antibody, the cells are washed adequately and
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characterized with a flow cytometer. PDLSCs are nega-
tive for the hematopoietic markers, which are essential for
defining mesenchymal cells.

Trilineage differentiation of the PDLSCs PDLSCs with
upon 80% confluency are trypsinized and counted. A
total 5.1 —10° cells are seeded into wells (4.3 — 103 cells
per cm?). After cells reached 80% confluency, media is
changed from complete culture media to specific tri-
lineage differentiation media (adipogenic, osteogenic
and chondrogenic media). The differentiation media is
changed every 4 days, and the cells are fixed, rinsed and
stained on day 28; then, the adipogenic, osteogenic and
chondrogenic differentiation potential of PDLSCs can
be analyzed by staining with Oil Red O, Alizarin Red
and Alcian blue stains, respectively. The cells are left for
30 min and 50 min at room temperature for staining with
Alizarin Red/Alcian blue and Oil Red O, respectively.
Following staining, the wells are washed with water, and
water is added to each well to allow for visual inspection
during imaging and prevent the cells from drying [32].

Gene analysis with reverse transcriptase-polymerase chain
reaction (RT-PCR) The total RNA is extracted from the
isolated PDLSCs and used for the synthesis of cDNAs
through RT-PCR. The expression profile of pluripotency
markers (including Oct4A, Sox2 and NANOG) is evalu-
ated and read by gel electrophoresis. The GAPDH gene is
used as the control in the gel. The expression of GAPDH
and Sox2 in PDLSCs is more intense than that of Oct4A
and NANOG [32, 34].

Neural differentiation potential of PDLSCs

Since PDLSCs have the same embryologic origin of the
neural crest with many mature neural cell types, they are
less lineage-divergent to neural cells compared to many
other stem cells types; therefore, these options make
PDLSCs promising for neuroregenerative applications [2,
7, 38].

PDLSCs mediated neural regeneration through differ-
ent mechanisms (Fig. 2) including migrating to the defect
site and replacing the damaged cells [39] or recruiting the
endogenous neural stem cells in injured site [40]. Moreo-
ver, they exert paracrine effect via increased expression of
neurotrophic factors under the induction of neural injury
environment and lead to stimulation of the neural pro-
genitor cells to survive and differentiate [33, 41, 42]. They
promote axon regeneration and synapse formation. Also,
they can suppress cell apoptosis which is the major rea-
son of neuronal loss in spinal cord injury (SCI) and Alz-
heimer’s disease (AD) [33, 40]. In addition, they inhibit
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Fig. 2 Mechanisms of neural regeneration by periodontal ligament stem cells. Created with BioRender.com

the release of TNFa and upregulate the expression level
of anti-inflammatory cytokines [43, 44].

In this study, various neuronal differentiation poten-
tials of PDLSCs for application in neural regeneration
therapy are summarized. An additional file shows this in
more detail (see Table 1).

Widera et al. [45] reported that PDLSCs are capable
of differentiation into neural cells and glial cell lineages
[45]. PDLSCs have potential to differentiate into neu-
rofilament positive neuron-like cells, cyclic nucleotide
phosphodiesterase-positive oligodendrocyte-like cells,
and astrocyte-like cells with positive GFAP [46]. PDLSCs
can successfully differentiate into neural-like cells in
8-16 days [2].

The sequence of the maturation of the neural-like
cells from stem cells does not always need cell division.
In vitro neurogenesis from hPDLSCs does not result in
cell proliferation; it shows micronuclei movement and
transient lobulation of cell nuclei, which is strikingly
comparable to primary neuronal cultures and neurogenic
niches in adult mouse brain [47].

Furthermore, there is a theory that MSCs transdifferen-
tiate directly into neural cells, but this interpretation has
been questioned. The fundamental criticism against this
method is that the MSCs quickly adopt the morphologies
of neuron-like cells by retracting their cytoplasm rather
than actively extending neurites. Time-lapse microscopy
was used to examine the order of biological cascades

during neural differentiation processes of hPDLSCs,
human bone marrow mesenchymal stem cells (hBMSCs)
and hDPSCs. It was demonstrated that these cells shrink
substantially and via extension of neurites they change
their shape to neuron-like cells; the important point is
that a dedifferentiation stage occurs prior to differentia-
tion into neural phenotypes [48].

It is studied that growth factors have positive effects
on the neural differentiation of PDLSCs. The nutritional
factors like basic fibroblast growth factor (bFGF), nerve
growth factor (NGF), L-glutamine, insulin-like growth
factor-1 (IGF-1) and epidermal growth factor (EGF) are
leading to induction of PDLSCs differentiation into neu-
ronal lineage [49]. NGF is an effective inducing factor.
Preconditioning of PDLSCs with dimethyl sulfoxide leads
to better results [50].

Through using a combination of bFGF and EGE,
PDLSCs can be induced into neural-like cells. Morpho-
logical changes to both neuronal and glial phenotypes
were evident after this neuro-induction treatment and
a significant increase was detected in b-tubulin III and
nestin expressions, as well as positive staining of GFAP.
Moreover, neural connections have been demonstrated
with positive staining of synaptophysin in immunohis-
tochemical analysis. The whole-cell patch clamping veri-
fied the outward and inward currents via voltage-gated
sodium channels. In this process, PDLSCs differentiated
into the neural cells at different rates because CD133
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(human stem cell marker) did not show statistically sig-
nificant change and SOX1 and NEFM noticeably but not
statistically increased compared to control. Noggin that
commonly has a function in neural development signifi-
cantly decreased most likely due to increasing in matured
cells [2].

Neural crest stem cells (NCSCs) differentiated from
hPDLSCs were induced through differentiation medium
containing bFGF and EGF for 24 days. The cells showed
glutamate-induced calcium responses and time-depend-
ent increase in markers of neuronal and glial cells
including BIII-tubulin, NeuN, neurofilament, S100, neu-
ron-specific enolase and GFAP. The process of neuronal
differentiation of human NCSCs is aided by miRNA reg-
ulation. After differentiation, sixty human miRNAs have
been upregulated and nineteen of them downregulated.
miR-132 overexpression in NCSCs led to the downregu-
lation of ZEB2 as a negative regulator of neuronal differ-
entiation. The gene ontology analyses demonstrated that
target genes of miR-132 are often involved in the neural
differentiation processes such as axon guidance and neu-
ron projection; therefore, miR-132 can help to neural dif-
ferentiation of NCSCs [51].

Xeno-free hPDLSCs due to neural crest origin express
neural markers as nestin and GAP-43 spontaneously.
GAP-43 is present in the periodontal Ruffini endings that
play a substantial role in nerve repair and development
[52]. GAP-43 involves in mechanisms control branch-
ing and pathfinding of the glial cells [53, 54]. The PKCa/
GAP-43 nuclear signaling pathway controls neural dif-
ferentiation of PDLSCs. A cytoskeleton rearrangement
occurs during the process and shows a rounded and small
cell body with thin projections like neurites [55, 56].

PDLSCs and GMSCs were encapsulated in alginate/
hyaluronic acid hydrogel with sustained releasing of NGF.
The encapsulated PDLSCs exhibited a higher level of
neural genes expressions such as BIII-tubulin and GFAP
and more numbers of cell colonies compared to GMSCs;
however, both cells exhibited higher 3 -tubulin III expres-
sion than bone marrow MSCs. In all treated groups,
VAMP2 (a synaptic protein) was positive. It was demon-
strated that the elasticity of the hydrogel and biochemical
microenvironment can impact on the rate of differentia-
tion and proliferation of the encapsulated cells. The low-
est level of elasticity led to the highest level of B-tubulin
III expression. Moreover, the inductive signals can show
the road of differentiation process. Seeded hydrogels
were subcutaneously implanted in immunocompromised
mice. Immunofluorescence and histochemical stain-
ing after 4 weeks of implantation showed several islands
of dense structures and positive for neurogenic specific
markers inside the cell-seeded hydrogels [57].
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Central nervous system treatment

The regenerative potential of PDLSCs in CNS diseases
has been proven [51]. PDLSC engraftment and differ-
entiation into the neural cells in adult mouse brain pro-
vided strong evidence for the utilization of these cells in
order for cell therapy of neurodegenerative diseases [58].
(Fig. 3).

Effects of PDLSCs on the morphology and function
of okadaic acid (OA)-induced SH-SY5Y cells as models
of AD were investigated in vitro. PDLSCs are capable of
regenerating tissues that have been damaged by AD char-
acterized by deposited tau protein (pTau). 24-h co-cultur-
ing PDLSCs with OA-induced SH-SY5Y cells confirmed
recovery of cytoskeleton structure and cell shape as well
as cell viability compared to control. Apoptosis levels in
SH-SY5Y cells induced by OA were decreased, and pTau
expression was reduced [59]. Therefore, PDLSCs can be
a new clinical research target for the AD treatment. Fur-
ther studies about the effect of PDLSCs on the molecular
and behavioral changes in AD are required.

Single-dose intravenous injection of 10° hPDLSCs per
150 pl into the tail vein of the multiple sclerosis (MS) ani-
mal model at the beginning of the disease can decrease
the signs of inflammation and demyelination in the spinal
cord of the animals. It is due to the suppression of inflam-
matory mediators and the increased production of neu-
rotrophic factors [60].

The DPSCs’ and PDLSCs’ differentiation into neuron-
like cells was performed, and their therapeutic effects
were investigated after administration in rat model of
cerebral ischemia. Results exhibited that the expressions
of Wnt3a, enolase and tubulin were noticeably enhanced
and the expression of Jagged-1 was markedly decreased
after neurogenic induction in both groups of cells but
with more pronounced change in PDLSCs. PDLSCs
showed a higher differentiation rate and expression of
the Thy-1 (a neuronal differentiation marker). The Notch
inhibition and Wnt signaling activation were detected in
this process; therefore, these pathways have a regulatory
role in the neural differentiation of the cells. In immuno-
fluorescence studies, the spatial distribution and survival
of labeled cells in the brain of rats were detected and a
significantly higher red fluorescence signal was emit-
ted from PDLSC-treated rats. It was more around the
periphery of the ischemic area than in non-infarcted
areas on the contralateral side. In vivo, PDLSCs can
pass from the blood—brain barrier more efficiently and
migrate to ischemic areas faster than DPSCs. The size of
the infarcted area was significantly smaller in PDLSCs
treated group. This finding indicates that the neural dif-
ferentiation potential and in vivo therapeutic effect of
PDLSCs are more evident than DPSCs [61].



Mohebichamkhorami et al. Stem Cell Research & Therapy (2022) 13:273

Page 9 of 14

Q/ }\Retinitis pigmentosa

Differentiation into
photoreceptors, increased
glutamate responce, PAX6
positive [50, 53]

"3 Cerebral ischemia

]?;fferentiation of PDLSCs
into neural like cells,
passing from BBB and
migration to ischemic areas
[43]

Multiple sclerosis

Injection of conditioned
medium of PDLSCs
decreasing inflammatory
responces and oxidative

stress [44, 47, 48] \ /

Fig. 3 Treatment of disease in central nervous system through periodontal ligament stem cells. Retinal ganglion cells (RGCs). Blood brain barrier
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The conditioned medium of PDLSCs can reduce
inflammatory damage in the animal model of MS [62].
Also, purified extracellular vesicles from PDLSCs have
a similar effect. A mixed population of shedding vesi-
cles and exosomes which contain anti-inflammatory
cytokines TGF-P and IL-10 stained positive for surface
mesenchymal antigens CD29 and CD90. Moreover, the
secretome content of MSCs as a reservoir of regenerat-
ing neuronal factors is a key regulator of the neurogenic
niche [62, 63].

Conditioned medium (CM) of the cells is useful in
enhancing long-term neuronal regeneration in spinal
cord injury [64]. The injection of vesicles or PDLSCs con-
ditioned medium (PDLSCs-CM) of patients with relaps-
ing-remitting MS to mouse model of MS showed the
same result; the functional and pathology-independent
ability of PDLSCs niche was demonstrated that can be
applied for several other inflammatory and neurodegen-
erative diseases. PDLSCs-CM obtained from MS patients
under hypoxic conditions when injected (1300puG of
hPDLSCs-CM/mouse) in mouse with autoimmune
encephalomyelitis (EAE) as MS animal model leads to
reduced pro-inflammatory and induced anti-inflamma-
tory cytokines [62]. It can potentially modulate mark-
ers of oxidative stress, autophagy and apoptosis through
increasing the expression of beclin-1 and LC3 (principal
markers of autophagy) and reducing the interferon-y

and IL-17 expression (65). PDLSC secretome can reduce
oxidative stress and inflammation in injured neurons
and also can increase the functionality of the PI3K/Akt/
mTOR axis which results in restoring BDNF production.
Moreover, the conditioned medium has a neuroprotec-
tive effect due to containing NT-3, and IL-10, and also
the presence of growth factors and immunomodulatory
cytokines [66].

In an in vitro study, the immunosuppressive, neuro-
protective and anti-apoptotic properties of hPDLSCs-
CM obtained from patients with relapsing remitting- MS
have been demonstrated. The PDLSC-CM contained
extracellular vesicles with anti-inflammatory cytokines
(TGF-B and IL-10). Preconditioning of lipopolysaccha-
ride (LPS)-stimulated NSC34 mouse motoneurons with
the PDLSCs-CM led to the enhanced level of NFkB and
TLR4 and decreased amount of IkB-« in inflammation-
exposed motoneurons. Moreover, neuroprotective
markers such as nestin, NGF, NFL 70, GAP-43 as well
as inflammatory cytokines and apoptotic markers were
modulated in this study [67].

In the eye, the neuroprotective factors of hPDLSCs
have beneficial effects on degenerated retina and pho-
toreceptor survival, possibly by an anti-apoptotic mech-
anism. Experiments confirmed that PDLSCs alone
exhibited neuroprotective effect and enhanced neur-
ite regeneration in retinal tissue without macrophage
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recruitment. In in vitro experiments, the neuroprotec-
tion of PDLSCs can be increased when they are in direct
cell-cell with retinal ganglion cells (RGCs) in retinal
explant culture. This process increased BDNF secretion
by twofold, but the mechanism of this positive feedback
needs further investigation [68, 69].

PDLSCs are capable of cell replacement and differen-
tiation into the functional RGCs [12, 54]. The intravitreal
transplantation of PDLSCs can promote survival of RGC
and regeneration of axons in a rat model of optic nerve
injury which implies a potential therapy for neurological
diseases via neuroprotection [70].

The differentiated PDLSCs to RGCs expressed mark-
ers related to neurons and RGCs including B-III tubulin,
POU4F2, ATOH7, MAP2, TAU, SIX3 and NEUROD1
and have the ability to form synapses. They showed spon-
taneous electrical activities as well as glutamate-induced
calcium responses which are the characteristics of func-
tional neurons. During the induction process, the expres-
sions of VEGF and PTEN as miRNA-targeted candidates
were significantly upregulated [69].

Moreover, the PDLSCs can be induced to retinal fate
expressing photoreceptor makers [68]. PDLSCs produced
neurospheres in low attachment culture and express
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neural progenitor markers. On a surface with Matrigel
coating, neurospheres showed rosette-like outgrowth
and expressed eye-related factors; 94% of the cells tested
positive for Pax6 (retinal progenitor marker). They pro-
duced markers of photoreceptors such as rhodopsin, and
its kinase and Nrl; also, they showed considerable excita-
tory glutamate response after continuous induction.
Induction into retinal fate was carried out by a protocol
to development of retinogenesis and anterior neural plate
through inhibition of BMP and Wnt signaling [68, 71].

The PDLSCs have intrinsic PAX6 expression which is
mostly located inside of the cytoplasm. After induction
to retinal fate, in the majority of cells Pax6 protein was
translocated into the nucleus. Pax6 nucleocytoplasmic
translocation and also its nuclear retention are mediated
by TGE signaling and interaction of Smad3-SPARC [72—
74]. However, it is not yet to be determined whether the
reason of Pax6 translocation is the changes of the retino-
genesis signaling or is due to other factors.

Peripheral nerve system treatment

PDLSCs through the expression of several neural growth
and differentiation factors have shown important neuro-
trophic effects in peripheral nerve injury [41] (Fig. 4). A
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Fig. 4 Repair and regeneration of the peripheral nerve injury by different mechanisms through periodontal ligament stem cells. Created with
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promising strategy for peripheral nerve repair is Schwann
cell (SC) transplantation. PDLSCs are one of the cell
sources that can be differentiated into SC-like cells [50,
75]. Different pathways are involved in this process, but
it is demonstrated that Erkl1/2 signaling is one of the
most important pathways in the differentiation process
of PDLSCs to SCs. During this process, Erk1/2 signal-
ing inhibition leads to reduced expression of SCs specific
markers such as P75, S100 and GFAP as well as decreased
myelinization-related genes including PO, krox-20 and
Oct-6 [76-78].

Reports demonstrated that indirect co-culturing of
heterogenous Schwann cells and PDLSCs can induce
PDLSCs toward Schwann cell phenotype through allo-
genic neurotrophic factors released by Schwann cells.
Neural differentiation began 24 h after co-culture, and
the most detectable neural differentiation of PDLSCs
appeared 14 days later [75].

In a study, the biological behavior of induced PDLSCs
into Schwann cells (SC) was investigated on the sand-
blasted and acid-etched titanium surface. The goal of this
study was to seek whether the SC-like cells placed on the
implant can replace SCs in injured nerve endings. They
used PDLSCs instead of SCs due to difficulties obtaining
pure and ample sources of SCs. The study showed that
the differentiated PDLSCs had the highest expression of
SC markers and proteins on the SA titanium surface [79].

Furthermore, SH-SY5Y cells of human neuroblastoma
were incubated with CM of the SCAPs, PDLSCs and
DPSCs. Neurotrophic factors in the conditioned medium
of these stem cells can induce differentiation of neuro-
blastoma SH-SY5Y cells to cells with neurites outgrowth.
Stimulation of these cells with a combination of growth
factors leads to a significant upregulation of GDNF and
BDNF in the CM of SCAPs and DPSCs but not in the
PDLSCs. Their CM leads to an increase in the length of
the neurite and also the number of cells producing neu-
rites. BDNF in their CM plays a vital role in the stimu-
lation of neurite outgrowth [41, 80]. In in vivo, conduits
seeded with SCAPs, DPSCs, PDLSCs and rat Schwann
cells (rSC) were utilized to treat a 10-mm nerve defect in
a rat model of sciatic nerve injury. The greatest distance
of axon regeneration was created in rSC and SCAP-
treated group. All seeded conduits significantly reduced
the expression of caspase-3 in injured area compared to
group with empty conduit. In vivo assay detected BDNF
expression in the area of the injected cells. All of these
stem cells significantly increased axon regeneration and
led to neuroprotective effects in neurons of the dorsal
root ganglia [41]. The ability of these three stem cells in
combination with a fibrin glue conduit showed that SCAP
and PDLSCs have neural repair potential through direct
differentiation toward neural cells or they participate in
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nerve regeneration through paracrine manner [70, 80,
81]. A higher level of neuronal markers was detected in
PDLSCs and SCAP compared to DPSCs based on mRNA
levels and immunocytochemical staining [82].

Moreover, PDLSCs were transplanted into rats with the
crush injury in left mental nerve. Concurrently, control
group received autologous SCs and PBS. After 5 days of
injection, expression of NGF receptor was significantly
increased, and after 2 and 4 weeks, the sensory function
of the cells was significantly recovered. Also, the num-
bers of myelinated axons and sensory neurons were sig-
nificantly amplified. These results demonstrated that the
effectiveness of PDLSCs injection for axonal regenera-
tion was equivalent to reparative ability of Schwann cells.
Moreover, human PDLSCs through differentiation into
Schwann cells can be alternative source for the autolo-
gous SCs in order for the regeneration of the peripheral
nerve injury. [80, 81].

Main challenges and future perspectives
Periodontal ligament stem cells can be an appealing
source of stem cells for regenerative medicine, includ-
ing nerve regeneration. Using PDLSCs presents a diffi-
culty in terms of isolation and culturing approaches. It is
necessary to investigate the unique culturing procedure
required for neuronal differentiation. These cells are het-
erogeneous sources with various differentiation priorities
for multiple cell fates; identifying the precise subgroup
of these cells could be a significant step. It is necessary
to develop the most efficient methodology for obtaining
and storing PDLSC-conditioned media containing vari-
ous neurotrophic and anti-inflammatory factors. Based
on their neurogenic potential, the protein content of the
conditioned media of these stem cells has to be inves-
tigated further. The effect of their exosome on neural
differentiation has yet to be determined. Although sig-
nificant in vitro and in vivo investigations were carried
out in order for neural differentiation of these cells into
diverse types of neurons, more preclinical and clinical
studies are needed to elucidate their therapeutic poten-
tial for neurodegenerative diseases.

Conclusion

Periodontal ligament stem cells have favorable biological
features that can be obtained from the periodontal liga-
ment as an autologous source. They are readily available,
stable, and sufficient sources of cells that do not trigger
immunological responses and have great features such as
immune modulation and neuroprotection. PDLSCs are a
unique type of cell that can be used in repairing neural
tissue since they are originated from neural crest. They
have potential to differentiate into various cells such as
neural-like cells under inductive conditions. Various
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compounds in their conditioned media and extracellu-
lar vesicles can replace cells in most tasks, but it needs
further research into their potential usage. PDLSCs can
release neurotrophic factors which can help in the myeli-
nation and the regrowth of neurons. In vitro and in vivo
investigations have reported that they are useful in treat-
ing central and peripheral nervous system diseases. Fur-
thermore, when paired with biomaterials, PDLSCs could
have significant implications for neural tissue repair,
which has to be investigated further. To summarize, these
cells have a good potential for use in clinical investiga-
tions for neural regeneration, but there are still a number
of challenges to conquer.
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