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Abstract: Stem cells are a well-known autologous pluripotent cell source, having excellent potential
BY to develop into specialized cells, such as brain, skin, and bone marrow cells. The oral cavity is
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cells. In recent years, several studies have reported that plant extracts or compounds promoted the
proliferation, differentiation, and survival of different oral stem cells. This review is carried out by
following the PRISMA guidelines and focusing mainly on the effects of bioactive compounds on
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oral stem cell-mediated dental, bone, and neural regeneration. It is observed that in recent years
studies were mainly focused on the utilization of oral stem cell-mediated regeneration of bone or
dental mesenchymal cells, however, the utility of bioactive compounds on oral stem cell-mediated
regeneration requires additional assessment beyond in vitro and in vivo studies, and requires more
randomized clinical trials and case studies.

Keywords: oral stem cells; mesenchymal cells; osteogenic proliferation; dental; oral cavity; bioactive
compounds; PRISMA

1. Introduction

The term dental pulp stem cells was given by Gronthos to stem cells isolated from the
dental pulp tissue of humans [1]. After the discovery of dental pulp stem cells (DPSCs) the
researcher shifted their focus to other dental tissues for exploring new dental mesenchymal
stem cell-like populations that resulted in the subsequent identification and characterization
of stem cells, such as mesenchymal stem cells derived from gingiva (GMSCs) [2], stem cells
from human exfoliated deciduous teeth (SHEDs) [3], stem cells derived from periodontal
ligament (PDLSCs) [4], apical papilla derived stem cells (SCAPs) [5], and dental follicle
precursor cells (DFPCs) [6]. Among different mesenchymal stem cell-like populations
derived from human pulp tissue, SHEDs and DPSCs are more preferred as cell sources for
regenerative medicine due to their easy accessibility and robust proliferative activity.

Initial demonstration of DPSCs’ robust proliferative activity was presented by Gron-
thos and coworkers in his study on human DPSCs (hDPSCs) derived from a single colony
where the proliferation potential of human DPSCs was beyond 20 population doublings [7].
Mokry and coworkers” work on hDPSCs lines further corroborated these findings, as
proliferation potential beyond Hayflick’s limit was observed in all 11 lines studied with
81 being the highest population doubling number, indicative of their high potential for
self-renewal [8]. Two different studies on a comparative evaluation of cell proliferation
and colony-forming efficiency of hDPSCs and mesenchymal stem cells derived from hu-
man bone marrow (BMMSCs) have been reported. In the first study, cell proliferation
and colony-forming efficiency of hDPSCs and BMMSCs from the same age group donors
i.e., 18-25 years were studied [9], while in the second study the age group of donors was
19-29 years and 20-35 years for hDPSCs and BMMSCs, respectively [1]. Similar findings
were reported in both studies that the cell proliferation and colony-forming potential of
DPSCs was higher as compared to BMMSCs [1,9]. Cellular senescence and proliferation
arrest are triggered by repeated cell divisions that induce a significant level of telomeres
shortening, however, in the case of stem cells, telomerase shortening gets compensated by
the stem cells [10].

Higher levels of telomerase expression in human DPSCs as compared to human BMM-
SCs have been reported, which would result in maintaining greater telomerase length in
human DPSCs, probably accounting for their higher self-renewal activity and making them
a suitable candidate for clinical use in regenerative therapy [5]. Due to the multilineage
differentiation potential of DPSCs, they are capable of differentiating into cells isolated from
all three germ layers i.e., mesoderm, endoderm, and ectoderm, making them a promising
candidate for regenerative therapies in several diseases [10,11]. Because of the low im-
munogenicity and immunomodulatory properties of DPSCs, they are a suitable alternative
for heterologous as well as autologous grafts [12-14]. Numerous studies have reported
the regenerative ability of DPSCs in regenerating or repairing various somatic disorders
such as muscular dystrophy [15], spinal cord injury [16], cerebral ischemia [17], cornea
trauma [18], osteoporosis [19], acute myocardial infarction [20], diabetic neuropathy [21],
glaucoma [22], and liver fibrosis [23].

The regenerative potential of stem cells isolated from the periodontal ligament (PDLSCs),
a highly vascularized connective tissue located between the cementum of the root and
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alveolar bone socket wall, has been highlighted in several studies [24-27]. PDLSCs have
been reported to exhibit characteristics similar to BMMSCs, having the potential to dif-
ferentiate into chondrocytes, osteoblasts, and adipocytes under suitable differentiation
conditions [24]. Their periodontal tissue regeneration potential was confirmed in animal
models of periodontal defects, as they were able to form periodontal ligament structures
and cementum [24-27].

Initially discovered in the remnant of dental pulp tissue of human exfoliated deciduous
teeth, SHEDs exhibit characteristics similar to mesenchymal stem cells, such as their multi-
differentiation potential, clonogenicity, cell proliferation capacity, fibroblastic features, and
cell surface antigen expression [3,28,29]. The regenerative potential of SHEDs has been
reported in systemic lupus erythematosus [30], spinal cord injury [31], liver fibrosis [28,32],
hypoxic-ischemic brain injury [33], and ulcerative colitis [34].

The apical papilla of the tooth is a rich source of stem cells, often referred to as
SCAPs, which can be easily obtained from immature teeth of adults [24]. SCAPs are
known to have immunomodulatory properties and for having the ability to secrete a wide
range of neurotrophic and regenerative growth factors [35]. Differentiation of SCAPs
into chondrogenic, osteogenic, adipogenic, neurogenic, hepatogenic, and odontogenic
lineages of cells have been reported in stem cell-based regenerative therapies in serval
studies [6,36-39].

The lamina propria of the gingival connective tissue is a source of GMSCs, and they
can be easily isolated from free and attached gingiva, hyperplastic gingiva, and inflamed
gingival tissues [2]. The ability of GMSCs for multilineage differentiation has been high-
lighted in several studies, for having the potential to grow into osteocytes, keratinocytes,
chondrocytes, odontogenic cells, endothelial cells, adipocytes, and neural cells [40]. GMSCs
have gained significant attention in recent times as their availability and accessibility in
gingival tissues make them an attractive alternative to other dental-derived mesenchymal
stem cells for regenerative therapeutic interventions. The utility of GMSCs for potential
regenerative applications such as sciatic and facial nerve regeneration [41-43], submandibu-
lar salivary glands regeneration [44], muscle regeneration [45-47], and bone and carti-
lage regeneration [48-51] has already been demonstrated, while it has shown promising
therapeutic potential in periodontal diseases treatment [52], spinal cord injury [53,54],
Psoriasis [55,56], Colitis [57-60], Arthritis [61-64], Lupus Nephritis [65], Osteoporosis [66],
Atherosclerosis [67], Peri-Implantitis [68], Calvarial Bone Defects [69-71], Maxillofacial
Bone Defects [72-74], Palatal /Gingival Defects [75-78], Oral Mucositis [79].

Oral stem cells of mesenchymal origin are reported to have similar properties compa-
rable to mesenchymal stem cells derived from bone marrow. Despite being the preferred
choice for replacement of the injured tissues and cells, the potential utilization of mesenchy-
mal stem cells is limited in both syngeneic and allogeneic transplantations, as oxidative
and inflammatory stress at the injured sites results in their weak survival rates after trans-
plantation [80-82]. The crucial role of oxidative stress in determining the success of MSCs
transplantation can be highlighted by the fact that uncontrollable amounts of reactive oxy-
gen species (ROS) have been reported to change the in vitro differentiation pattern of MSCs
into all three osteocytes, adipocytes, and chondrocytes cell types, by specific mechanisms.
This can be better explained by an example, ROS-mediated under-expression of osteocalcin
(BGLAP), OPN, CBF-«1 or CBFA1, or blockage of Wnt/ 3-catenin pathway appear to be re-
sponsible for the inefficiency of the osteogenic differentiation. The inefficiency of osteogenic
differentiation is accompanied by an unwanted adipogenic differentiation, perhaps through
ROS-mediated overexpression of PPARy and C/EBP« (as the two adipogenesis-specific
transcription factors), FOXO gene (as an osteogenesis attenuator), or reinforcement of the
mTOR, NOX-4, and FOXO signaling pathways. As an antioxidant, LCN2 can compensate
for the inefficiency of osteogenic differentiation by stimulating the expression of CBFAI,
which is a specific osteogenesis transcription factor. Further, the reactive oxygen species
provided by NADPH oxidase 2 and 4 are needed for chondrogenesis differentiation. High
levels of oxidative stress can also affect the telomere shortening rate, which results in
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senescence and apoptosis. In fact, following DNA damage, MSCs are arrested in either
G1 to S or G2 to M phases, resulting in unwanted senescence [80,83]. Shaban et al., in
their study, demonstrated that supplementation with antioxidants may not only be a viable
option for enhancing cell survival, but also their differentiation potential [83]. The potential
of Curcumin, a herbal metabolite in regenerative medicine, has been highlighted in several
studies due to its ability to protect stem cells from oxidative stress damage, increase the pro-
liferation and differentiation potential of stem cells, and postpone the aging process [84-86].
In vitro studies on DPSCs differentiation revealed that hypoxia and TNF-« synergistically
inhibit the survival and osteogenesis of DPSCs. DPSCs, when supplemented with a 10 uM
concentration of taxifolin, a flavonoid with significant antioxidant and anti-inflammatory ef-
fects, could substantially reduce the apoptosis of DPSCs by significantly increasing carbonic
anhydrase IX (CA9) expression [87]. Several in vitro and in vivo studies have highlighted
the role of Taxifolin in providing protection against oxidative stress-induced apoptosis and
promoting osteoclastogenesis [87-89]. Artemisinin, a bioactive compound isolated from
Artemisia annua, is reported to be useful in the treatment of malaria and colon cancer [90].
Artemisinin, at the dose of 40 uM, was able to reverse cell survival suppression caused
by inflammation or hypoxia, along with reduced apoptotic rates and the expressions of
pro-apoptotic proteins. Artemisinin was also successful in restoring osteogenic differen-
tiation of DPSCs via upregulating the expression of CA9 and CA9-mediated antioxidant
responses. This study also revealed that additional exposure to artemisinin could reactivate
the Wnt/ 3-catenin signaling pathway in DPSCs in hypoxia or inflammation conditions,
thereby promoting osteogenic differentiation of DPSCs [91].

The current study reviews oral stem cell-meditated dental, neural, bone, and other
tissue regeneration and the role of bioactive compounds in oral stem cell-meditated regen-
eration. Only in vivo, clinical, and in vitro studies were included in the review, however,
earlier many systematic reviews were published evaluating the utility of oral stem cells to
differentiate into non-dental tissues, but none focused on oral stem cell-meditated dental,
neural, bone and other tissue regeneration and utilization of various bioactive compounds
in oral stem cell-mediated regeneration.

2. Research Methodology

The current study mainly focuses on the role of various bioactive compounds in oral
stem cell-mediated regeneration, which is reviewed by following PRISMA 2020 guidelines
‘Preferred Reporting Items for Systematic Reviews and Meta Analyses’ [92]. Different
studies were selected to be reviewed based on the eligibility criteria, including exclusion
and inclusion criteria. Exclusion criteria: (i) clinical trials, in vivo and in vitro studies that
do not follow ethical guidelines; (ii) studies not having full text accessible; (iii) studies
published in native languages other than English.

Inclusion criteria: (i) clinical trials, in vivo and in vitro studies evaluating oral stem cell-
mediated regeneration; (ii) findings published in the English language; (iii) recent studies
published within the last 10 years (2010 to 2021) were reviewed; (iv) studies evaluating the
effect of various bioactive compounds in oral stem cell-mediated regeneration.

For the literature search, electronic databases including Google Scholar, Scopus, Clin-
icaltrials.gov, Elsevier, and PubMed were used with the following keywords alone or in
combination: in vitro, clinical trial, in vivo, oral stem cell, dental pulp, periodontal, mes-
enchymal, cell proliferation, osteoblasts, and bioactive compounds. The literature search
was conducted within the period of 18 May 2021 to 12 December 2021 and studies published
between 2010 to 2021 were reviewed. A database search showed a total of 165 studies, out
of which, using the exclusion criteria, 8 studies were found to be duplicates, 10 studies does
not have full text, 7 studies were published in local languages except English, and 4 in vivo,
clinical trial and in vitro studies not following ethical guidelines were excluded, a further
136 studies were selected for review.

From selected clinical trials, in vivo and in vitro studies, the following information
is collected: compounds having potential bioactivities in oral stem cell-mediated dental
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SCREENING

INCLUDED

regeneration, neural regeneration mediated by oral stem cells and repair, and oral stem
cell-mediated bone regeneration. The flow diagram demonstrates the selection process,
which includes the eligibility criteria: exclusion and inclusion, the number of studies found,
and the number of studies reviewed in Figure 1.

IDENTIFICATION OF STUDIES VIA DATABASES

Studies identified using databases: Scopus, PubMed, Google scholar, ScienceDirect and
Web of sciences

!

Record screening using inclusion and exclusion criteria
(n=165)

Papers included (n = 136) Rejected papers (n = 29)

Oral stem cells mediated . Not having full text available
regeneration (n=10)

. Dental (n = 24) . Duplicate studies (n = 8)

. Neural (n = 25) . Studies published in local languages
. Bone (n=18) except English were excluded (n =7)
. Other tissue (n = 18) . In vivo and in vitro studies not
Botanicals in oral stem cell mediated following ethical guidelines were
regeneration (n = 57) excluded (n = 4)

!

Studies selected for review after screening (n =136)

Figure 1. Flow chart showing selection process, following PRISMA 2020 guidelines.

3. Oral Stem Cell-Mediated Dental Regeneration

Recent advances in stem cell-mediated regeneration have shifted the focus of clinical
dentists to regenerative endodontics, an alternative approach for the regeneration of dental
tissues via stem cells, indicating a paradigm shift from artificial to biological replacement.
The potential of DPSCs as seed cells for periodontal tissue regeneration, dentin pulp,
and bone is being widely studied these days [93-97]. In a recent study, the formation
of rich blood vessels in pulp-like tissues was observed within 6 weeks of implantation
of a 3-dimensional (3D) scaffold-free dental pulp stem cells construct in the human root
canal [98]. Histologic analyses in this study confirmed positive endothelial cells (human
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CD31) present at the center of regenerated tissue [98]. This study demonstrated the potential
of pulpal tissue regeneration by DPSCs constructed in the pulpless tooth [98].

A number of studies have confirmed that DPSCs’ subcutaneous transplantation mixed
with nanofibrous poly-L-lactic acid or tricalcium phosphate/hydroxyapatite could dif-
ferentiate into odontoblasts and form dentin, including vascularized pulp-like tissue in
immunodeficient mice [1,99-102]. Similarly, subcutaneous transplantation of SHEDs, with
collagen type 1, hydrogel, or PLLA, resulted in the formation of pulp-like tissues, including
odontoblasts and blood vessels in immunocompromised mice [103-105]. In an in vivo
study on a canine periodontitis model, regeneration of periodontal ligament tissue and ce-
mentum was observed post-transplantation of DPSCs with bone granules into periodontal
defects [106].

In another study, subcutaneous transplantation of DPSCs mixed with human salivary
gland cells in an immunocompromised mouse resulted in enhancing the differentiation
potential of human salivary gland cells to convert into functional salivary gland tissue [107].
In a study on pulp necrosis in human patients, DPSC implantation resulted in the regenera-
tion of complete three-dimensional dental pulp tissue equipped with blood vessels and
sensory nerves post 12 months of DPSC implantation [108].

Similarly, a pilot clinical study on irreversible pulpitis transplantation of mobilized
DPSCs, along with atelocollagen granulocyte colony-stimulating factor into pulpectomized
teeth, resulted in the formation of functional dentin in three out of the five patients stud-
ied [109]. A comparative study, analyzing the regenerative potential of DPSCs/HGF
(hepatocyte growth factor)—DPSC injections and DPSC/HGEF-DPSC sheets in repair-
ing/regenerating periodontal bony defects in the upper and lower first molars of miniature
pigs, revealed that periodontal regeneration/bone formation after grafting DPSC/HGF-
DPSC sheets were higher after 12 weeks, compared to DPSC/HGF-DPSC injections [110].
Hu and coworkers findings on a similar model further corroborated the finding of Cao
et.al that bone regeneration volume of 52.7 + 4.1 mm? in the case of DPSC sheets was
significantly higher compared to the DPSC injections group, where bone regeneration
volume was 32.4 + 5.1 mm? [110,111].

Similarly, in another study utilizing minipigs as a model system, PDLSCs, when
seeded in Nanohydroxyapatite/chitosan/gelatin (nHA /CG) three-dimensional porous
scaffolds, were able to significantly regenerate large bones with normal architectures
and vascularization in jawbone defects within 12 weeks of implantation [112]. Several
studies, which include pilot studies, pre-clinical studies, as well as clinical trials conducted
on different in vivo models, have highlighted the regenerative potential of PDLSCs in
periodontal complex regeneration, along with confirming the safety aspect of their use for
therapeutic interventions in humans [113-116]. Recent studies conducted on xenogenic
and autologous models have demonstrated the potential of Titanium implants with PDLSC
sheets on the surface to stimulate the formation of periodontal ligament-like tissues and
cementum-like tissues [117,118].

In recent preclinical studies, Enukashvily and coworkers demonstrated the efficiency
of a unique approach in regenerative dentistry, utilizing an anatomical prototype-a mold
representing the similar size and shape as the bone defects formed by 3D printing, and this
3-dimensionally printed form was then filled with a DPSC suspension and fibrin glue for re-
pairing bone defects in a mice model. It was observed that the viability, immunophenotype,
and osteogenic potential of DPSCs was maintained when DPSCs embedded in the fibrin
glue were utilized for repairing bone defects. Another advantage of this approach was that
apart from obtaining cell-containing implants similar to bone defects, it also allows cell
migration and proliferation, and is hard enough to maintain its shape. Another advantage
of this 3D-printed form for molding implants approach was that it could be utilized in
implant formation with components that were usually not suitable for 3D printing. This
technology could be utilized for the repair of bone tissue in dental medicine and maxilla-
facial surgery [119]. In a minipig model of periodontitis, tissue defects were effectively
restored 12 weeks after minipigs were subjected to local injection of SCAPs [120].
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In a first of a kind study, PDLSCs from the same vial were differentiated into all
three lineages i.e., fibrogenic, cementogenic, and osteogenic. Differentiation of PDLSCs
in the suitable fibrogenic medium resulted in high expressions of periodontal ligament
fibrogenic genes, such as elastin, FSP-1, COL1, and COL3 at 28 days, with improvement
in expression levels up to 20-70 fold, as compared to controls. Similarly, high expression
of cementum genes (CEMP1, CAP, and BSP) and osteogenic genes (ALP, RUNX2, OPN)
in PDLSCs was observed upon differentiation in a suitable cementogenic or osteogenic
medium respectively. This study confirmed the differentiation of PDLSCs into fibrinogen,
cementum, and bone-forming cells, thereby highlighting its potential for periodontium
regeneration to form the bone-periodontal ligament-cementum complex [121].

The therapeutic potential of GMSCs in the periodontitis treatment was demonstrated
in a study conducted by Liu and coworkers on the periodontitis model created in mice
that were apolipoprotein E-deficient (ApoE~/~) with hyperlipidemia. In the study, it
was observed that systematic transplantation of GMSCs in the tail vein in mice could
significantly attenuate hyperlipidemia and inflammatory responses after nine weeks of
transplantation, as demonstrated by a significant downregulation in mRNA expression
levels of triglyceride (TG), interleukin (IL)-6, low-density lipoprotein cholesterol (LDL),
sterol regulatory element binding protein-1c (SREBP-1c), alveolar bone loss (ABL) and
total cholesterol (TC), whereas a significant upregulation was observed in the expression
level of peroxisome proliferator-activated receptor o« (PPAR«), high-density lipoprotein
cholesterol (HDL), and IL-10, as compared to control groups. On analysis of interradicular
region histological changes, it was revealed that during weeks 1 and 2 post-transplantation,
both control and GMSC-treated groups had deep periodontal pockets, attachment loss,
inflammatory cell infiltration, and severe alveolar bone destruction, as confirmed by hema-
toxylin and eosin staining. However, this situation was reversed to a significant extent
in the GMSC-treated group 4 weeks after transplantation, with lesser attachment loss,
higher alveolar bone heights, periodontal pocket depth, and inflammatory cell infiltration.
These findings highlight the therapeutic potential of GMSCs in improving periodontitis
pathological conditions and promoting alveolar bone regeneration [52].

Figure 2 shows a diagrammatic representation of different types of oral stem cell-
mediated regeneration.

Neuron

,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,

Oral stem cell source

| PDLSCs |
| SHEDs

,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2. Diagrammatic representation of oral stem cell-mediated regeneration.
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4. Oral Stem Cell-Mediated Neural Regeneration and Repair

In an alternative strategy to the use of Schwann cell transplantation and autogenous
nerve grafting for treating large gaps of peripheral nerve developed during peripheral
nerve injuries, a nerve regeneration conduit was developed by Luo and coworkers. For
the development of the nerve regeneration conduit (third generation), a combination of
DPSCs, 10% gelatin meth-acryloyl, and human basic fibroblast growth factor (recombinant)
was filled in a composite membrane tube of cellulose/soy protein. In vivo study on a rat
model confirmed the potential of the developed nerve regeneration conduit in regenerating
nerve tissues, such as myelinated nerve fibers, neurons, and Schwann-like nerve cells, and
thereby successfully repairing a sciatic nerve with 15-mm long defect. The regeneration
of nerve tissues at the damage site was a result of the direct differentiation of exogenous
DPSCs, thereby highlighting that the therapeutic ability of DPSCs was on par with the
conventional nerve autograft in the treatment of peripheral nerve injuries [122].

In a study carried out by Zhang and coworkers, DPSCs when subjected to neuronal
inductive stimuli, acquired phenotype-resembling mature neurons, indicating their ability
for neuron differentiation and neurosphere formation, as compared to other stem cells [123].
In this study, Zhang and coworkers also investigated the potential of DPSCs for stroke
therapy by administering DPSCs in a rat model with focal cerebral ischemia, administration
of DPSCs resulted in neuron-like cell trans-differentiation and reduction, and migration
of cerebral edema (infarct size) in the brain [123]. An in vitro study on DPSCs revealed
that after 72 h of treatment with base fibroblastic growth factor and epidermal growth
factor, levels of the neuroprogenitor markers of sex-determining region Y-box 2 and nestin
significantly increased in DPSCs. In the presence of neuron-like cells with a substantial rise
in microtubule-associated protein 2 (MAP2), nestin and Neurogenin 1 (Ngn1) transcript
levels were observed, confirming the potential of DPSCs to regenerate into neuron-like
cells in suitable growth conditions [124].

In an in vivo study on male Sprague-Dawley rats modeling acute cerebral ischemia, it
was observed that DPSC transplant not only successfully improved functional recovery of
brain damage but also inhibited pro-inflammatory cytokine expression and microglial acti-
vation. Neuronal degeneration in the cortical ischemic boundary area was also attenuated
by DPSC transplantation [125].

Interspinal transplantation of SHED in a rat model with spinal cord injuries resulted in
significant hind limb functional recovery, as analyzed on the Basso, Beatie, and Bresnahan
scale (BBB) Locomotor Rating Scale. The improvement in hindlimb movements of SHED
rats was observed post one week of transplantation and remained substantial until the
6th week [31,126]. Histological evaluation conducted after six weeks of spinal cord lesion in
control and SHED rats revealed that in the ventral horn of the spinal cord, SHED treatment
partially preserved a number of motor neurons that accounted for the functional recovery
in the BBB Locomotor Rating Scale [31].

These findings also revealed that a variety of events may contribute to the neuroprotec-
tive role of SHED, such as a reduction in the overexpression of pro-apoptotic factor neuronal
nitric oxide synthase (nNOS), Tumor necrosis factor-o (TNF-a), and neuronal excitatory
amino acid transporter 3 (EAAT3), maintained basal levels of the anti-apoptotic factor
BCL-XL, contributing to less neuronal apoptosis, thereby confirming the neuroprotective
role of SHED [31].

The ability of PDLSCs to survive, migrate, and undergo differentiation to neural
cell-like phenotype, post-transplantation into the brain of 8-week-old immune-suppressed
mice has been reported [127]. In a recent study on rodent brain cells, PDLSCs, when
supplemented with appropriate growth media conditions, exhibited similar nuclear and
cellular morphology to rodent brain cells. Development of Domains similar to dendrites
and axon branches were also observed in this study and this was further validated by
positive staining for F-actin and 3-tubulin III. The results of this study also demonstrated
that not only were morphological similarities present in these cells, but they could also
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communicate to each other via synaptic-like interactions and expressed related proteins,
such as synapsin-1 and synaptophysin [128].

In the case of spinal cord injury (SCI), the neuro regenerative ability of DPSCs can
be used to target multiple aspects of recovery, for example, it can inhibit the apoptosis
of oligodendrocytes, neurons, and astrocytes induced by SCI, ultimately resulting in the
improved neuronal filaments and myelin sheath preservation. Secondly, DPSCs can directly
inhibit multiple axon growth inhibitors via paracrine mechanisms. Thirdly, lost cells were
replaced by DPSCs differentiating into mature oligodendrocytes [129]. In a Wistar rat
model of SCI, the neuroprotective role of SHEDs was highlighted, as it could reduce glial
scar, cystic cavity area, and TNF-« levels, and increase neuronal filaments, and also resulted
in the improvement of motor function [130].

In an AD cellular model, gradual restoration with re-elongation of retracted dendrites
was observed in the cytomorphology of the DPSC-treated cells. Treatment also restored the
neuron morphology, with elongated dendrites, thickened microtubular fibrils, and densely
arranged microfilaments. Treatment also resulted in significant suppression of Tau protein
phosphorylation at Ser 396 [131]. In vitro experiments showed that DPSC-derived Schwann
cells can guide axonal extension and myelination [132,133]. Studies suggested that DPSCs
can create a suitable microenvironment for neurite outgrowth and reinnervation on different
types of neural lesions [134], even in retinal degeneration treatment [135]. Amelioration of
dopaminergic (DA) neuron loss and behavioral deficits was achieved by the intrathecal
graft of DPSCs in Parkinson’s disease murine models via upregulation of anti-inflammatory
cytokines, including IL4, TNF-f3, and IL2, and reduction of proinflammatory cytokines
such as IL- 13, IL6, IL-1x and IL8 [136].

Intravenous injection of SHED-derived conditioned medium at a concentration of
100 pg/mL exhibited improvement of motor deficits in the rotenone-induced Parkinson’s
disease rat model [137]. Therapeutic effects of SHED-derived conditioned medium in
the Parkinson’s disease rat model were mediated by amelioration of neuroinflammation,
recovery of mitochondrial damage, and clearance of «-synuclein [137]. Grafting of DPSCs
in a rat model with Huntington’s disease ameliorated striatal atrophy, repaired motor-skill
impairment, and induced neurogenesis via the modulation of neuroinflammatory response
and neurotrophic factors secretion [138]. In an in vitro model of Alzheimer’s disease,
DPSC secretome degraded Af31-42 within 12 h of treatment via Ap-degrading enzyme
neprilysin [139]. SHEDs can act as a therapeutic intervention in Alzheimer’s disease in
multiple ways, such as the promotion of neuroprotection, neurotransmission, axonal elon-
gation, microglial regulation, and the suppression of inflammation. SHEDs on intranasal
administration have been also reported to significantly improve cognitive function in mice
models of AD [140]. Vasculogenesis and angiogenesis are essential components in CNS
regeneration for providing oxygen and nutrients to spinal cord and injured brain tissue,
and induction of both vasculogenesis and angiogenesis by DPSCs or their extracellular
vesicles has been reported by several researchers [141-144]. Administration of DPSCs
via intrahippocampal injection resulted in the generation of completely developed blood
vessels, comprising perfectly aligned basement membranes, pericytes and endothelial cells
in the rodent brain after one month of administration [141]. A conditioned medium of
SHEDs could promote significant outgrowth of the dorsal root ganglion neurons, along
with an increase in capillaries in mice models of diabetic polyneuropathy. It could also
prevent the sensory nerve conduction velocities” decline and with all factors, ultimately
contribute to neural function improvement by SHEDs in diabetic polyneuropathy [145].

Zhang and coworkers demonstrated that even by utilizing non-genetic approaches,
GMSCs of humans could be readily and reproducibly induced under suitable culture
conditions into neural crest stem like cells (NCSC), with an improved expression of NCSC-
related genes, such as SOX9, NESTIN, TWIST1, p75NTR, SLUG, FOXD3, and SNAIL1 [42].
His study further confirmed the regenerative potential of NCSCs derived from GMSCs
transplanted with collagen nerve conduits in a rat model with facial nerve transection,
as continuity of nerve was observed post 12 weeks transplantation. After 4 to 12 weeks
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of transplantation, analysis of clinical nerve function was done which revealed that both
GMSC-derived NCSCs group and GMSCs exhibited significant improvement in scores
of facial palsy in comparison to nerve conduits only, with the best scores obtained in the
GMSC-derived NCSCs group. Evaluation of facial nerve functional recovery, using the
ratio of compound muscle action potential (CMAP) of the injured side in comparison to
normal side at 12 weeks by electrophysiological analysis, revealed that the GMSC-derived
NCSCs group exhibited twofold recovery of CMAP, as compared to the other two groups,
thereby indicating the therapeutic potential of GMSC-derived NCSCs in the regeneration
of facial nerve [42].

Zhang and coworkers, in their study on a rat model with sciatic crush injury, demon-
strated that transplanted GMSCs at injury site regenerate into neuronal cells, although
transplantation of GMSC-derived neural progenitor-like cells exhibited the potential to
differentiate into Schwann cells as well as neuronal cells. The regenerative potential of
GMSC-derived neural progenitor-like cells and GMSCs in promoting axonal regeneration
at injury site and injured sciatic nerve distal segment was also confirmed in this study [146].

5. Oral Stem Cell-Mediated Bone Regeneration

DPSCs, when incorporated in polyglycolic acid (PGA) fiber scaffolds and transplanted
into nude mice (8-12 weeks old) under mechanical loading conditions, were capable of
forming mature tendon-like tissue after 14 weeks of implantation [147]. The DPSCs exhib-
ited good osteogenic differentiation potential and were able to stimulate osteogenesis and
bone regeneration in several in vitro as well as in vivo studies [148-153]. Implantation of
human DPSCs cultured in an alginate scaffold significantly improved the cartilage regener-
ation in a rabbit model with cartilage damage 3 months post-implantation surgery [154].
These findings suggest the future utility of human DPSCs in articular cartilage regeneration
and treatment of Osteoarthritis [154]. Similarly, the efficiency of nanocellulose—chitosan
thermosensitive hydrogel embedded scaffolds with DPSCs for promoting cartilage forma-
tion was reported by both in vitro as well as in vivo approaches [155].

Therapeutic potential of DPSCs by skeletal muscle regeneration in animal models
with peripheral nerve injury and Duchenne Muscular Dystrophy after achieving the com-
mitment for Schwann and myoblast cells, respectively, have been reported in earlier
findings [156,157]. Amelioration of ovariectomy (OVX)-induced osteopenia via reduc-
tion of T-helper 1 and Th17 cell numbers post-transplantation of SHEDs in the tail vein of
OVX mice [30]. Transplantation of SHEDs results in T-cell apoptosis induction in OVX mice
via activation of Fas pathway through Fas ligand (FasL), contributing to the downregulation
of Th17 and Th1 cells and upregulation of regulatory T-cells (Tregs). Inmunomodulation
mediated by SHEDs rescues BMMSCs impairment induced by ovariectomy and osteoclas-
togenesis activation that results in increased bone mass [30].

In a recent study on a rat calvarial defect model, Huang and coworkers loaded PDLSCs
in a specially designed recombinant human-like collagen, chitosan (CS) freeze-dried sponge
(TRFS) and hybrid transforming growth factor-33 (TGF-f33), to evaluate its potential for
repairing calvarial bone defects. The results of this study demonstrated that PDLSCs
successfully undergo osteogenic differentiation, which was further accelerated by the use of
TGF-33. This study highlights the future potential of PDLSCs as a therapeutic intervention
for restoring traumatic defects of the skull [158].

In another study, Diomede and coworkers demonstrated the regenerative potential
of GMSCs in bone tissue regeneration. In this study, GMSCs coupled with 3D engineered
scaffolds (PLA) were utilized to regenerate bone tissue in vivo, as the use of PLA allows
better mimicking of a micro-environment (endogenous) by providing 3D substrates that
ultimately results in supporting cell differentiation, survival and proliferation. In this
study, the efficiency of GMSCs, polyethyleneimine (PEI)-engineered extracellular vesicles
(PEI-EVs), and extracellular vesicles (EVs) were also evaluated for bone regeneration.
Morphological and transcriptomic analysis indicated that higher osteogenic inductivity
was observed in the group with a combination of 3D-PLA + GMSCs + PEI-EVs. This
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combination was also successful in repairing the bone calvarial defect in a rat model with
cortical calvaria bone tissue damage, as analyzed by computed tomography [70].

6. Oral Stem Cell-Mediated Regeneration of Other Tissues

Bosch and coworkers, in their study, demonstrated the potential utility of DPSCs as an
autologous cell source for corneal endothelial therapies by adopting a two-step differen-
tiation protocol for DPSCs. In the first step, DPSCs were differentiated into neural crest
stem-like cells, confirmed by the overexpression of neural crest stem cell markers such as
p75, Nestin, and AP2 markers, while in the second step these neurosphere/neural crest
stem-like cells were then differentiated into corneal endothelial-like cells, confirmed by
the higher expression level of markers such as of COL4A2, ZO-1, COL8A2, and ATP1A1
markers [14]. In vivo studies on a sodium iodate-induced model of retinal degeneration
in Sprague-Dawley rats revealed that after 2 months of DPSCs transplantation, they ef-
fectively differentiated into different retinal cell types [117]. DPSCs were able to recover
photoreceptor cells and retinal pigment epithelium, thereby restoring retinal morphology
and visual functions to an extent in a rat model of retinal degeneration [159].

Intravitreally administration of DPSCs not only provided significant neuroprotection
against retinal ganglion cell degeneration, but was also responsible for promoting optic
nerve regeneration in the optic nerve crush injury model [160-162]. Similarly, a compara-
tive study between BMMSCs and DPSCs revealed that DPSCs exhibited significantly more
therapeutic efficacy in an experimental model of glaucomatous eye featuring cytokine-
induced elevated eye pressure and associated RGC neurodegeneration, as compared to
BMMSCs [22,162]. Successful corneal epithelium reconstruction in a rabbit model with
limbal stem cell deficiency (LSCD) was reported post 3 months of transplantation of a
cell sheet (tissue—engineered) composed of DPSCs into the injured cornea of the rab-
bit [163]. Human pluripotent stem cell differentiation into the retinal pigmented epithelium
and retinal progenitor cells was promoted by SCAPs, likely via Wnt signaling pathway
inhibition [164].

In a recent study, differentiation of DPSCs into cochlear hair cells was demonstrated,
suggesting their potential as a regenerative therapy candidate for neural diseases such as
sensorineural hearing loss (SNHL), which is primarily caused by dysfunction or death
of cochlear cell types, due to their lack of regenerative capacity [165]. In another study,
a rat model with stress urinary incontinence had human dental pulp stem cells (pre-
differentiated) engrafted in the external urethral sphincter, which recovered its thickness,
promoted vascularization and, exhibited significant recovery of urinary incontinence [93].
Apart from this, the presence of DPSCs within the nerve was indicative of their involve-
ment in transected nerve repair [39]. Several studies have highlighted the potential of
DPSCs to differentiate into smooth muscle cells when provided with suitable myogenic
induction [166-168].

In an interesting in vitro study on the functional utility of cryopreserved stem cells
for regenerative application, cryopreserved DPSCs with more than one year of cryopreser-
vation were successfully differentiated into functional hepatocytes [169]. Transplantation
of SHED-derived hepatocytes in rats led to the elimination of liver fibrosis and restora-
tion of normal liver structure [170]. DPSCs trans-differentiation into esophageal stem
cells was capable of repairing or regenerating damaged esophageal tissue in a rat model
with radioactivity-induced esophageal injury [171]. Application of DPSCs in a femoral
artery-ligated preclinical ischemic rat model restored limb functions, promoted muscle
fiber regeneration, and increased angiogenesis, along with a reduction in inflammatory
responses, indicating its potential utility as a therapeutic intervention for the treatment of
critical limb ischemia [172]. Intravenously transplanted HGF-DPSCs in a rat model of ulcer-
ative colitis could alleviate intestinal mucosa injuries via trans differentiation into intestinal
stem cell-like cells, promotion of intestinal stem-cell like cell proliferation, reduction of
oxidative stress, and suppression of inflammatory responses, suggesting its potential for
clinical treatment of ulcerative colitis [173].
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The role of SHEDs in hair regeneration was demonstrated in an in vivo study on a mice
model, in which smearing the extract of SHEDs onto the C57BL/6 mice depilated dorsal
skin and resulted in a lesser balder area, as compared to Minoxidil, an FDA-approved
drug for hair loss treatment. This study revealed that SHED extracts were capable of hair
regeneration boosting and shortening the cycle of hair regeneration via Glioma-associated
oncogene 1 (Glil) and Sonic Hedgehog (Shh) signaling pathway upregulation [174].

Table 1 shows relevant case studies of different oral stem cell-mediated neural, dental,
bone and other tissue regeneration.

Table 1. Oral stem cell-mediated dental, neural, bone and other tissue regeneration.

Cell Source Study Type Major Findings References
Oral Stem Cells Mediated Dental Regeneration
DPSCs implanted in human tooth root canal
In vivo study to access viability of were differentiated into odontoblast-like
DPSCs DPSC constructs for dental pulp mineralizing cells and human CD31—positive [98]
regeneration endothelial cells were found at the center of
regenerated tissue.
hPDLSCs with nHA /CG scaffolds increased new
In vi . bone formation and generated bones larger in
n vivo study to examine bone . ith 1 larizati d
regeneration potential of hPDLSCs . size wit n.orma vasculariza IOI.I an
hPDLSCs with nHA /CG scaffolds in critical sized architectures. It is also observed that in the bone [112]
- whone defects in minipies marrow formed in the hPDLSCs/nHA /CG
J Pig group, runt-related transcription factor 2 (Runx2)
was highly expressed.
Pre-clinical study to develop
technology of DPSCs seeded fibrin gel In mice, DPSCs seeded fibrin gel implants
DPSCs implant formation, with the same size increased the bone tissue vascularization and [119]
and shape as the bone defect at the site volume.
of implantation
In osteogenic medium, hPDLSCs shows high
expressions of osteogenic genes i.e., ALP,
RUNX2, COL1, and OPN (14 and 21 days),
produced ALP activity and mineral nodules (5
and 10 folds of control).
In Vl.tI‘O stuely .to examine the hPDIfSCS In fibrogenic medium, hPDLSCs show increased
differentiation into cementogenic, PDL fibrogeni ion level
. . - genic genes expression levels,
hPDLSCs osteogenic, and fibrogenic hr'\eages'for including FSP-1, PLAP-1, COL1, elastin, and [121]
the cementum-PDL-bone periodontium COL3 (28 days) (20~70 folds of control).
regeneration
In cementogenic medium, hPDLSCs showed
high expressions of cementum genes i.e., BSP,
CEMP1, and CAP (21 days) (10-15 folds of
control), and synthesized mineralized cementum
40 folds via ALP staining and 50 folds via ABS.
Oral Stem Cell-mediated Neural Regeneration
Direct differentiation of exogeneous DPSCs in
To examine the efficiency of the CSM-GF conduit resulted in the formation of
DPSCs combination of DPSCs with bioactive new nerve tissues at the defect site. This study [122]

hydrogels for repairing large gap
peripheral nerve injuries

also demonstrated that bioactive hydrogels
combined with DPSCs could regenerate
myelinated nerve fibers and Schwann cells.
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Table 1. Cont.

Cell Source Study Type Major Findings References
EGF and bFGF-treated DPSCs shows increase in
the expression of the neuroprogenitor markers of
SRY (sex determining region Y)-box 2 (SOX2)
and nestin after 72 h.
To examine the e.fﬁ.cacy of DP.SCS A significant increase in transcript levels of
DPSCs neuronal differentiation induction by hestin, neurogenin 1 (Ngn1), and [124]
EGF and bFGE. microtubule-associated protein 2 (MAP2) was
observed post treatment as compared to cells
maintained in the control media. Treatment also
resulted in formation of some neuron-like cells.
Pro-inflammatory responses induced by
To examine the efficacy of conditioned  p-amyloid plaques is attenuated by SHED-CM
SHEDs medium from SHEDs in improving and generated a [140]
cognitive function in Alzheimer’s tissue-regenerating /anti-inflammatory
disease mouse model environment, accompanied by
anti-inflammatory M2-like microglia induction.
In the diabetic mice model, the decline in sensory
In vivo study to examine the beneficial nerve conduction velocities was significantly
SHEDs effects on diabetic polyneuropathy in ~ prevented in SHED-CM as compared to DMEM. [145]
mice by secreted factors in conditioned Neurite outgrowth of dorsal root ganglion
medium of SHED-CM neurons was also significantly enhanced in
SHED-CM.
Oral Stem Cell-mediated Bone Regeneration
In vivo study to examine the one-time SHED via a FasL/Fas pathway mediated T-cell
transplantation of SHED may prevent is which It ameliorates th
SHEDs the tail vein ameliorates ovariectomy apopt951shw 1ch as re?. atheno ales € [30]
(OVX) -induced early osteoporotic osteopenia p enot}g;? Xan . immune tolerance in
mice.
phenotype
It is observed that when DPSCs was transplanted
in aligned PGA fiber scaffolds, tendon-related
markers including tenascin-C, scleraxis,
In vivo study to examine DPSCs for collagens I(,ie)ll.e absent .hor.r}ologllle 2 a}?d VIdand
DPSCs possible application in tendon tissue tenomodulin were significantly enhanced. [147]
engineering DPSC-PGA constructs on transplantation in a
mouse model resulted in the formation of
mature tendon-like tissue under mechanical
loading conditions.
It is observed that hDPSCs express collagen II
A preliminary in vivo study to examine and aggrecan.
hDPSCs chondrogenic ability of hRDPSCs Significant cartilage regeneration was observed 3 [154]
(cultured in an alginate scaffold) to months post implantation of hDPSCs cultured in
regenerate articular cartilage 3% alginate hydrogels in a rabbit model with
cartilage damage.
hg}:)‘;j‘s]g:txiﬁ ;;)Ijé?rgglgcszfficltissocfn It is observed that hPDLSCs proliferate and
hPDLSCs undergo osteogenic differentiation in TRFS [158]

the repair of critical-size skull injury in
rats

(p < 0.05) accelerated by TGF-{33.
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Table 1. Cont.

Cell Source Study Type Major Findings References
Oral Stem Cells Mediated Regeneration of Other Tissues
DPSCs were differentiated into neural crest
stem-like cells, confirmed by the overexpression
In vitro study to examine the potential of neural crest stem cell markers such as p75,
utility of DPSCs as an autologous cell nestin, and AP2 markers.
DPSCs source for. corneal endothe.hal the}r aPles In second step neural crest stem-like cells were [14]
by adopting a two-step differentiation . . . 1
tocol for DPSC then differentiated into corneal endothelial-like
protocot for S cells, confirmed by the higher expression level of
markers such as of COL4A2, ZO-1, COL8A2,
ATP1A1 markers.
DPSCs were successfully able to differentiate
into neural stem cells with mean 24%
In vitro study to examine the ability of nestin-positive cells.
DPSCs DPSCs to differentiate into cochlear NSCs derived from DPSC were differentiated [165]
hair cell into inner ear hair cell-like cells with 81%
average cells presenting myosin VIla.
It is observed that hDPSCs—cryo were
In vitro study to examine ability of successfully differentiated into DE and
hDPSCs—crvo long-term cryopreserved dental pulp functional hepatocytes. Differentiated HLCs [169]
Y tissues to differentiation into HLCs and (30th day) and DE cells (6th day) significantly
DE cells increased hepatocyte- and DE-specific markers
at the mRNA and protein level.
It is observed that SHED up regulated the
In vivo study to examine ability of expression of Shh and Glil pathway.
SHED SHED with C57BL/6 mice skin cells to [174]

improve hair regeneration

SHED and skin cells of C57 mice when
co-transplanted to nude mice, they were found

to promote hair regeneration.

Abbreviations: DPSCs—Dental pulp stem cells; hPDLSCs—human periodontal ligament stem cells;
GFD—10% GelMA hydrogel, recombinant human basic fibroblast growth factor and DPSCs; CSM—composite
membrane; SHED—stem cells of human exfoliated deciduous teeth, DMEM—serum-free Dulbecco’s modi-
fied Eagle’s medium; PGA—polyglycolic acid; TGF—transforming growth factor; HLCs—hepatocyte like cells;
DE—definitive endoderm.

7. Botanicals in Oral Stem Cell-Mediated Regeneration

The interactions of natural plant extracts with stem cells have gained immense interest
from researchers worldwide in recent times, as several studies have highlighted the ability
of natural plant extracts/phytochemicals to promote survival, proliferation, as well as
differentiation, of various mesenchymal stem cells [175-184]. In a recent study, curcumin,
by increasing the early growth response protein 1 (EGR1) expression and activation of
PI3K, Nrf2, and AKT signaling pathway, has been reported to promote the osteogenic
differentiation potential in human PDLSCs [185,186]. In an in vitro study on PDLSCs’
osteogenic differentiation potential, it was revealed that advanced glycation end products
resulted in attenuation of PDLSCs’ osteogenic differentiation ability via activation of
canonical Wnt/3-catenin pathway; however, berberine hydrochloride, an isoquinoline
alkaloid isolated from Berberis vulgaris, was able to reverse the PDLSCs’ osteogenic potential
inhibition in an AGEs-enhanced microenvironment, partly by inhibition of the 3-catenin
and canonical Wnt pathway. Results show that berberine hydrochloride could be a potential
therapeutic intervention for promoting PDLSCs’ osteogenic differentiation in diabetes-
associated periodontitis patients [187].

Application of berberine along with SCAPs in a rat model with apical periodontitis
in immature teeth, resulted in the formation of more tissues with longer roots, smaller
apex diameters, and thicker root walls. SCAP osteogenesis was enhanced by berberine
in a time and concentration dependent manner. Berberine was also found to be responsi-
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ble for inducing the -catenin expression and enhancing (-catenin entry in the nucleus,
upregulating nuclear factor 2 downstream. Root repair enhancement in the case of im-
mature teeth with apical periodontitis by the activation of (3-catenin and canonical Wnt
pathway in SCAPs was also reported in this study [188]. Similarly, berberine was also
reported to increase the cell proliferation of DPSCs in a dose-dependent manner and
promote dexamethasone-induced osteogenic differentiation via enhancement of Runx2
transcription factor activity that was followed by upregulation of osteogenesis marker
expression. This study also confirmed EGFR and MAPK pathways’ role in promoting
osteogenic differentiation of DPSCs by berberine, as both of the pathways were activated
by berberine and inhibition of these pathways by inhibitors was responsible for signifi-
cant suppression of the osteogenic differentiation promotion potential of berberine [189].
In addition to the role of Berberine in promoting osteogenic differentiation via different
mechanisms in PDLSCs, SCAPs, and DPSCs in a dose dependent manner, the utility
of antioxidant berberine has been widely reported for attenuating H,O,-induced apop-
totic cell death of stem cells via quenching ROS production and increasing SOD activity.
This study also revealed that Berberine, via upregulation of expression level of Bcl-2 and
p-Akt, and downregulating the expression levels of Bax and cleaved caspase-3, could
significantly reduce oxidative stress-induced apoptosis of stem cells [190]. The polyphe-
nolic compound 2,3,5,4’-Tetrahydroxystilbene-2-O-f3-D-glucoside (THSG) extracted from
the dried tuber of Reynoutria multiflora (Thunb.) Moldenke, with strong antioxidant and free
radical scavenging activities when supplemented in hDPSCs, could significantly enhance the
renewal ability and proliferative potential of hDPSCs via the AMPK/ERK/SIRT1 axis [191].

The extracts of Sapindus mukorossi have been widely studied due to their wide range of
pharmacological activities such as antioxidant, free radical scavenging, anti-inflammatory,
anti-tumor, antifungal, and antimicrobial activities [178,192,193]. The seed oil of Sapindus
mukorossi was reported to enhance the odontogenic/osteogenic differentiation potential of
DPSCs by upregulation of ALP gene expression and mineralization-related extracellular
vesicle secretion [175]. In an in vitro study on fraxinellone, commonly isolated from Dic-
tamnus dasycarpus, it alleviated inflammation and promoted lipopolysaccharide-stimulated
PDLSCs osteogenic differentiation via regulation of the BMP2/Smad pathway, thereby
demonstrating its potential for clinical application in periodontitis treatment [194]. Rutin,
a flavonoid with antioxidant and anti-free radical effects present in different fruits and
vegetables, was responsible for the activation of AKT, mTOR, and PI3K signaling pathways
via G protein-coupled receptor 30. AKT, mTOR, and PI3K signaling pathway activation by
rutin resulted in a significant enhancement in PDLSCs’ potential for osteogenic proliferation
and differentiation [195].

Apart from their role in PDLSC osteogenic differentiation and proliferation, rutin
and resveratrol were reported to protect PDLSCs from the osteogenesis damage induced
by TNF-a [196,197]. In recent in vitro and in vivo studies, the antioxidant and osteogenic
potential of revestrol was demonstrated, with a concentration of 10 uM significantly increas-
ing the cell viability of hDPSCs, via reduction in ROS activity, increasing the superoxide
dismutase enzyme activity and glutathione concentration. The antioxidative and osteogenic
potential was further confirmed by increased mRNA expression of Runx2, OCN, Sirtl, and
Nrf2 genes [198]. This study also demonstrated that revestrol injected intraperitoneally in a
Kunming mice model could significantly enhance the collagen and bone matrix formation,
along with increased expression of Sirtl gene [198]. Osthole, a coumarin derivative usually
found in Cnidium monnieri with antioxidant properties, has been reported to effectively
restore defects in osteogenic differentiation of PDLSCs via epigenetic modification. Osthole
works by upregulating MOZ and MOREF, histone acetylases that are responsible for specifi-
cally catalyzing the acetylation of histone3 lisine14 (H3K14) and histone3 lisine9 (H3K9),
which act as a regulator for PDLSC osteogenic differentiation. This study also confirmed
that Osthole with a 10—7Mol/L concentration was best suited for the PDLSC proliferation
and differentiation [199]. The antioxidant role of Osthole was highlighted in other study, as
it could protect oxidative damage in stem cells via the PI3K/Akt-1 Pathway [200].
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The utility of antioxidant naringin in promoting PDLSCs’ osteogenic differentiation
and proliferation in both in vitro as well as in vivo models was reported, as it upregulates
the expression levels of bone-related genes including COL1A2, OCN, RUNX2, and OPN
at a concentration of 1 pM. Similarly, in an in vivo study on beige mice, the application of
1 uM naringin concentration resulted in the formation of a typical trabecular structure [201].

The odontoblastic differentiation of DPSCs was stimulated by shikonin via AKT-
mTOR signaling pathway and CD44 antigen [202]. Isonymphaeol B, a prenylflavonoid
isolated from Macaranga tanarius could stimulate the differentiation of DPSCs into odonto-
blasts, along with the formation of the tooth root and dentine via the MAP kinase and AKT
signaling pathway. In vitro calcium mineral deposition was also enhanced upon application
of Isonymphaeol B with DPSCs [203]. Modulation of Wnt/(3-catenin signaling pathway
and other key osteoblast-secreted proteins such collagen 1A1 and osteocalcin by ferutinin
resulted in the activation and promotion of DPSCs’ osteogenic differentiation [204].

Concanavalin A (ConA) a lectin derived from the Canavalia ensiformis plant was
reported to increase the osteogenic proliferation and differentiation potential of DPSCs,
with 5 and 10 pg/mL of concentration. This study suggested that an increase in bone
morphogenic protein-2 (BMP-2) by Concanavalin A can be attributed to the enhancement
of osteogenic differential potential of DPSCs. The addition of Concanavalin A in DPSC
cultures with a suitable osteogenic medium resulted in increased mineralization [205].
Purified ginsenoside Rgl from stem or root of ginseng was reported to promote PDLSC
and DPSC proliferation, PDLSC osteoblast differentiation, and odontoblast differentiation
in DPSCs, thus making it a promising candidate for application in maxillofacial and oral
regenerative medicine [206].

Ginsenoside Rgl treatment promoted differentiation and proliferation of DPSCs via
an increase in the expression level of genes, such as alkaline phosphatase (ALP), bone mor-
phogenic protein-2, osteocalcin (OCN), fibroblast growth factor 2, and dentin sialophospho-
protein (DSPP) [207,208]. The osteogenic differentiation potential of PDLSCs is enhanced
by ginsenoside Rgl with 10 umol/L of concentration, by enhancing the expression level of
osteopontin (OPN), RUNX2, osteocalcin (OCN), collagen I, and ALP. However, at a con-
centration exceeding 100 umol/L of ginsenoside Rgl, it was responsible for the inhibition
of cell proliferation [209]. Wedelolactone, an antioxidant commonly occurring in Wedelia
calendulacea and Eclipta alba, was capable of inducing significant odontoblast differentia-
tion in DPSCs via neuropilin-1 (NRP1) and semaphorin 3A (Sema3A) pathway-mediated
[-catenin activation, and inhibition of nuclear factor kappa B signaling pathway [210].

Application of acemannan, ‘a polysaccharide isolated from Aloe vera’, in the partial
pulpotomy treatment revealed that it could stimulate DPSCs for the formation of pre-
dominantly normal pulp tissue organization and complete mineralized bridge covering
the exposure site. In the case of teeth with reversible pulpitis, dentin regeneration was
stimulated upon application of acemannan. This study also revealed that in vitro DPSC
proliferation was significantly enhanced by acemannan, along with an increase in expres-
sion levels of type I collagen, BMP-2, vascular endothelial growth factor, BMP-4, alkaline
phosphatase and dentin sialoprotein, and mineralization [211]. Epigallocatechin gallate
(EGCG), which acts as an antibacterial crosslinking agent, resulted in the promotion of
proliferation and differentiation potential of DPSCs in collagen scaffolds, suggesting its
potential utility for regenerative endodontic therapy [212].

Asarylaldehyde treatment resulted in PDLSC osteogenic differentiation by increasing
the mRNA expression level of osteoblast-specific markers in PDLSCs. Regulation of the
transcriptional activity of alkaline phosphatase (ALP) via the p38/extracellular-signal-
regulated kinase (ERK) signaling pathway was also observed upon asarylaldehyde treat-
ment in PDLSCs [213]. Flavonoid kaempferol at a concentration of 10—6 M was reported
to promote proliferation and mineral deposition of PDLSCs. It also upregulated expression
levels of Bone Gamma-Carboxyglutamate Protein (BGLAP; osteocalcin), ALP, 3-catenin,
RUNX Family Transcription Factor 2, and Sp7 Transcription Factor (SP7; Osterix), with
all factors contributing to the enhancement of proliferation and osteogenesis of PDLSCs,
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by activation of the 3-catenin and Wnt signaling pathway [214]. The upregulation of
early growth response gene-1 by Betulinic acid resulted in enhanced hPDLSCs osteogenic
differentiation [215].

Flavonoid quercetin was able to attenuate the suppression of osteogenesis related
genes, ALP and protein activity induced by TNF-oc and mineralized matrix in PDLSCs via
inhibition of NF kB/NLRP3 inflammasome pathway, thereby reversing TNF-« mediated
osteogenic damage to PDLSCs [216]. Treatment of quercetin at concentrations of 2 and
5 uM significantly upregulated the antioxidant enzymes SOD1 and SOD2 in stem cells and
increased the viability of cells [217]. The study also demonstrated the potential of quercetin
in promoting osteogenic differentiation of stem cells via enhancing the phosphorylation of
AMPK protein and upregulating the expression of the SIRT1 signaling pathway [217].

Methanolic extract of Cirsium setidens (Dunn) Nakai at a concentration of 0.05% signifi-
cantly increased the viability of PDLSCs after 48 h of incubation. It was also responsible for
enhancing the mineralization potential of PDLSCs. Enhancement of osteogenic potential in
PDLSCs can be attributed to an increase in the expression level of alkaline phosphatase,
collagen 1, runt-related transcription factor 2, and bone sialoprotein [218]. Salidroside
isolated from Rhodiola rosea roots promoted DPSC cell viability, along with promoting their
differentiation into odontogenic and osteogenic linage via activation of the BMP signaling
pathway [219].

The flavonoid puerarin, with strong antioxidants in a concentration-dependent pattern,
increased the activity of the ALP of PDLSCs, thereby enhancing the potential of osteogenic
differentiation in PDLSCs [220]. Puerarin enhanced the osteogenic differentiation po-
tential and viability of rat dental follicle stem cells via regulating the nitric oxide (NO)
pathway [221]. The expression level of soluble guanylate cyclase (SGC), osteocalcin (OC),
protein kinase G 1 (PKG-1), runt-related transcription factor 2 (RUNX2), collagen I, and
osteopontin (OPN) was increased, along with an increase in activity of alkaline phosphatase
(ALP), nitric oxide, and cyclic guanosine monophosphate upon treatment of puerarin with
rat dental follicle stem cells [221].

PDLSCs’ osteogenic proliferation and differentiation was stimulated by Icariin in a
dose dependent manner, having maximum stimulation at 0.1 pg/mL of concentration, how-
ever concentration of icariin above 10 g - mL~! proved to be cytotoxic [222,223]. In another
study, application of icariin in a mouse model of calvarial defects and senescence increased
trabecular bone mineral density and improved bone mass [223]. Treatment of PDLSCs with
Moringin, an isothiocyanate obtained from Moringa oleifera seeds, resulted in the induction
of PDLSC differentiation to neural progenitor cells via increased gene expression levels of
genes that were involved in neuron cortical development, and specifically in neurons from
the upper and deep cortical layers, as confirmed by next-generation transcriptomics se-
quencing. Apart from moringin’s role in neural progenitor cell differentiation of PDLSCs, it
was also reported to upregulate genes involved in osteogenesis and adipogenesis, however
to a much lower fold, as compared to neuronal differentiation [224].

Activation of sirtuin 1 (SIRT1) by resveratrol has been reported by several studies to
induce bone marrow derived MSC structural morphological change and neuronal differen-
tiation [225], dental pulp [226], cord blood [227], SCAPs [228], and umbilical cord [229] into
the neural cells. Treatment of 15 uM resveratrol with DPSCs was capable of inducing NES
gene expression, responsible for coding Nestin protein, that has been reported for their
higher expression level of progenitor neural cells present in the subventricular zone of the
human brain [230]. Similarly, pre-treatment with resveratrol with SCAPs resulted in the
induction of neural progenitor marker gene expression, ultimately enhancing the induction
of neural progenitor-like cells via a synergistic mechanism when provided with a suitable
neuronal induction medium [228]. The aqueous leaves extract of Acacia nilotica promoted
chondrogenesis induction in DPSCs by upregulating the expression of various proteins in
the cellular matrix, such as aggrecan, sox9, glycosaminoglycan (GAG), and collagen 2«1
(Col2«1) that are crucial for the formation of cartilage tissue [231].
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Girija and coworkers, in their study on GMSCs, highlighted the potential of Acalypha
indica in increasing the wound healing ability of GMSCs. It was observed that wound
closure activity of GMSCs was increased up to 56.91 &= 1.21% in 24 h when GMSCs were
treated with 25 pug/mL concentration of methanolic extract of Acalypha indica, while the
percentage of wound closure was further enhanced to 89.23 &= 1.09% post 48 h of treatment.
After induction with Acalypha indica, the morphology of GMSCs changed to polygonal
cobblestone, which is a characteristic feature of keratinocyte-like cells. The transdifferentia-
tion of GMSCs into keratinocyte-like cells was accompanied by a multifold increase in the
expression levels of cytokeratin 5, cytokeratin 10, cytokeratin 14, involucrin, and filaggrin,
indicating the potential of Acalypha indica and GMSCs as a promising alternative strategy
for skin tissue engineering [232].

Pretreatment of GMSCs with nanostructured liposomes enriched with moringin for
therapeutic intervention in spinal cord injury has shown promising results in a study
conducted by Mammana et. al. The findings of this study revealed that the group receiving
GMSCs-Moringin showed significantly faster recovery of motor function from day 4 post
injury in ICR (CD-1) mice models of spinal cord injury, while the recovery in the group
receiving GMSC treatment was a bit slower i.e., 8th day post trauma, thereby demonstrating
the role of moringin in enhancing the therapeutic efficacy of GMSCs [54].

Treatment of hDPSCs with antioxidant baicalein, a flavonoid isolated from Scutel-
laria baicalensis, resulted in the upregulation of angiogenic factors and increased in vitro
capillary-like tube formation. The upregulation of bone morphogenetic protein (BMP)-2
mRNA and phosphorylation of Smad 1/5/8 and Wnt ligand mRNA, glycogen synthase
kinase-3, and nuclear 3-catenin by baicalein treatment results in the promotion of an-
giogenesis and odontoblastic differentiation in hDPSCs via activation of the BMP and
Wnt/ 3-catenin signal pathway [233]. Another study on baicalein conducted by Tian and
coworkers highlighted its role as an effective hydroxyl radical-scavenger in protecting
bone marrow-derived mesenchymal stem cells from hydroxyl radical-mediated oxidative
stress, probably via two different mechanisms i.e., hydroxyl radicals direct scavenging
via electron transfer, direct scavenging of hydroxyl radicals, possibly through electron
transfer, and indirect inhibition of hydroxyl radical generation via Fe?* chelation through
the 4-keto-5,6,7-trihydroxy groups [234].

Apigenin, a natural flavonoid with strong antioxidant, and anti-inflammatory proper-
ties, could upregulate several osteogenesis-related signaling molecules, such as osteocalcin
(OCN), bone sialoprotein (BSP), runt-related transcription factor 2 (RUNX2), BMP2, BMP4,
and BMP7 in hDPSCs post 14 days of treatment [235]. This study also confirmed the role of
apigenin in facilitating dentin-bridge formation with few irregular tubules in mice pulpal
cavities after 42 days of treatment with apigenin [235]. Tanshinone IIA is a diterpene
quinone derived from Salvia miltiorrhiza, and has been reported to induce hPDLSC osteoge-
nesis via the ERK1/2-Runx2 axis signaling pathway [236]. In another study on improving
the odontogenic differentiation potential of hDPSCs, both bakuchiol, a meroterpene phenol
of Cullen corylifolium, and C. corylifolium extract were able to significantly enhance the
odontogenic differentiation potential of hDPSCs via the upregulation of several odonto-
genic differentiation marker genes, such as dentin matrix acidic phosphoprotein-1, alkaline
phosphatase, osteocalcin, and Runt-related transcription factor 2 [237].

Table 2 shows relevant case studies on the role of bioactive compounds in management
of oral stem cell-mediated regeneration.
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Table 2. Role of bioactive compounds in management of oral stem cell-mediated regeneration.

Major Findings and Mechanism

Source Bioactive Compounds Type of Study of Action References
insivostudy mesigaed AT e
Artemisinin the effect of Artemisinin on tI)D ph oxia or inflammation in
Artemisia annua (Sigma Aldrich, St. hypoxia and TNF-o Dl}’,S g sp alone with restoring the [91]
Louis, MO, USA) mediated osteogenesis s along . & th
impairment in DPSCs osteogenic differentiation potential
P of DPSCs
Enhanced the
In vitro study to examine odontogenic/osteogenic
Sapindus Seed oil the effects of S. mukorossi  differentiation potential of DPSCs
mu;?corossi (He He Co., Ltd., Taipei, (seed oil) on the by upregulation of ALP gene [175]
Taiwan) differentiation and expression and
proliferation of DPSCs mineralization-related
extracellular vesicle secretion
Curcumin increased protein and
Curcumin In vivo study on effect of mRNA levels of COL1, ALP,
Curcuma longa (Sigma Aldrich, St. curcumin on hPDLSCs RUNX2, and activated [185]
Louis, MO, USA) osteogenic differentiation PI3K/AKT/Nrf2 signaling
pathway
Curcumin 10
In vivo studv Curcumin umol/L treatment maximal
Curcumin displavs };omotin promoting the cells viability, ALP
Curcuma longa (Solarbio Life Sciences, paysp e activities, [186]
. osteogenic differentiation . L
China) and its mechanism mineralization, and levels of
Runx2, OC, OPN, Collagen I, and
EGR-1 in hPDLSCs
Berberine hydrochloride was able
Berberine In vitro study to examine to reverse the inhibition of the
hvdrochloride effects of AGE and PDLSCs’ osteogenic potential in
Berberis vulgaris Y . berberine hydrochloride on an AGEs enriched [187]
8 (Wako Pure Chemical Y
Industries, Ltd., USA) the hPDLSCs’ osteogenic microenvironment, partly by
! v differentiation ability inhibition of the (3-catenin and
canonical Wnt pathway
Berberine induced -catenin
In vivo study to examine expression and activated the
Berberine the effect of berberine on B-catenin and canonical Wnt
Berberis vulgaris (Sigma Aldrich, St. rat root canals of immature pathway in SCAPs which [188]
Louis, MO, USA) teeth with apical improved root repair in immature
periodontitis teeth with apical
periodontitis.
In vitro study to examine Berberine enhanced hDPSC cell
Berberine offects of ber%)]erine on the proliferation in a dose-dependent
Berberis vulgaris (Sigma Aldrich, St. osteogenesis and cell pattern and activated [189]
Louis, MO, USA) roli fegra tion of DPSCs MAPK-EGFR-Runx2 signaling
P pathways.
2,354
Tetrahydroxystilbene-
Reynoutria 2-O-B-D-glucoside In vitro study investigated EI;I}?eGrZI:::VIEIe 2{) ﬁ?haar;lcg
multiflora (Thunb.) (THSG) the effect of THSG oncell < 1e renewa &0 (?f’ P pece [191]
Moldenke (Taipei Medical proliferation in hDPSCs. P P

University, Taipei,
Taiwan)

via the AMPK/ERK/SIRT1 axis
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Source Bioactive Compounds Type of Study Major Findings ar'ld Mechanism References
of Action
Fraxinellone treatment inhibits
Fraxinellone In vitro and in vivo study expression of PD-L1 by HIF-1«x
Dictamnus (Chengdu Herbpurify to examine antitumor and STAT3 signaling pathway [194]
dasycarpus Co., Ltd., Chengdu, effects of fraxinellone on downregulation, further inhibiting
China) lung cancer cells angiogenesis and proliferation in
cancer cells
. In vitro study to examine Rutin increased osteogenic
Rutin . . . . .
Facopyrim (Solarbio Science & the effects of rutin on the  differentiation and proliferation of
oY PDLSCs’ osteogenic PDLSCs by GPR30-mediated [195]
esculentum Technology Co., Ltd., . . .
Beijing, China) proliferation and PI3K/AKT/mTOR signal
cymneg, differentiation transduction
Osthole (1077 Mol/L) upregulated
MORF, MOZ, and histone
» . Osthole In vitro study to determine  acetylases that catalyze acetylation 199
Cnidium monnieri (National Institutes for osthole efficiency against of Histone 3 lisine14 (H3K14) and [199]
Food and Drug Control, defective osteogenic Histone 3 lisine9 (H3K9)
Beijing, Chi differentiation of
cijing, China) [erentiation of Osthole treatment enhanced bone
P-PDLSCs via epigenetic . .
modification formation and cell sheet formation
of PDLSC sheets in periodontitis
(animal models)
Naringin . o Naringin (1 uM) e.ff1c1ent.ly.
. - In vitro and in vivo study ~ promoted hPDLSC differentiation
(National Institute for . . . .
) . to examine the effect of and proliferation and increased
Drynaria roosii the Control of o . . . .
. . naringin on proliferation expression levels was observed in [201]
Nakaike Pharmaceutical and -
Biological Products and osteogenic related genes (COL1A2, OPN,
China) ! differentiation of hPDLSCs ~ RUNX2, and OCN) as compared
to the control group
In vitro study to identify
odontogenesis-promoting Isonymphaeol B shows
Macaranea Isonvmphaeol B compounds and examine stimulatory effects on tooth root,
tanariuf (Okir?awlz Japan) the molecular mechanism  dentine formation and odontoblast [203]
+Jap underlying enhanced tooth  differentiation via AKT and MAP
formation and odontoblast kinase signaling pathways
differentiation
In vitro study to determine ~ Concanavalin A at concentration
. . the effect of concanavalin A of 5 and 10 pug/mL to DPSCs
Canavalia Concanavalin A . N -
ensiformis (Sigma Aldrich, USA) on osteogenic and significantly increased the [205]
’ proliferation differentiation osteogenic and proliferation
of DPSCs differentiation of DPSCs (p < 0.05)
In vitro study to examine Ginsenoside Rg-1 enhanced
Ginsenoside Rgl the effects of ginsenoside osteogenic differentiation and
Panax ginseng (Bio-function, Beijing, Rg-1 on osteogenic proliferation of hPDLSCs at an [209]
China) differentiation and optimum concentration of 10

proliferation of hPDLSCs

pumol/L
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Source

Bioactive Compounds

Type of Study

Major Findings and Mechanism
of Action

References

Eclipta prostrata

Wedelolactone
(Dalian, China)

In vitro study investigated

effect of wedelolactone on

odontoblast differentiation
of DPSCs

Wedelolactone induced
odontoblast differentiation
through NRP1, Sema3A, and
NF-kB pathway inhibition and
activation of b-catenin pathway

[210]

Aloe barbadensis
Mill.

Acemannan
(Chulalongkorn
University, Bangkok,
Thailand)

In vitro study to examine
effects of acemannan on
human deciduous pulp

cells and the response after
vital pulp therapy in dog
deciduous teeth

DPSC proliferation was
significantly enhanced by
acemannan along with an increase
in expression levels of type I
collagen, BMP-2, vascular
endothelial growth factor, BMP-4,
alkaline phosphatase, dentin
sialoprotein, and mineralization

[211]

Cirsium setidens
(Dunn) Nakai

Methanolic extract
(Kangwon National
University, Republic of
Korea)

In vitro study to examine

the effects of methanolic

extracts of C. setidens on

osteogenic differentiation
of hPDLSCs

Methanolic extract treatment with
concentration of 0.05%
significantly increased the viability
of PDLSCs and also increased the
expression levels of alkaline
phosphatase, collagen 1, runt
related transcription factor 2, and
bone sialoprotein

[218]

Rhodiola rosea

Salidroside (Chengdu
Must Bio-Technology
Co., Shanghai, China)

In vitro study to
investigate the effect of
salidroside on the
odontogenic differentiation
and proliferation of
hDPSCs

Treatment with salidroside
promoted DPSCs cell viability,
along with promoting their
differentiation into odontogenic
and osteogenic linage via
activation of the BMP signaling
pathway

[219]

Moringa oleifera

Moringin
(Indena India Pvt. Ltd.;
Bangalore, India)

In vitro study to examine
efficacy of moringin to
induce PDLSCs toward

neural progenitor
differentiation

Treatment of PDLSCs with
moringin resulted in the induction
of PDLSC differentiation to neural
progenitor cells via increased gene

expression levels of genes that
were involved in neuron cortical
development

[224]

Acacia nilotica

Aqueous leaves extract
(Hormavu, Bangalore)

In vitro study to
investigate the efficacy of
Acacia nilotica leaves
extract in chondrogenesis
induction from
mesenchymal stem cells

Treatment of aqueous leaves
extract promoted chondrogenesis
induction in DPSCs by
upregulating the expression of
various proteins in the cellular
matrix, such as aggrecan, sox9,
glycosaminoglycan (GAG), and
collagen 21 (Col2cc1)

[231]

Acalypha indica

Methanolic extract
(Porur, Chennai, India)

In vitro study on GMSCs
highlighted the potential of
A.indica (methanolic
extract) in increasing the
wound healing ability of
GMSCs

Treatment of A. indica extract (25
pg/mL) wound closure activity of
GMSCs was increased up to 56.91

+ 1.21% in 24 h, while the
percentage of wound closure was
further enhanced to 89.23 £ 1.09%

post 48 h of treatment

[232]

Scutellaria
baicalensis

Baicalein
(Sigma Aldrich, USA)

In vitro study investigated
the effect of Baicalein on
Angiogenesis and
Odontoblastic
Differentiation

Baicalein promoted odontoblastic

differentiation and angiogenesis of

HDPCs by activating the BMP and
Wnt/ 3-catenin signal pathways

[233]
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of Action
Tanshinone ITIA TSA affects the osteogenic Tanshinone IIA can induce

Salvia miltiorrhiza

(Sigma Aldrich, USA)  differentiation of hPDLSCs.

hPDLSC osteogenesis through the [236]
ERK1/2-Runx2 axis

Cullen corylifolium
L.

Bakuchiol and C.
corylifolium extract
(KMD medicinal herbs
Co., Yunnan, China)

Bakuchiol and C. corylifolium
extract significantly enhance the
odontogenic differentiation
potential of hDPSCs via
upregulation of odontogenic
differentiation marker genes, such
as dentin matrix acidic
phospho-protein-1, alkaline
phosphatase, osteocalcin, and
Runt-related transcription factor 2

In vitro study to examine
the efficacy of Bakuchiol
and C. corylifolium extract
as differentiation-inducing
substances for tooth
regeneration, was
determined by monitoring
odontogenic differentiation
in hDPSCs

[237]

References

8. Conclusions

In recent years, a paradigm shift from artificial to biological replacement, due to recent
advances in stem cell-mediated regeneration, is observed as clinical dentists were now
more focused on regenerative endodontics. It is observed that oral stem cells mediated
dental regeneration, such as periodontal tissue, and dentin pulp-like complex, have gained
immense interest from researchers worldwide in recent times. Further, addressing oral
stem cell-mediated regeneration, several studies have highlighted the ability of bioactive
compounds to promote proliferation, differentiation, and survival of various mesenchymal
stem cells. It is observed that utilization of DPSCs, SCAPs, PDLSCs, and GMSCs in
dental, neural, bone, and other tissue regeneration shows potential results in clinical trials,
and in vitro and in vivo studies. Botanicals and bioactive compounds such as revestrol,
berberine, quercetin, and osthole have been reported to prevent oxidative stress-mediated
apoptosis in the stem cells via different antioxidant defense mechanisms. Apart from
increasing the viability of oral stem cells in the regenerative application, botanicals were
also capable of promoting the differentiation of oral stem cells to a specific lineage. For the
feasibility of using bioactive compounds to promote oral stem cell-mediated regeneration,
additional randomized clinical trials are required, as well as in vivo and case studies. Oral
stem cells were reported to be utilized for dental, neural, bone, and other tissue regeneration
in various in vivo studies and clinical trials, however further investigation is needed to
make their use uniform and technology available to all.

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

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the University of Kiel and Schleswig-Holstein
for their support through the OA program.

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

1. Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo.
Proc. Natl. Acad. Sci. USA 2000, 97, 13625-13630. [CrossRef]
2. Grawish, M.E. Gingival-derived mesenchymal stem cells: An endless resource for regenerative dentistry. World J. Stem Cells 2018,

10, 116-118. [CrossRef]

3. Miura, M.; Gronthos, S.; Zhao, M.; Lu, B.; Fisher, L.W.; Robey, P.G.; Shi, S. SHED: Stem cells from human exfoliated deciduous
teeth. Proc. Natl. Acad. Sci. USA 2003, 100, 5807-5812. [CrossRef]


http://doi.org/10.1073/pnas.240309797
http://doi.org/10.4252/wjsc.v10.i9.116
http://doi.org/10.1073/pnas.0937635100

Cells 2022, 11, 2792 23 of 32

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Seo, B.M.; Miura, M.; Gronthos, S.; Bartold, PM.; Batouli, S.; Brahim, J.; Young, M.; Robey, P.G.; Wang, C.Y.; Shi, S. Investigation of
multipotent postnatal stem cells from human periodontal ligament. Lancet 2004, 364, 149-155. [CrossRef]

Sonoyama, W.; Liu, Y.; Fang, D.; Yamaza, T.; Seo, B.M.; Zhang, C.; Liu, H.; Gronthos, S.; Wang, C.Y.; Shi, S.; et al. Mesenchymal
stem cell-mediated functional tooth regeneration in swine. PLoS ONE 2006, 1, €79. [CrossRef]

Morsczeck, C.; Schmalz, G.; Reichert, T.E.; Vollner, F.,; Galler, K.; Driemel, O. Somatic stem cells for regenerative dentistry.
Clin. Oral Investig. 2008, 12, 113-118. [CrossRef]

Gronthos, S.; Brahim, J.; Li, W,; Fisher, L.W.; Cherman, N.; Boyde, A.; DenBesten, P.; Robey, P.G.; Shi, S. Stem cell properties of
human dental pulp stem cells. J. Dent. Res. 2002, 81, 531-535. [CrossRef]

Mokry, J.; Soukup, T.; Micuda, S.; Karbanova, J.; Visek, B.; Brcakova, E.; Suchanek, J.; Bouchal, J.; Vokurkova, D.; Ivancakova, R.
Telomere attrition occurs during ex vivo expansion of human dental pulp stem cells. J. Biomed. Biotechnol. 2010, 2010, 673513.
[CrossRef]

Ponnaiyan, D.; Jegadeesan, V. Comparison of phenotype and differentiation marker gene expression profiles in human dental
pulp and bone marrow mesenchymal stem cells. Eur. J. Dent. 2014, 8, 307-313. [CrossRef] [PubMed]

Hornsby, PJ. Telomerase and the aging process. Exp. Gerontol. 2007, 42, 575-581. [CrossRef] [PubMed]

Mattei, V.; Martellucci, S.; Pulcini, F,; Santilli, F.; Sorice, M.; Delle Monache, S. Regenerative Potential of DPSCs and Revasculariza-
tion: Direct, Paracrine or Autocrine Effect? Stem Cell Rev. Rep. 2021, 17, 1635-1646. [CrossRef]

Zhao, Y.; Wang, L.; Jin, Y.; Shi, S. Fas ligand regulates the immunomodulatory properties of dental pulp stem cells. J. Dent. Res.
2012, 91, 948-954. [CrossRef] [PubMed]

Pisciotta, A.; Bertani, G.; Bertoni, L.; Di Tinco, R.; De Biasi, S.; Vallarola, A.; Pignatti, E.; Tupler, R.; Salvarani, C.; de Pol, A,;
et al. Modulation of Cell Death and Promotion of Chondrogenic Differentiation by Fas/FasL in Human Dental Pulp Stem Cells
(hDPSCs). Front. Cell Dev. Biol. 2020, 8, 279. [CrossRef] [PubMed]

Bosch, B.M.; Salero, E.; Nufiez-Toldra, R.; Sabater, A.L.; Gil, EJ.; Perez, R.A. Discovering the Potential of Dental Pulp Stem Cells
for Corneal Endothelial Cell Production: A Proof of Concept. Front. Bioeng. Biotechnol. 2021, 9, 617724. [CrossRef]
Martinez-Sarra, E.; Montori, S.; Gil-Recio, C.; Nufiez-Toldra, R.; Costamagna, D.; Rotini, A.; Atari, M.; Luttun, A.; Sampaolesi, M.
Human dental pulp pluripotent-like stem cells promote wound healing and muscle regeneration. Stem Cell Res. Ther. 2017, 8, 175.
[CrossRef] [PubMed]

Yang, C.; Li, X;; Sun, L.; Guo, W,; Tian, W. Potential of human dental stem cells in repairing the complete transection of rat spinal
cord. J. Neural Eng. 2017, 14, 026005. [CrossRef] [PubMed]

Song, M.; Lee, ] H.; Bae, J.; Bu, Y.; Kim, E.C. Human dental pulp stem cells are more effective than human bone marrow-derived
mesenchymal stem cells in cerebral ischemic injury. Cell Transplant. 2017, 26, 1001-1016. [CrossRef]

Syed-Picard, EN.; Du, Y.; Lathrop, K.L.; Mann, M.M.; Funderburgh, M.L.; Funderburgh, J.L. Dental Pulp Stem Cells: A New
Cellular Resource for Corneal Stromal Regeneration. Stem Cells Transl. Med. 2015, 4, 276-285. [CrossRef] [PubMed]

Kong, F,; Shi, X.; Xiao, F; Yang, Y.; Zhang, X.; Wang, L.S.; Wu, C.T.; Wang, H. Transplantation of Hepatocyte Growth Factor-
Modified Dental Pulp Stem Cells Prevents Bone Loss in the Early Phase of Ovariectomy-Induced Osteoporosis. Hum. Gene Ther.
2018, 29, 271-282. [CrossRef]

Gandia, C.; Armifian, A.; Garcia-Verdugo, ].M.; Lledo, E.; Ruiz, A.; Mifiana, M.D.; Sanchez-Torrijos, J.; Pay4, R.; Mirabet, V,;
Carbonell-Uberos, F.; et al. Human dental pulp stem cells improve left ventricular function, induce angiogenesis, and reduce
infarct size in rats with acute myocardial infarction. Stem Cells 2008, 26, 638—645. [CrossRef] [PubMed]

Datta, I.; Bhadri, N.; Shahani, P.; Majumdar, D.; Sowmithra, S.; Razdan, R.; Bhonde, R. Functional recovery upon human dental
pulp stem cell transplantation in a diabetic neuropathy rat model. Cytotherapy 2017, 19, 1208-1224. [CrossRef] [PubMed]

Mead, B.; Hill, L.J.; Blanch, R.J.; Ward, K; Logan, A.; Berry, M.; Leadbeater, W.; Scheven, B.A. Mesenchymal stromal cell-mediated
neuroprotection and functional preservation of retinal ganglion cells in a rodent model of glaucoma. Cytotherapy 2016, 18, 487-496.
[CrossRef]

Kim, HJ.; Cho, Y.A; Lee, YM.; Lee, S.Y.; Bae, W.J.; Kim, E.C. PIN1 Suppresses the Hepatic Differentiation of Pulp Stem Cells via
Wnt3a. ]. Dent. Res. 2016, 95, 1415-1424. [CrossRef]

Adamicka, M.; Adami¢kova, A.; Danisovi¢, L.; GaZzova, A.; Kyselovi¢, ]. Pharmacological Approaches and Regeneration of Bone
Defects with Dental Pulp Stem Cells. Stem Cells Int. 2021, 2021, 4593322. [CrossRef] [PubMed]

Kunze, M.; Huber, A.; Krajewski, A.; Lowden, E.; Schuhmann, N.; Buening, H.; Hallek, M.; Noack, M.; Perabo, L. Efficient gene
transfer to periodontal ligament cells and human gingival fibroblasts by adeno-associated virus vectors. J. Dent. 2009, 37, 502-508.
[CrossRef]

Gronthos, S.; Mrozik, K.; Shi, S.; Bartold, P.M. Ovine periodontal ligament stem cells: Isolation, characterization, and differentiation
potential. Calcif. Tissue Int. 2006, 79, 310-317. [CrossRef] [PubMed]

Chen, Y.; Qi, Z.; Qiao, B.; Lv, Z.; Hao, Y,; Li, H. Oxymatrine can attenuate pathological deficits of Alzheimer’s disease mice
through regulation of neuroinflammation. J. Neuroimmunol. 2019, 334, 576978. [CrossRef]

Taguchi, T.; Yanagi, Y.; Yoshimaru, K.; Zhang, X.Y.; Matsuura, T.; Nakayama, K.; Kobayashi, E.; Yamaza, H.; Nonaka, K.; Ohga, S.;
et al. Regenerative medicine using stem cells from human exfoliated deciduous teeth (SHED): A promising new treatment in
pediatric surgery. Surg. Today 2019, 49, 316-322. [CrossRef] [PubMed]

Huang, G.T.J.; Gronthos, S.; Shi, S. Mesenchymal Stem Cells Derived from Dental Tissues vs. Those from Other Sources: Their
Biology and Role in Regenerative Medicine. J. Dent. Res. 2009, 88, 792-806. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(04)16627-0
http://doi.org/10.1371/journal.pone.0000079
http://doi.org/10.1007/s00784-007-0170-8
http://doi.org/10.1177/154405910208100806
http://doi.org/10.1155/2010/673513
http://doi.org/10.4103/1305-7456.137631
http://www.ncbi.nlm.nih.gov/pubmed/25202208
http://doi.org/10.1016/j.exger.2007.03.007
http://www.ncbi.nlm.nih.gov/pubmed/17482404
http://doi.org/10.1007/s12015-021-10162-6
http://doi.org/10.1177/0022034512458690
http://www.ncbi.nlm.nih.gov/pubmed/22904205
http://doi.org/10.3389/fcell.2020.00279
http://www.ncbi.nlm.nih.gov/pubmed/32500073
http://doi.org/10.3389/fbioe.2021.617724
http://doi.org/10.1186/s13287-017-0621-3
http://www.ncbi.nlm.nih.gov/pubmed/28750661
http://doi.org/10.1088/1741-2552/aa596b
http://www.ncbi.nlm.nih.gov/pubmed/28085005
http://doi.org/10.3727/096368916X694391
http://doi.org/10.5966/sctm.2014-0115
http://www.ncbi.nlm.nih.gov/pubmed/25713466
http://doi.org/10.1089/hum.2017.091
http://doi.org/10.1634/stemcells.2007-0484
http://www.ncbi.nlm.nih.gov/pubmed/18079433
http://doi.org/10.1016/j.jcyt.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28864291
http://doi.org/10.1016/j.jcyt.2015.12.002
http://doi.org/10.1177/0022034516659642
http://doi.org/10.1155/2021/4593322
http://www.ncbi.nlm.nih.gov/pubmed/34630573
http://doi.org/10.1016/j.jdent.2009.03.001
http://doi.org/10.1007/s00223-006-0040-4
http://www.ncbi.nlm.nih.gov/pubmed/17033723
http://doi.org/10.1016/j.jneuroim.2019.576978
http://doi.org/10.1007/s00595-019-01783-z
http://www.ncbi.nlm.nih.gov/pubmed/30834983
http://doi.org/10.1177/0022034509340867
http://www.ncbi.nlm.nih.gov/pubmed/19767575

Cells 2022, 11, 2792 24 of 32

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Liu, Y.; Wang, L.; Liu, S.; Liu, D.; Chen, C.; Xu, X.; Chen, X,; Shi, S. Transplantation of SHED prevents bone loss in the early phase
of ovariectomy-induced osteoporosis. J. Dent. Res. 2014, 93, 1124-1132. [CrossRef]

Do Couto Nicola, E; Marques, M.R.; Odorcyk, E; Arcego, D.M.; Petenuzzo, L.; Aristimunha, D.; Vizuete, A.; Sanches, E.F.; Pereira,
D.P; Maurmann, N.; et al. Neuroprotector effect of stem cells from human exfoliated deciduous teeth transplanted after traumatic
spinal cord injury involves inhibition of early neuronal apoptosis. Brain Res. 2017, 1663, 95-105. [CrossRef]

Yamaza, T.; Alatas, F.S.; Yuniartha, R.; Yamaza, H.; Fujiyoshi, ].K.; Yanagi, Y.; Yoshimaru, K.; Hayashida, M.; Matsuura, T.;
Aijima, R.; et al. In vivo hepatogenic capacity and therapeutic potential of stem cells from human exfoliated deciduous teeth in
liver fibrosis in mice. Stem Cell Res. Ther. 2015, 6, 171. [CrossRef] [PubMed]

Yamagata, M.; Yamamoto, A.; Kako, E.; Kaneko, N.; Matsubara, K.; Sakai, K.; Sawamoto, K.; Ueda, M. Human dental pulp-derived
stem cells protect against hypoxic-ischemic brain injury in neonatal mice. Stroke 2013, 44, 551-554. [CrossRef]

Yamaza, T.; Sonoda, S.; Tomoda, E.; Tanaka, Y. Properties and Possibilities of Human Dental Pulp-Derived Stem Cells. Arch. Stem
Cell Res. 2015, 2, 1012.

Nada, O.A.; El Backly, RM. Stem Cells From the Apical Papilla (SCAP) as a Tool for Endogenous Tissue Regeneration.
Front. Bioeng. Biotechnol. 2018, 6, 103. [CrossRef]

Kang, J.; Fan, W.; Deng, Q.; He, H.; Huang, F. Stem Cells from the Apical Papilla: A Promising Source for Stem Cell-Based
Therapy. Biomed Res. Int. 2019, 2019, 6104738. [CrossRef]

Sonoyama, W.; Liu, Y.; Yamaza, T.; Tuan, R.S.; Wang, S.; Shi, S.; Huang, G.T.J. Characterization of the Apical Papilla and Its
Residing Stem Cells from Human Immature Permanent Teeth: A Pilot Study. J. Endod. 2008, 34, 166-171. [CrossRef] [PubMed]
Patil, R.; Kumar, B.M.; Lee, W.].; Jeon, R H.; Jang, S.J.; Lee, YM.; Park, BW.; Byun, ].H.; Ahn, C.S,; Kim, ].W.; et al. Multilineage
potential and proteomic profiling of human dental stem cells derived from a single donor. Exp. Cell Res. 2014, 320, 92-107.
[CrossRef] [PubMed]

Dong, R.; Yao, R.; Du, J.; Wang, S.; Fan, Z. Depletion of histone demethylase KDM2A enhanced the adipogenic and chondrogenic
differentiation potentials of stem cells from apical papilla. Exp. Cell Res. 2013, 319, 2874-2882. [CrossRef] [PubMed]

Kim, D.; Lee, A.E.; Xu, Q.; Zhang, Q.; Le, A.D. Gingiva-Derived Mesenchymal Stem Cells: Potential Application in Tissue
Engineering and Regenerative Medicine—A Comprehensive Review. Front. Immunol. 2021, 12, 667221. [CrossRef] [PubMed]
Rao, E; Zhang, D.; Fang, T.; Lu, C.; Wang, B.; Ding, X.; Wei, S.; Zhang, Y.; Pi, W.; Xu, H.; et al. Exosomes from Human Gingiva-
Derived Mesenchymal Stem Cells Combined with Biodegradable Chitin Conduits Promote Rat Sciatic Nerve Regeneration.
Stem Cells Int. 2019, 2019, 2546367. [CrossRef] [PubMed]

Zhang, Q.; Nguyen, P.D.; Shi, S.; Burrell, ].C.; Xu, Q.; Cullen, K.D.; Le, A.D. Neural Crest Stem-Like Cells Non-genetically
Induced from Human Gingiva-Derived Mesenchymal Stem Cells Promote Facial Nerve Regeneration in Rats. Mol. Neurobiol.
2018, 55, 6965-6983. [CrossRef]

Zhang, Q.; Nguyen, P.D.; Shi, S.; Burrell, J.C.; Cullen, D.K,; Le, A.D. 3D bio-printed scaffold-free nerve constructs with human
gingiva-derived mesenchymal stem cells promote rat facial nerve regeneration. Sci. Rep. 2018, 8, 6634. [CrossRef] [PubMed]
Abd El-Latif, N.; Abdulrahman, M.; Helal, M.; Grawish, M.E. Regenerative capacity of allogenic gingival margin- derived
stem cells with fibrin glue on albino rats” partially dissected submandibular salivary glands. Arch. Oral Biol. 2017, 82, 302-309.
[CrossRef] [PubMed]

Xu, Q.; Shanti, RM.; Zhang, Q.; Cannady, S.B.; O'Malley, B.W.; Le, A.D. A Gingiva-Derived Mesenchymal Stem Cell-Laden Porcine
Small Intestinal Submucosa Extracellular Matrix Construct Promotes Myomucosal Regeneration of the Tongue. Tissue Eng. Part A
2017, 23, 301-312. [CrossRef] [PubMed]

Ansari, S.; Chen, C.; Xu, X.; Annabi, N.; Zadeh, H.H.; Wu, B.M.; Khademhosseini, A.; Shi, S.; Moshaverinia, A. Muscle Tissue
Engineering Using Gingival Mesenchymal Stem Cells Encapsulated in Alginate Hydrogels Containing Multiple Growth Factors.
Ann. Biomed. Eng. 2016, 44, 1908-1920. [CrossRef]

Zhang, Y.; Shi, S.; Xu, Q.; Zhang, Q.; Shanti, RM.; Le, A.D. SIS-ECM Laden with GMSC-Derived Exosomes Promote Taste Bud
Regeneration. J. Dent. Res. 2019, 98, 225-233. [CrossRef]

Hsu, S.H.; Huang, G.S,; Lin, S.Y.F; Feng, F.; Ho, T.T.; Liao, Y.C. Enhanced chondrogenic differentiation potential of human
gingival fibroblasts by spheroid formation on chitosan membranes. Tissue Eng. Part A 2012, 18, 67-79. [CrossRef]

Al-Qadhi, G.; Soliman, M.; Abou-Shady, I.; Rashed, L. Gingival mesenchymal stem cells as an alternative source to bone marrow
mesenchymal stem cells in regeneration of bone defects: In vivo study. Tissue Cell 2020, 63, 101325. [CrossRef]

Ansari, S.; Sarrion, P.; Hasani-Sadrabadi, M.M.; Aghaloo, T.; Wu, B.M.; Moshaverinia, A. Regulation of the fate of dental-derived
mesenchymal stem cells using engineered alginate-GelMA hydrogels. J. Biomed. Mater. Res. A 2017, 105, 2957-2967. [CrossRef]
[PubMed]

Moshaverinia, A.; Xu, X.; Chen, C.; Akiyama, K.; Snead, M.L.; Shi, S. Dental mesenchymal stem cells encapsulated in an
alginate hydrogel co-delivery microencapsulation system for cartilage regeneration. Acta Biomater. 2013, 9, 9343-9350. [CrossRef]
[PubMed]

Liu, X,; Wang, Z.; Song, W.; Sun, W.; Hong, R.; Pothukuchi, A.; Xu, Q. Systematically transplanted human gingiva-derived
mesenchymal stem cells regulate lipid metabolism and inflammation in hyperlipidemic mice with periodontitis. Exp. Ther. Med.
2020, 19, 672-682. [CrossRef] [PubMed]


http://doi.org/10.1177/0022034514552675
http://doi.org/10.1016/j.brainres.2017.03.015
http://doi.org/10.1186/s13287-015-0154-6
http://www.ncbi.nlm.nih.gov/pubmed/26358689
http://doi.org/10.1161/STROKEAHA.112.676759
http://doi.org/10.3389/fbioe.2018.00103
http://doi.org/10.1155/2019/6104738
http://doi.org/10.1016/j.joen.2007.11.021
http://www.ncbi.nlm.nih.gov/pubmed/18215674
http://doi.org/10.1016/j.yexcr.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24162002
http://doi.org/10.1016/j.yexcr.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23872478
http://doi.org/10.3389/fimmu.2021.667221
http://www.ncbi.nlm.nih.gov/pubmed/33936109
http://doi.org/10.1155/2019/2546367
http://www.ncbi.nlm.nih.gov/pubmed/31191669
http://doi.org/10.1007/s12035-018-0913-3
http://doi.org/10.1038/s41598-018-24888-w
http://www.ncbi.nlm.nih.gov/pubmed/29700345
http://doi.org/10.1016/j.archoralbio.2017.06.030
http://www.ncbi.nlm.nih.gov/pubmed/28688332
http://doi.org/10.1089/ten.tea.2016.0342
http://www.ncbi.nlm.nih.gov/pubmed/27923325
http://doi.org/10.1007/s10439-016-1594-6
http://doi.org/10.1177/0022034518804531
http://doi.org/10.1089/ten.tea.2011.0157
http://doi.org/10.1016/j.tice.2019.101325
http://doi.org/10.1002/jbm.a.36148
http://www.ncbi.nlm.nih.gov/pubmed/28639378
http://doi.org/10.1016/j.actbio.2013.07.023
http://www.ncbi.nlm.nih.gov/pubmed/23891740
http://doi.org/10.3892/etm.2019.8256
http://www.ncbi.nlm.nih.gov/pubmed/31885706

Cells 2022, 11, 2792 25 of 32

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Subbarayan, R.; Barathidasan, R.; Raja, S.T.K.; Arumugam, G.; Kuruvilla, S.; Shanthi, P.; Ranga Rao, S. Human gingival derived
neuronal cells in the optimized caffeic acid hydrogel for hemitransection spinal cord injury model. J. Cell. Biochem. 2020,
121, 2077-2088. [CrossRef] [PubMed]

Mammana, S.; Gugliandolo, A.; Cavalli, E.; Diomede, E; Iori, R.; Zappacosta, R.; Bramanti, P; Conti, P.; Fontana, A;
Pizzicannella, J.; et al. Human gingival mesenchymal stem cells pretreated with vesicular moringin nanostructures as a new
therapeutic approach in a mouse model of spinal cord injury. . Tissue Eng. Regen. Med. 2019, 13, 1109-1121. [CrossRef]
Paganelli, A.; Tarentini, E.; Benassi, L.; Kaleci, S.; Magnoni, C. Mesenchymal stem cells for the treatment of psoriasis: A
comprehensive review. Clin. Exp. Dermatol. 2020, 45, 824-830. [CrossRef] [PubMed]

Wang, S.G.; Hsu, N.C.; Wang, S.M.; Wang, EN. Successful Treatment of Plaque Psoriasis with Allogeneic Gingival Mesenchymal
Stem Cells: A Case Study. Case Rep. Dermatol. Med. 2020, 2020, 4617520. [CrossRef]

Xu, X.; Chen, C.; Akiyama, K.; Chai, Y.; Le, A.D.; Wang, Z.; Shi, S. Gingivae contain neural-crest- and mesoderm-derived
mesenchymal stem cells. ]. Dent. Res. 2013, 92, 825-832. [CrossRef] [PubMed]

Yu, T,; Yan, B,; Li, J.; Zhang, T.; Yang, R.; Wang, X.; Liu, Y.; Liu, D. Acetylsalicylic acid rescues the immunomodulation of inflamed
gingiva-derived mesenchymal stem cells via upregulating FasL in mice. Stem Cell Res. Ther. 2019, 10, 368. [CrossRef]

Yang, R.; Yu, T.; Liu, D.; Shi, S.; Zhou, Y. Hydrogen sulfide promotes immunomodulation of gingiva-derived mesenchymal stem
cells via the Fas/FasL coupling pathway. Stem Cell Res. Ther. 2018, 9, 62. [CrossRef] [PubMed]

Lu, Y; Xu, Y.; Zhang, S.; Gao, J.; Gan, X.; Zheng, J.; Lu, L.; Zeng, W.; Gu, J. Human gingiva-derived mesenchymal stem
cells alleviate inflammatory bowel disease via IL-10 signalling-dependent modulation of immune cells. Scand. ]. Immunol.
2019, 90, e12751. [CrossRef] [PubMed]

Chen, M.; Su, W,; Lin, X.; Guo, Z.; Wang, J.; Zhang, Q.; Brand, D.; Ryffel, B.; Huang, J.; Liu, Z.; et al. Adoptive transfer of
human gingiva-derived mesenchymal stem cells ameliorates collagen-induced arthritis via suppression of Thl and Th17 cells
and enhancement of regulatory T cell differentiation. Arthritis Rheum. 2013, 65, 1181-1193. [CrossRef]

Gu, Y,; Shi, S. Transplantation of gingiva-derived mesenchymal stem cells ameliorates collagen-induced arthritis. Arthritis Res. Ther.
2016, 18, 262. [CrossRef] [PubMed]

Luo, Y.; Wu, W,; Gu, J.; Zhang, X.; Dang, ].; Wang, J.; Zheng, Y.; Huang, F; Yuan, J.; Xue, Y.; et al. Human gingival tissue-derived
MSC suppress osteoclastogenesis and bone erosion via CD39-adenosine signal pathway in autoimmune arthritis. EBioMedicine
2019, 43, 620-631. [CrossRef] [PubMed]

Wu, W,; Xiao, Z.X.; Zeng, D.; Huang, F.; Wang, ].; Liu, Y.; Bellanti, ].A.; Olsen, N.; Zheng, S.G. B7-H1 Promotes the Functional
Effect of Human Gingiva-Derived Mesenchymal Stem Cells on Collagen-Induced Arthritis Murine Model. Mol. Ther. 2020,
28, 2417-2429. [CrossRef] [PubMed]

Dang, J.; Xu, Z,; Xu, A.; Liu, Y,; Fu, Q.; Wang, |.; Huang, F; Zheng, Y; Qi, G.; Sun, B.; et al. Human gingiva-derived mesenchymal
stem cells are therapeutic in lupus nephritis through targeting of CD39-CD?73 signaling pathway. J. Autoimmun. 2020, 113, 102491.
[CrossRef]

Wu, W,; Xiao, Z.; Chen, Y.; Deng, Y.; Zeng, D.; Liu, Y.; Huang, F,; Wang, J.; Liu, Y.; Bellanti, J.A ; et al. CD39 Produced from Human
GMSCs Regulates the Balance of Osteoclasts and Osteoblasts through the Wnt/ 3-Catenin Pathway in Osteoporosis. Mol. Ther.
2020, 28, 1518-1532. [CrossRef] [PubMed]

Zhang, X.; Huang, F; Li, W,; Dang, ].L.; Yuan, J.; Wang, J.; Zeng, D.L.; Sun, C.X,; Liu, Y.Y.; Ao, Q.; et al. Human Gingiva-Derived
Mesenchymal Stem Cells Modulate Monocytes/Macrophages and Alleviate Atherosclerosis. Front. Immunol. 2018, 9, 878.
[CrossRef] [PubMed]

Hasani-Sadrabadi, M.M.; Sarrion, P.; Pouraghaei, S.; Chau, Y.; Ansari, S; Li, S.; Aghaloo, T.; Moshaverinia, A. An engineered
cell-laden adhesive hydrogel promotes craniofacial bone tissue regeneration in rats. Sci. Transl. Med. 2020, 12, eaay6853.
[CrossRef]

Diomede, E; Gugliandolo, A.; Scionti, D.; Merciaro, I.; Cavalcanti, M.F; Mazzon, E.; Trubiani, O. Biotherapeutic Effect of Gingival
Stem Cells Conditioned Medium in Bone Tissue Restoration. Int. J. Mol. Sci. 2018, 19, 329. [CrossRef]

Diomede, F.; Gugliandolo, A.; Cardelli, P.; Merciaro, I.; Ettorre, V.; Traini, T.; Bedini, R.; Scionti, D.; Bramanti, A.; Nanci, A.; et al.
Three-dimensional printed PLA scaffold and human gingival stem cell-derived extracellular vesicles: A new tool for bone defect
repair. Stem Cell Res. Ther. 2018, 9, 104. [CrossRef] [PubMed]

Wang, E; Yu, M,; Yan, X.; Wen, Y,; Zeng, Q.; Yue, W,; Yang, P; Pei, X. Gingiva-derived mesenchymal stem cell-mediated therapeutic
approach for bone tissue regeneration. Stem Cells Dev. 2011, 20, 2093-2102. [CrossRef] [PubMed]

Xu, Q.C;; Wang, Z.G.; Ji, Q.X,; Yu, X.B.; Xu, X.Y;; Yuan, C.Q.; Deng, J.; Yang, P.S. Systemically transplanted human gingiva-derived
mesenchymal stem cells contributing to bone tissue regeneration. Int. J. Clin. Exp. Pathol. 2014, 7, 4922-4929. [PubMed]
Kandalam, U.; Kawai, T.; Ravindran, G.; Brockman, R.; Romero, J.; Munro, M.; Ortiz, J.; Heidari, A.; Thomas, R.; Kuriakose, S.;
et al. Predifferentiated Gingival Stem Cell-Induced Bone Regeneration in Rat Alveolar Bone Defect Model. Tissue Eng. Part A
2021, 27, 424-436. [CrossRef] [PubMed]

Shi, A.; Heinayati, A.; Bao, D.; Liu, H.; Ding, X,; Tong, X.; Wang, L.; Wang, B.; Qin, H. Small molecule inhibitor of TGF-f3
signaling enables robust osteogenesis of autologous GMSCs to successfully repair minipig severe maxillofacial bone defects.
Stem Cell Res. Ther. 2019, 10, 172. [CrossRef] [PubMed]

Kou, X.; Xu, X.; Chen, C.; Sanmillan, M.L.; Cai, T.; Zhou, Y.; Giraudo, C.; Le, A.; Shi, S. The Fas/Fap-1/Cav-1 complex regulates
IL-1RA secretion in mesenchymal stem cells to accelerate wound healing. Sci. Transl. Med. 2018, 10, eaai8524. [CrossRef]


http://doi.org/10.1002/jcb.29452
http://www.ncbi.nlm.nih.gov/pubmed/31646674
http://doi.org/10.1002/term.2857
http://doi.org/10.1111/ced.14269
http://www.ncbi.nlm.nih.gov/pubmed/32386432
http://doi.org/10.1155/2020/4617520
http://doi.org/10.1177/0022034513497961
http://www.ncbi.nlm.nih.gov/pubmed/23867762
http://doi.org/10.1186/s13287-019-1485-5
http://doi.org/10.1186/s13287-018-0804-6
http://www.ncbi.nlm.nih.gov/pubmed/29523215
http://doi.org/10.1111/sji.12751
http://www.ncbi.nlm.nih.gov/pubmed/30664802
http://doi.org/10.1002/art.37894
http://doi.org/10.1186/s13075-016-1160-5
http://www.ncbi.nlm.nih.gov/pubmed/27836015
http://doi.org/10.1016/j.ebiom.2019.04.058
http://www.ncbi.nlm.nih.gov/pubmed/31076346
http://doi.org/10.1016/j.ymthe.2020.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32707035
http://doi.org/10.1016/j.jaut.2020.102491
http://doi.org/10.1016/j.ymthe.2020.04.003
http://www.ncbi.nlm.nih.gov/pubmed/32304668
http://doi.org/10.3389/fimmu.2018.00878
http://www.ncbi.nlm.nih.gov/pubmed/29760701
http://doi.org/10.1126/scitranslmed.aay6853
http://doi.org/10.3390/ijms19020329
http://doi.org/10.1186/s13287-018-0850-0
http://www.ncbi.nlm.nih.gov/pubmed/29653587
http://doi.org/10.1089/scd.2010.0523
http://www.ncbi.nlm.nih.gov/pubmed/21361847
http://www.ncbi.nlm.nih.gov/pubmed/25197363
http://doi.org/10.1089/ten.tea.2020.0052
http://www.ncbi.nlm.nih.gov/pubmed/32729362
http://doi.org/10.1186/s13287-019-1281-2
http://www.ncbi.nlm.nih.gov/pubmed/31196174
http://doi.org/10.1126/scitranslmed.aai8524

Cells 2022, 11, 2792 26 of 32

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Li, J.; Xu, S.; Zhang, K.; Zhang, W.; Liu, H.; Xu, Z,; Li, H; Lou, J.; Ge, L.; Xu, B. Treatment of gingival defects with gingival
mesenchymal stem cells derived from human fetal gingival tissue in a rat model. Stem Cell Res. Ther. 2018, 9, 27. [CrossRef]
[PubMed]

Su, Y.; Chen, C.; Guo, L.; Du, J.; Li, X.; Liu, Y. Ecological Balance of Oral Microbiota Is Required to Maintain Oral Mesenchymal
Stem Cell Homeostasis. Stem Cells 2018, 36, 551-561. [CrossRef]

Isaac, J.; Nassif, A.; Asselin, A.; Taihi, I.; Fohrer-Ting, H.; Klein, C.; Gogly, B.; Berdal, A.; Robert, B.; Fournier, B.P. Involvement of
neural crest and paraxial mesoderm in oral mucosal development and healing. Biomaterials 2018, 172, 41-53. [CrossRef] [PubMed]
Zhang, Q.; Nguyen, A.L.; Shi, S.; Hill, C.; Wilder-Smith, P.; Krasieva, T.B.; Le, A.D. Three-dimensional spheroid culture of
human gingiva-derived mesenchymal stem cells enhances mitigation of chemotherapy-induced oral mucositis. Stem Cells Dev.
2012, 21, 937-947. [CrossRef] [PubMed]

Panahi, M.; Rahimi, B.; Rahimi, G.; Yew Low, T.; Saraygord-Afshari, N.; Alizadeh, E. Cytoprotective effects of antioxidant
supplementation on mesenchymal stem cell therapy. J. Cell. Physiol. 2020, 235, 6462-6495. [CrossRef]

Chang, W.; Song, B.W.; Moon, ].Y.; Cha, M.].; Ham, O.; Lee, S.Y.; Choi, E.; Choi, E.; Hwang, K.C. Anti-death strategies against
oxidative stress in grafted mesenchymal stem cells. Histol. Histopathol. 2013, 28, 1529-1536. [CrossRef]

Zeng, W.; Xiao, J.; Zheng, G.; Xing, F,; Tipoe, G.L.; Wang, X.; He, C.; Chen, Z.Y.; Liu, Y. Antioxidant treatment enhances human
mesenchymal stem cell anti-stress ability and therapeutic efficacy in an acute liver failure model. Sci. Rep. 2015, 5, 11100.
[CrossRef] [PubMed]

Shaban, S.; El-Husseny, M.W.A.; Abushouk, A.L; Salem, A.M.A.; Mamdouh, M.; Abdel-Daim, M.M. Effects of Antioxidant
Supplements on the Survival and Differentiation of Stem Cells. Oxid. Med. Cell. Longev. 2017, 2017, 5032102. [CrossRef] [PubMed]
Chang, Y.C.; Chang, W.C.; Hung, K.H.; Yang, D.M.; Cheng, Y.H.; Liao, YW.; Woung, L.C.; Tsai, C.Y.; Hsu, C.C,; Lin, T.C; et al. The
generation of induced pluripotent stem cells for macular degeneration as a drug screening platform: Identification of curcumin as
a protective agent for retinal pigment epithelial cells against oxidative stress. Front. Aging Neurosci. 2014, 6, 191. [CrossRef]
Udalamaththa, V.L.; Jayasinghe, C.D.; Udagama, P.V. Potential role of herbal remedies in stem cell therapy: Proliferation and
differentiation of human mesenchymal stromal cells. Stem Cell Res. Ther. 2016, 7, 110. [CrossRef] [PubMed]

Pirmoradi, S.; Fathi, E.; Farahzadi, R.; Pilehvar-Soltanahmadi, Y.; Zarghami, N. Curcumin Affects Adipose Tissue-Derived
Mesenchymal Stem Cell Aging Through TERT Gene Expression. Drug Res. 2018, 68, 213-221. [CrossRef]

Fu, X.; Feng, Y.; Shao, B.; Zhang, Y. Taxifolin Protects Dental Pulp Stem Cells under Hypoxia and Inflammation Conditions.
Cell Transplant. 2021, 30, 9636897211034452. [CrossRef]

Topal, E; Nar, M.; Gocer, H.; Kalin, P.; Kocyigit, U.M.; Giilgin, I.; Alwasel, S.H. Antioxidant activity of taxifolin: An activity—
structure relationship. J. Enzym. Inhib. Med. Chem. 2015, 31, 674—683. [CrossRef] [PubMed]

Guo, H.; Zhang, X.; Cui, Y.; Zhou, H.; Xu, D.; Shan, T.; Zhang, E; Guo, Y.; Chen, Y.; Wu, D. Taxifolin protects against cardiac
hypertrophy and fibrosis during biomechanical stress of pressure overload. Toxicol. Appl. Pharmacol. 2015, 287, 168-177. [CrossRef]
Zeb, S.; Alil, A.,; Zaman, W.; Zeb, S.; Ali, S.; Ullah, F.; Shakoor, A. Pharmacology, taxonomy and phytochemistry of the genus
Artemisia specifically from Pakistan: A comprehensive review. Pharm. Biomed. Res. 2019, 4, 1-12. [CrossRef]

Hu, HM.; Mao, M.H,; Hu, YH.; Zhou, X.C; Li, S.; Chen, C.F; Li, C.N,; Yuan, Q.L.; Li, W. Artemisinin protects DPSC from hypoxia
and TNF-o mediated osteogenesis impairments through CA9 and Wnt signaling pathway. Life Sci. 2021, 277, 119471. [CrossRef]
Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM]J 2021, 372, n71.
[CrossRef] [PubMed]

Tatullo, M.; Marrelli, M.; Shakesheff, K.M.; White, L.J. Dental pulp stem cells: Function, isolation and applications in regenerative
medicine. J. Tissue Eng. Regen. Med. 2015, 9, 1205-1216. [CrossRef] [PubMed]

Fujii, Y.; Kawase-Koga, Y.; Hojo, H.; Yano, E; Sato, M.; Chung, U.IL; Ohba, S.; Chikazu, D. Bone regeneration by human dental
pulp stem cells using a helioxanthin derivative and cell-sheet technology. Stemn Cell Res. Ther. 2018, 9, 24. [CrossRef]
Bakopoulou, A.; About, I. Stem Cells of Dental Origin: Current Research Trends and Key Milestones towards Clinical Application.
Stem Cells Int. 2016, 2016, 4209891. [CrossRef]

Hu, L.; Gao, Z.; Xu, J.; Zhu, Z.; Fan, Z.; Zhang, C.; Wang, ].; Wang, S. Decellularized Swine Dental Pulp as a Bioscaffold for Pulp
Regeneration. Biomed Res. Int. 2017, 2017, 9342714. [CrossRef]

Wang, J.; Li, G.; Hu, L.; Yan, F; Zhao, B.; Wu, X.; Zhang, C.; Wang, J.; Du, J.; Wang, S. Retinoic Acid Signal Negatively Regulates
Osteo/Odontogenic Differentiation of Dental Pulp Stem Cells. Stem Cells Int. 2020, 2020, 5891783. [CrossRef] [PubMed]

Itoh, Y.; Sasaki, J.I.; Hashimoto, M.; Katata, C.; Hayashi, M.; Imazato, S. Pulp Regeneration by 3-dimensional Dental Pulp Stem
Cell Constructs. J. Dent. Res. 2018, 97, 1137-1143. [CrossRef] [PubMed]

Sun, H.H.; Chen, B.; Zhu, Q.L.; Kong, H.; Li, Q.H.; Gao, L.N.; Xiao, M.; Chen, EM.; Yu, Q. Investigation of dental pulp stem
cells isolated from discarded human teeth extracted due to aggressive periodontitis. Biomaterials 2014, 35, 9459-9472. [CrossRef]
[PubMed]

Batouli, S.; Miura, M.; Brahim, ].; Tsutsui, TW.; Fisher, L.W.; Gronthos, S.; Gehron Robey, P.; Shi, S. Comparison of stem-cell-
mediated osteogenesis and dentinogenesis. J. Dent. Res. 2003, 82, 976-981. [CrossRef] [PubMed]

Lee, J.H.; Lee, D.S.; Choung, HW.; Shon, W.J; Seo, BM.; Lee, E.H.; Cho, ].Y.; Park, J.C. Odontogenic differentiation of human
dental pulp stem cells induced by preameloblast-derived factors. Biomaterials 2011, 32, 9696-9706. [CrossRef] [PubMed]


http://doi.org/10.1186/s13287-017-0751-7
http://www.ncbi.nlm.nih.gov/pubmed/29402326
http://doi.org/10.1002/stem.2762
http://doi.org/10.1016/j.biomaterials.2018.04.036
http://www.ncbi.nlm.nih.gov/pubmed/29715594
http://doi.org/10.1089/scd.2011.0252
http://www.ncbi.nlm.nih.gov/pubmed/21689066
http://doi.org/10.1002/jcp.29660
http://doi.org/10.14670/HH-28.1529
http://doi.org/10.1038/srep11100
http://www.ncbi.nlm.nih.gov/pubmed/26057841
http://doi.org/10.1155/2017/5032102
http://www.ncbi.nlm.nih.gov/pubmed/28770021
http://doi.org/10.3389/fnagi.2014.00191
http://doi.org/10.1186/s13287-016-0366-4
http://www.ncbi.nlm.nih.gov/pubmed/27515026
http://doi.org/10.1055/s-0043-119635
http://doi.org/10.1177/09636897211034452
http://doi.org/10.3109/14756366.2015.1057723
http://www.ncbi.nlm.nih.gov/pubmed/26147349
http://doi.org/10.1016/j.taap.2015.06.002
http://doi.org/10.18502/pbr.v4i4.543
http://doi.org/10.1016/j.lfs.2021.119471
http://doi.org/10.1136/bmj.n71
http://www.ncbi.nlm.nih.gov/pubmed/33782057
http://doi.org/10.1002/term.1899
http://www.ncbi.nlm.nih.gov/pubmed/24850632
http://doi.org/10.1186/s13287-018-0783-7
http://doi.org/10.1155/2016/4209891
http://doi.org/10.1155/2017/9342714
http://doi.org/10.1155/2020/5891783
http://www.ncbi.nlm.nih.gov/pubmed/32676119
http://doi.org/10.1177/0022034518772260
http://www.ncbi.nlm.nih.gov/pubmed/29702010
http://doi.org/10.1016/j.biomaterials.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25172527
http://doi.org/10.1177/154405910308201208
http://www.ncbi.nlm.nih.gov/pubmed/14630898
http://doi.org/10.1016/j.biomaterials.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21925730

Cells 2022, 11, 2792 27 of 32

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Wang, J.; Liu, X;; Jin, X.; Ma, H.; Hu, J.; Ni, L.; Ma, P.X. The odontogenic differentiation of human dental pulp stem cells on
nanofibrous poly(l-lactic acid) scaffolds in vitro and in vivo. Acta Biomater. 2010, 6, 3856-3863. [CrossRef] [PubMed]

Rosa, V.; Zhang, Z.; Grande, R.H.M.; Nor, ].E. Dental pulp tissue engineering in full-length human root canals. J. Dent. Res. 2013,
92,970-975. [CrossRef] [PubMed]

Cordeiro, M.M.; Dong, Z.; Kaneko, T.; Zhang, Z.; Miyazawa, M.; Shi, S.; Smith, A.J.; Nor, J.E. Dental pulp tissue engineering with
stem cells from exfoliated deciduous teeth. J. Endod. 2008, 34, 962-969. [CrossRef]

Yoshida, S.; Tomokiyo, A.; Hasegawa, D.; Hamano, S.; Sugii, H.; Maeda, H. Insight into the Role of Dental Pulp Stem Cells in
Regenerative Therapy. Biology 2020, 9, 160. [CrossRef] [PubMed]

Khorsand, A.; Eslaminejad, M.B.; Arabsolghar, M.; Paknejad, M.; Ghaedi, B.; Rokn, A.R.; Moslemi, N.; Nazarian, H.; Jahangir, S.
Autologous dental pulp stem cells in regeneration of defect created in canine periodontal tissue. ]. Oral Implantol. 2013, 39, 433—443.
[CrossRef]

Janebodin, K.; Reyes, M. Neural Crest-Derived Dental Pulp Stem Cells Function as Ectomesenchyme to Support Salivary Gland
Tissue Formation. Dentistry 2013, 2, 1-9. [CrossRef]

Xuan, K; Li, B.; Guo, H.; Sun, W.; Kou, X,; He, X,; Zhang, Y; Sun, J.; Liu, A.; Liao, L.; et al. Deciduous autologous tooth stem cells
regenerate dental pulp after implantation into injured teeth. Sci. Transl. Med. 2018, 10, eaaf3227. [CrossRef]

Nakashima, M.; Iohara, K.; Murakami, M.; Nakamura, H.; Sato, Y.; Ariji, Y.; Matsushita, K. Pulp regeneration by transplantation
of dental pulp stem cells in pulpitis: A pilot clinical study. Stem Cell Res. Ther. 2017, 8, 61. [CrossRef] [PubMed]

Cao, Y,; Liu, Z.; Xie, Y,; Hu, J.; Wang, H.; Fan, Z.; Zhang, C.; Wang, J.; Wu, C.T.; Wang, S. Adenovirus-mediated transfer of
hepatocyte growth factor gene to human dental pulp stem cells under good manufacturing practice improves their potential for
periodontal regeneration in swine. Stem Cell Res. Ther. 2015, 6, 249. [CrossRef] [PubMed]

Hu, J.; Cao, Y,; Xie, Y.; Wang, H.; Fan, Z.; Wang, ].; Zhang, C.; Wu, C.; Wang, S. Periodontal regeneration in swine after cell injection
and cell sheet transplantation of human dental pulp stem cells following good manufacturing practice. Stem Cell Res. Ther. 2016,
7,130. [CrossRef]

Zhao, Q.; Li, G.; Wang, T.; Jin, Y,; Lu, W,; Ji, ]. Human Periodontal Ligament Stem Cells Transplanted with Nanohydroxya-
patite/Chitosan/Gelatin 3D Porous Scaffolds Promote Jaw Bone Regeneration in Swine. Stem Cells Dev. 2021, 30, 548-559.
[CrossRef] [PubMed]

Tassi, S.A.; Sergio, N.Z.; Misawa, M.Y.O.; Villar, C.C. Efficacy of stem cells on periodontal regeneration: Systematic review of
pre-clinical studies. . Periodontal Res. 2017, 52, 793-812. [CrossRef]

Feng, F.; Akiyama, K; Liu, Y;; Yamaza, T.; Wang, T.M.; Chen, ] H.; Wang, B.B.; Huang, G.T.J.; Wang, S.; Shi, S. Utility of PDL
progenitors for in vivo tissue regeneration: A report of 3 cases. Oral Dis. 2010, 16, 20-28. [CrossRef]

Chen, EM.; Gao, L.N,; Tian, B.M.; Zhang, X.Y.; Zhang, Y.J.; Dong, G.Y.; Lu, H.; Chu, Q.; Xu, J.; Yu, Y,; et al. Treatment of
periodontal intrabony defects using autologous periodontal ligament stem cells: A randomized clinical trial. Stem Cell Res. Ther.
2016, 7, 33. [CrossRef] [PubMed]

Queiroz, A,; Pelissari, C.; Trierveiler, M.; Albuquerque-Souza, E.; Gasparoni, L.M.; de Franga, B.N.; Holzhausen, M. Therapeutic
potential of periodontal ligament stem cells. World ]. Stem Cells 2021, 13, 605-618. [CrossRef]

Iwasaki, K.; Komaki, M.; Akazawa, K.; Nagata, M.; Yokoyama, N.; Watabe, T.; Morita, I. Spontaneous differentiation of periodontal
ligament stem cells into myofibroblast during ex vivo expansion. J. Cell. Physiol. 2019, 234, 20377-20391. [CrossRef]

Washio, K.; Tsutsumi, Y.; Tsumanuma, Y.; Yano, K; Srithanyarat, S.S.; Takagi, R.; Ichinose, S.; Meinzer, W.; Yamato, M.; Okano, T.;
et al. In vivo Periodontium Formation Around Titanium Implants Using Periodontal Ligament Cell Sheet. Tissue Eng. Part A
2018, 24, 1273-1282. [CrossRef] [PubMed]

Enukashvily, N.I,; Dombrovskaya, J.A.; Kotova, A.V.,; Semenova, N.; Karabak, I.; Banashkov, R.E.; Baram, D.; Paderina, T.; Bilyk,
S.S.; Grimm, W.D.; et al. Fibrin Glue Implants Seeded with Dental Pulp and Periodontal Ligament Stem Cells for the Repair of
Periodontal Bone Defects: A Preclinical Study. Bioengineering 2021, 8, 75. [CrossRef] [PubMed]

Li, G,; Han, N.; Zhang, X.; Yang, H.; Cao, Y.; Wang, S.; Fan, Z. Local Injection of Allogeneic Stem Cells from Apical Papilla
Enhanced Periodontal Tissue Regeneration in Minipig Model of Periodontitis. Biomed Res. Int. 2018, 2018, 3960798. [CrossRef]
[PubMed]

Liu, J.; Zhao, Z.; Ruan, J.; Weir, M.D.; Ma, T.; Ren, K,; Schneider, A.; Oates, T.W.; Li, A.; Zhao, L.; et al. Stem cells in the periodontal
ligament differentiated into osteogenic, fibrogenic and cementogenic lineages for the regeneration of the periodontal complex.
J. Dent. 2020, 92, 103259. [CrossRef]

Luo, L.; He, Y,; Jin, L.; Zhang, Y.; Guastaldi, FP,; Albashari, A.A.; Hu, F.; Wang, X.; Wang, L.; Xiao, J.; et al. Application of
bioactive hydrogels combined with dental pulp stem cells for the repair of large gap peripheral nerve injuries. Bioact. Mater. 2021,
6, 638-654. [CrossRef] [PubMed]

Zhang, X.; Zhou, Y.; Li, H.; Wang, R.; Yang, D.; Li, B.; Cao, X; Fu, J. Transplanted Dental Pulp Stem Cells Migrate to Injured Area
and Express Neural Markers in a Rat Model of Cerebral Ischemia. Cell. Physiol. Biochem. 2018, 45, 258-266. [CrossRef]

Rafiee, E; Pourteymourfard-Tabrizi, Z.; Mahmoudian-Sani, M.R.; Mehri-Ghahfarrokhi, A.; Soltani, A.; Hashemzadeh-Chaleshtori, M.;
Jami, M.S. Differentiation of dental pulp stem cells into neuron-like cells. Int. J. Neurosci. 2020, 130, 107-116. [CrossRef] [PubMed]
Nito, C.; Sowa, K.; Nakajima, M.; Sakamoto, Y.; Suda, S.; Nishiyama, Y.; Nakamura-Takahashi, A.; Nitahara-Kasahara, Y;
Ueda, M.; Okada, T.; et al. Transplantation of human dental pulp stem cells ameliorates brain damage following acute cerebral
ischemia. Biomed. Pharmacother. 2018, 108, 1005-1014. [CrossRef] [PubMed]


http://doi.org/10.1016/j.actbio.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20406702
http://doi.org/10.1177/0022034513505772
http://www.ncbi.nlm.nih.gov/pubmed/24056227
http://doi.org/10.1016/j.joen.2008.04.009
http://doi.org/10.3390/biology9070160
http://www.ncbi.nlm.nih.gov/pubmed/32659896
http://doi.org/10.1563/AAID-JOI-D-12-00027
http://doi.org/10.4172/2161-1122.S13-001
http://doi.org/10.1126/scitranslmed.aaf3227
http://doi.org/10.1186/s13287-017-0506-5
http://www.ncbi.nlm.nih.gov/pubmed/28279187
http://doi.org/10.1186/s13287-015-0244-5
http://www.ncbi.nlm.nih.gov/pubmed/26670567
http://doi.org/10.1186/s13287-016-0362-8
http://doi.org/10.1089/scd.2020.0204
http://www.ncbi.nlm.nih.gov/pubmed/33736461
http://doi.org/10.1111/jre.12455
http://doi.org/10.1111/j.1601-0825.2009.01593.x
http://doi.org/10.1186/s13287-016-0288-1
http://www.ncbi.nlm.nih.gov/pubmed/26895633
http://doi.org/10.4252/wjsc.v13.i6.605
http://doi.org/10.1002/jcp.28639
http://doi.org/10.1089/ten.tea.2017.0405
http://www.ncbi.nlm.nih.gov/pubmed/29495925
http://doi.org/10.3390/bioengineering8060075
http://www.ncbi.nlm.nih.gov/pubmed/34206126
http://doi.org/10.1155/2018/3960798
http://www.ncbi.nlm.nih.gov/pubmed/30112386
http://doi.org/10.1016/j.jdent.2019.103259
http://doi.org/10.1016/j.bioactmat.2020.08.028
http://www.ncbi.nlm.nih.gov/pubmed/33005828
http://doi.org/10.1159/000486772
http://doi.org/10.1080/00207454.2019.1664518
http://www.ncbi.nlm.nih.gov/pubmed/31599165
http://doi.org/10.1016/j.biopha.2018.09.084
http://www.ncbi.nlm.nih.gov/pubmed/30372800

Cells 2022, 11, 2792 28 of 32

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Basso, D.M.; Beattie, M.S.; Bresnahan, J.C. A sensitive and reliable locomotor rating scale for open field testing in rats.
J. Neurotrauma 1995, 12, 1-21. [CrossRef] [PubMed]

Bueno, C.; Ramirez, C.; Rodriguez-Lozano, FJ.; Tabarés-Seisdedos, R.; Rodenas, M.; Moraleda, ].M.; Jones, J.R.; Martinez, S.
Human adult periodontal ligament-derived cells integrate and differentiate after implantation into the adult mammalian brain.
Cell Transplant. 2013, 22, 2017-2028. [CrossRef] [PubMed]

Bueno, C.; Martinez-Morga, M.; Martinez, S. Non-proliferative neurogenesis in human periodontal ligament stem cells. Sci. Rep.
2019, 9, 18038. [CrossRef] [PubMed]

Li, B.; Ouchi, T; Cao, Y.; Zhao, Z.; Men, Y. Dental-Derived Mesenchymal Stem Cells: State of the Art. Front. Cell Dev. Biol. 2021,
9, 654559. [CrossRef]

Nicola, F.C.; Rodrigues, L.P; Crestani, T.; Quintiliano, K.; Sanches, E.F.; Willborn, S.; Aristimunha, D.; Boisserand, L.; Pranke, P;
Netto, C.A. Human dental pulp stem cells transplantation combined with treadmill training in rats after traumatic spinal cord
injury. Braz. J. Med. Biol. Res. 2016, 49, e5319. [CrossRef] [PubMed]

Wang, F; Jia, Y.; Liu, J.; Zhai, J.; Cao, N.; Yue, W.; He, H.; Pei, X. Dental pulp stem cells promote regeneration of damaged neuron
cells on the cellular model of Alzheimer’s disease. Cell Biol. Int. 2017, 41, 639-650. [CrossRef]

Martens, W.; Sanen, K.; Georgiou, M.; Struys, T.; Bronckaers, A.; Ameloot, M.; Phillips, J.; Lambrichts, I. Human dental pulp stem
cells can differentiate into Schwann cells and promote and guide neurite outgrowth in an aligned tissue-engineered collagen
construct in vitro. FASEB J. 2014, 28, 1634-1643. [CrossRef] [PubMed]

Pisciotta, A.; Bertoni, L.; Vallarola, A.; Bertani, G.; Mecugni, D.; Carnevale, G. Neural crest derived stem cells from dental pulp
and tooth-associated stem cells for peripheral nerve regeneration. Neural Regen. Res. 2020, 15, 373-381. [CrossRef] [PubMed]
Pagella, P; Miran, S.; Neto, E.; Martin, I.; Lamghari, M.; Mitsiadis, T.A. Human dental pulp stem cells exhibit enhanced properties
in comparison to human bone marrow stem cells on neurites outgrowth. FASEB J. 2020, 34, 5499-5511. [CrossRef] [PubMed]
Yam, G.H.-F; Peh, G.; Singhal, S.,; Goh, B.-T.; Mehta, J.S. Dental stem cells: A future asset of ocular cell therapy.
Expert Rev. Mol. Med. 2015, 17, e20. [CrossRef]

Gnanasegaran, N.; Govindasamy, V.; Simon, C.; Gan, Q.F; Vincent-Chong, VK.; Mani, V.; Krishnan Selvarajan, K,
Subramaniam, V.; Musa, S.; Abu Kasim, N.H. Effect of dental pulp stem cells in MPTP-induced old-aged mice model.
Eur. J. Clin. Investig. 2017, 47, 403—414. [CrossRef] [PubMed]

Chen, Y.R; Lai, PL.; Chien, Y.; Lee, PH,; Lai, YH.; Ma, H.I; Shiau, C.Y.; Wang, K.C. Improvement of Impaired Motor Functions
by Human Dental Exfoliated Deciduous Teeth Stem Cell-Derived Factors in a Rat Model of Parkinson’s Disease. Int. |. Mol. Sci.
2020, 21, 3807. [CrossRef] [PubMed]

Eskandari, N.; Boroujeni, M.E.; Abdollahifar, M.A.; Piryaei, A.; Khodagholi, F.; Mirbehbahani, S.H.; Siroosi, S.; Moghaddam, M.H.;
Aliaghaei, A.; Sadeghi, Y. Transplantation of human dental pulp stem cells compensates for striatal atrophy and modulates
neuro-inflammation in 3-nitropropionic acid rat model of Huntington’s disease. Neurosci. Res. 2021, 170, 133-144. [CrossRef]
[PubMed]

Ahmed, N.E.M.B.; Murakami, M.; Hirose, Y.; Nakashima, M. Therapeutic Potential of Dental Pulp Stem Cell Secretome for
Alzheimer’s Disease Treatment: An In vitro Study. Stem Cells Int. 2016, 2016, 8102478. [CrossRef] [PubMed]

Mita, T.; Furukawa-Hibi, Y.; Takeuchi, H.; Hattori, H.; Yamada, K.; Hibi, H.; Ueda, M.; Yamamoto, A. Conditioned medium from
the stem cells of human dental pulp improves cognitive function in a mouse model of Alzheimer’s disease. Behav. Brain Res. 2015,
293, 189-197. [CrossRef]

Luzuriaga, J.; Pastor-Alonso, O.; Encinas, ].M.; Unda, F.; Ibarretxe, G.; Pineda, ] R. Human Dental Pulp Stem Cells Grown in
Neurogenic Media Differentiate into Endothelial Cells and Promote Neovasculogenesis in the Mouse Brain. Front. Physiol. 2019,
10, 347. [CrossRef]

Luzuriaga, J.; Irurzun, J.; Irastorza, I.; Unda, F; Ibarretxe, G.; Pineda, J.R. Vasculogenesis from Human Dental Pulp Stem Cells
Grown in Matrigel with Fully Defined Serum-Free Culture Media. Biomedicines 2020, 8, 483. [CrossRef]

Merckx, G.; Hosseinkhani, B.; Kuypers, S.; Deville, S.; Irobi, J.; Nelissen, I.; Michiels, L.; Lambrichts, I.; Bronckaers, A. Angiogenic
Effects of Human Dental Pulp and Bone Marrow-Derived Mesenchymal Stromal Cells and their Extracellular Vesicles. Cells 2020,
9, 312. [CrossRef]

Zhou, H.; Li, X;; Yin, Y.,; He, X.T.; An, Y,; Tian, B.M.; Hong, Y.L.; Wu, L.A.; Chen, EM. The proangiogenic effects of extracellular
vesicles secreted by dental pulp stem cells derived from periodontally compromised teeth. Stem Cell Res. Ther. 2020, 11, 110.
[CrossRef] [PubMed]

Miura-Yura, E.; Tsunekawa, S.; Naruse, K.; Nakamura, N.; Motegi, M.; Nakai-Shimoda, H.; Asano, S.; Kato, M.; Yamada, Y,;
Izumoto-Akita, T.; et al. Secreted factors from cultured dental pulp stem cells promoted neurite outgrowth of dorsal root ganglion
neurons and ameliorated neural functions in streptozotocin-induced diabetic mice. J. Diabetes Investig. 2020, 11, 28-38. [CrossRef]
[PubMed]

Zhang, Q.; Nguyen, P; Xu, Q.; Park, W.; Lee, S.; Furuhashi, A.; Le, A.D. Neural Progenitor-Like Cells Induced from Human
Gingiva-Derived Mesenchymal Stem Cells Regulate Myelination of Schwann Cells in Rat Sciatic Nerve Regeneration. Stem Cells
Transl. Med. 2017, 6, 458-470. [CrossRef]

Chen, Y.Y;; He, S.T;; Yan, EH.; Zhou, PF; Luo, K.; Zhang, Y.D.; Xiao, Y.; Lin, M.K. Dental pulp stem cells express tendon
markers under mechanical loading and are a potential cell source for tissue engineering of tendon-like tissue. Int. J. Oral Sci.
2016, 8, 213-222. [CrossRef] [PubMed]


http://doi.org/10.1089/neu.1995.12.1
http://www.ncbi.nlm.nih.gov/pubmed/7783230
http://doi.org/10.3727/096368912X657305
http://www.ncbi.nlm.nih.gov/pubmed/23043788
http://doi.org/10.1038/s41598-019-54745-3
http://www.ncbi.nlm.nih.gov/pubmed/31792338
http://doi.org/10.3389/fcell.2021.654559
http://doi.org/10.1590/1414-431x20165319
http://www.ncbi.nlm.nih.gov/pubmed/27509306
http://doi.org/10.1002/cbin.10767
http://doi.org/10.1096/fj.13-243980
http://www.ncbi.nlm.nih.gov/pubmed/24352035
http://doi.org/10.4103/1673-5374.266043
http://www.ncbi.nlm.nih.gov/pubmed/31571644
http://doi.org/10.1096/fj.201902482R
http://www.ncbi.nlm.nih.gov/pubmed/32096581
http://doi.org/10.1017/erm.2015.16
http://doi.org/10.1111/eci.12753
http://www.ncbi.nlm.nih.gov/pubmed/28369799
http://doi.org/10.3390/ijms21113807
http://www.ncbi.nlm.nih.gov/pubmed/32471263
http://doi.org/10.1016/j.neures.2020.12.002
http://www.ncbi.nlm.nih.gov/pubmed/33359180
http://doi.org/10.1155/2016/8102478
http://www.ncbi.nlm.nih.gov/pubmed/27403169
http://doi.org/10.1016/j.bbr.2015.07.043
http://doi.org/10.3389/fphys.2019.00347
http://doi.org/10.3390/biomedicines8110483
http://doi.org/10.3390/cells9020312
http://doi.org/10.1186/s13287-020-01614-w
http://www.ncbi.nlm.nih.gov/pubmed/32143712
http://doi.org/10.1111/jdi.13085
http://www.ncbi.nlm.nih.gov/pubmed/31144464
http://doi.org/10.5966/sctm.2016-0177
http://doi.org/10.1038/ijos.2016.33
http://www.ncbi.nlm.nih.gov/pubmed/27811845

Cells 2022, 11, 2792 29 of 32

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Ramamoorthi, M.; Bakkar, M.; Jordan, J.; Tran, S.D. Osteogenic Potential of Dental Mesenchymal Stem Cells in Preclinical Studies:
A Systematic Review Using Modified ARRIVE and CONSORT Guidelines. Stem Cells Int. 2015, 2015, 378368. [CrossRef] [PubMed]
Jensen, J.; Tvedesge, C.; Rolfing, ] H.D.; Foldager, C.B.; Lysdahl, H.; Kraft, D.C.E.; Chen, M.; Baas, J.; Le, D.Q.S.; Biinger, C.E.
Dental pulp-derived stromal cells exhibit a higher osteogenic potency than bone marrow-derived stromal cells in vitro and in a
porcine critical-size bone defect model. SICOT-] 2016, 2, 16. [CrossRef] [PubMed]

Anitua, E.; Troya, M.; Zalduendo, M. Progress in the use of dental pulp stem cells in regenerative medicine. Cytotherapy 2018,
20, 479-498. [CrossRef] [PubMed]

Chamieh, F; Collignon, A.M.; Coyac, B.R.; Lesieur, J.; Ribes, S.; Sadoine, J.; Llorens, A.; Nicoletti, A.; Letourneur, D,;
Colombier, M.L.; et al. Accelerated craniofacial bone regeneration through dense collagen gel scaffolds seeded with dental
pulp stem cells. Sci. Rep. 2016, 6, 38814. [CrossRef] [PubMed]

La Noce, M.; Paino, F,; Spina, A.; Naddeo, P.; Montella, R.; Desiderio, V.; De Rosa, A.; Papaccio, G.; Tirino, V.; Laino, L. Dental pulp
stem cells: State of the art and suggestions for a true translation of research into therapy. J. Dent. 2014, 42, 761-768. [CrossRef]
[PubMed]

Liu, J.; Yu, F; Sun, Y;; Jiang, B.; Zhang, W.; Yang, ].; Xu, G.T.; Liang, A.; Liu, S. Concise reviews: Characteristics and potential
applications of human dental tissue-derived mesenchymal stem cells. Stem Cells 2015, 33, 627—-638. [CrossRef]

Mata, M.; Milian, L.; Oliver, M.; Zurriaga, J.; Sancho-Tello, M.; De Llano, J.].M.; Carda, C. In vivo Articular Cartilage Regeneration
Using Human Dental Pulp Stem Cells Cultured in an Alginate Scaffold: A Preliminary Study. Stem Cells Int. 2017, 2017, 8309256.
[CrossRef]

Talaat, W.; Smriti Aryal, A.C.; Kawas, S.A.; Samsudin, A.B.R.; Kandile, N.G.; Harding, D.R.K.; Ghoneim, M.M.; Zeiada, W.; Jagal,
J.; Aboelnaga, A.; et al. Nanoscale Thermosensitive Hydrogel Scaffolds Promote the Chondrogenic Differentiation of Dental Pulp
Stem and Progenitor Cells: A Minimally Invasive Approach for Cartilage Regeneration. Int. J. Nanomed. 2020, 15, 7775-7789.
[CrossRef] [PubMed]

Pisciotta, A.; Riccio, M.; Carnevale, G.; Lu, A.; De Biasi, S.; Gibellini, L.; La Sala, G.B.; Bruzzesi, G.; Ferrari, A.; Huard, J.; et al.
Stem cells isolated from human dental pulp and amniotic fluid improve skeletal muscle histopathology in mdx/SCID mice.
Stem Cell Res. Ther. 2015, 6, 156. [CrossRef] [PubMed]

Carnevale, G.; Pisciotta, A.; Riccio, M.; Bertoni, L.; De Biasi, S.; Gibellini, L.; Zordani, A.; Cavallini, G.M.; La Sala, G.B.;
Bruzzesi, G.; et al. Human dental pulp stem cells expressing STRO-1, c-kit and CD34 markers in peripheral nerve regeneration.
J. Tissue Eng. Regen. Med. 2018, 12, e774—e785. [CrossRef] [PubMed]

Huang, S.; Yu, F; Cheng, Y.; Li, Y,; Chen, Y.; Tang, ]J.; Bei, Y,; Tang, Q.; Zhao, Y.; Huang, Y.; et al. Transforming Growth
Factor-f33/Recombinant Human-like Collagen/Chitosan Freeze-Dried Sponge Primed with Human Periodontal Ligament Stem
Cells Promotes Bone Regeneration in Calvarial Defect Rats. Front. Pharmacol. 2021, 12, 678322. [CrossRef] [PubMed]

Alsaeedi, H.A.; Koh, AE-H.; Lam, C.; Rashid, M.B.A.; Harun, M.H.N.; Saleh, M.EB.M.; Teh, S.W.; Luu, C.D.; Ng, M.H,;
Isa, H.M.; et al. Dental pulp stem cells therapy overcome photoreceptor cell death and protects the retina in a rat model of sodium
iodate-induced retinal degeneration. J. Photochem. Photobiol. B Biol. 2019, 198, 111561. [CrossRef] [PubMed]

Mead, B.; Logan, A.; Berry, M.; Leadbeater, W.; Scheven, B.A. Intravitreally transplanted dental pulp stem cells promote
neuroprotection and axon regeneration of retinal ganglion cells after optic nerve injury. Investig. Ophthalmol. Vis. Sci. 2013,
54, 7544-7556. [CrossRef] [PubMed]

Mead, B.; Logan, A.; Berry, M.; Leadbeater, W.; Scheven, B.A. Dental pulp stem cells, a paracrine-mediated therapy for the retina.
Neural Regen. Res. 2014, 9, 577-578. [CrossRef] [PubMed]

Lundy, E; El Karim, I.; Scheven, B. Current and Future Views on Pulpal Pain and Neurogenesis: Current and Emerging
Therapeutic Perspectives. In Clinical Approaches in Endodontic Regeneration; Springer: Cham, Switzerland, 2019; pp. 19-36.
ISBN 978-3-319-96847-6.

Gomes, ].A.P.; Monteiro, B.G.; Melo, G.B.; Smith, R.L.; da Silva, M.C.P; Lizier, N.F,; Kerkis, A.; Cerruti, H.; Kerkis, I. Corneal recon-
struction with tissue-engineered cell sheets composed of human immature dental pulp stem cells. Investig. Ophthalmol. Vis. Sci.
2010, 51, 1408-1414. [CrossRef]

Karamali, F.; Esfahani, M.H.N.; Taleahmad, S.; Satarian, L.; Baharvand, H. Stem cells from apical papilla promote differentiation
of human pluripotent stem cells towards retinal cells. Differentiation 2018, 101, 8-15. [CrossRef]

Adriztina, I.; Munir, D.; Sandra, F; Ichwan, M.; Bashiruddin, J.; Putra, I.B.; Farhat; Sembiring, R.J.; Sartika, C.R.; Chouw, A.; et al.
Differentiation capacity of dental pulp stem cell into inner ear hair cell using an in vitro assay: A preliminary step toward treating
sensorineural hearing loss. Eur. Arch. Otorhinolaryngol. 2022, 279, 1805-1812. [CrossRef] [PubMed]

Ha, J.; Bharti, D.; Kang, Y.H.; Lee, S.Y.; Oh, S.J.; Kim, S.B.; Jo, CH.; Son, J.H.; Sung, L.Y.; Cho, Y.C.; et al. Human Dental
Pulp-Derived Mesenchymal Stem Cell Potential to Differentiate into Smooth Muscle-Like Cells In vitro. Biomed Res. Int. 2021,
2021, 8858412. [CrossRef] [PubMed]

Song, B.; Jiang, W.; Alraies, A.; Liu, Q.; Gudla, V,; Oni, J.; Wei, X; Sloan, A.; Nji, L.; Agarwal, M. Bladder Smooth Muscle Cells
Differentiation from Dental Pulp Stem Cells: Future Potential for Bladder Tissue Engineering. Stem Cells Int. 2016, 2016, 6979368.
[CrossRef]

Jiang, W.; Wang, D.; Alraies, A.; Liu, Q.; Zhu, B; Sloan, A.J.; Ni, L.; Song, B. Wnt-GSK3 3/ 3-Catenin Regulates the Differentiation
of Dental Pulp Stem Cells into Bladder Smooth Muscle Cells. Stem Cells Int. 2019, 2019, 8907570. [CrossRef] [PubMed]


http://doi.org/10.1155/2015/378368
http://www.ncbi.nlm.nih.gov/pubmed/26106427
http://doi.org/10.1051/sicotj/2016004
http://www.ncbi.nlm.nih.gov/pubmed/27163105
http://doi.org/10.1016/j.jcyt.2017.12.011
http://www.ncbi.nlm.nih.gov/pubmed/29449086
http://doi.org/10.1038/srep38814
http://www.ncbi.nlm.nih.gov/pubmed/27934940
http://doi.org/10.1016/j.jdent.2014.02.018
http://www.ncbi.nlm.nih.gov/pubmed/24589847
http://doi.org/10.1002/stem.1909
http://doi.org/10.1155/2017/8309256
http://doi.org/10.2147/IJN.S274418
http://www.ncbi.nlm.nih.gov/pubmed/33116500
http://doi.org/10.1186/s13287-015-0141-y
http://www.ncbi.nlm.nih.gov/pubmed/26316011
http://doi.org/10.1002/term.2378
http://www.ncbi.nlm.nih.gov/pubmed/27943583
http://doi.org/10.3389/fphar.2021.678322
http://www.ncbi.nlm.nih.gov/pubmed/33967817
http://doi.org/10.1016/j.jphotobiol.2019.111561
http://www.ncbi.nlm.nih.gov/pubmed/31352000
http://doi.org/10.1167/iovs.13-13045
http://www.ncbi.nlm.nih.gov/pubmed/24150755
http://doi.org/10.4103/1673-5374.130089
http://www.ncbi.nlm.nih.gov/pubmed/25206857
http://doi.org/10.1167/iovs.09-4029
http://doi.org/10.1016/j.diff.2018.02.003
http://doi.org/10.1007/s00405-021-06864-9
http://www.ncbi.nlm.nih.gov/pubmed/34008035
http://doi.org/10.1155/2021/8858412
http://www.ncbi.nlm.nih.gov/pubmed/33553433
http://doi.org/10.1155/2016/6979368
http://doi.org/10.1155/2019/8907570
http://www.ncbi.nlm.nih.gov/pubmed/30809265

Cells 2022, 11, 2792 30 of 32

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Han, YJJ.; Kang, Y.H.; Shivakumar, S.B.; Bharti, D.; Son, Y.B.; Choi, Y.H.; Park, W.U.; Byun, J.H.; Rho, G.J.; Park, B.W. Stem Cells
from Cryopreserved Human Dental Pulp Tissues Sequentially Differentiate into Definitive Endoderm and Hepatocyte-Like Cells
in vitro. Int. J. Med. Sci. 2017, 14, 1418-1429. [CrossRef]

Yokoyama, T.; Yagi Mendoza, H.; Tanaka, T.; Ii, H.; Takano, R.; Yaegaki, K.; Ishikawa, H. Regulation of CCl 4-induced liver
cirrhosis by hepatically differentiated human dental pulp stem cells. Hum. Cell 2019, 32, 125-140. [CrossRef] [PubMed]

Zhang, C.; Zhang, Y.; Feng, Z.; Zhang, F,; Liu, Z.; Sun, X.; Ruan, M.; Liu, M.; Jin, S. Therapeutic effect of dental pulp stem cell
transplantation on a rat model of radioactivity-induced esophageal injury. Cell Death Dis. 2018, 9, 738. [CrossRef] [PubMed]

Li, Y.; Zhang, Y.; Wang, H.; Sun, C.; Liu, D.; Liu, H.; He, J.; Chen, E; Wang, W.; Jiang, X.; et al. Dental Pulp Mesenchymal
Stem Cells Attenuate Limb Ischemia via Promoting Capillary Proliferation and Collateral Development in a Preclinical Model.
Stem Cells Int. 2021, 2021, 5585255. [CrossRef] [PubMed]

Li, N.; Zhang, Y.; Nepal, N.; Li, G.; Yang, N.; Chen, H.; Lin, Q.; Ji, X.; Zhang, S.; Jin, S. Dental pulp stem cells overexpressing
hepatocyte growth factor facilitate the repair of DSS-induced ulcerative colitis. Stem Cell Res. Ther. 2021, 12, 30. [CrossRef]
Zhang, X.; Lei, T.; Chen, P.; Wang, L.; Wang, J.; Wang, D.; Guo, W.; Zhou, Y.; Li, Q.; Du, H. Stem Cells from Human Exfoliated
Deciduous teeth Promote Hair Regeneration in Mouse. Cell Transplant. 2021, 30, 9636897211042927. [CrossRef]

Shiu, S.T.; Lew, W.Z,; Lee, S.Y.; Feng, SW.; Huang, H.M. Effects of Sapindus mukorossi Seed Oil on Proliferation, Osteoge-
netic/Odontogenetic Differentiation and Matrix Vesicle Secretion of Human Dental Pulp Mesenchymal Stem Cells. Materials
2020, 13, 4063. [CrossRef] [PubMed]

Kornicka, K.; Kocherova, I.; Marycz, K. The effects of chosen plant extracts and compounds on mesenchymal stem cells-a bridge
between molecular nutrition and regenerative medicine- concise review. Phytother. Res. 2017, 31, 947-958. [CrossRef]

Shen, Y,; Zheng, L.; Jin, J.; Li, X;; Fu, J.; Wang, M.; Guan, Y.; Song, X. Phytochemical and Biological Characteristics of Mexican
Chia Seed Oil. Molecules 2018, 23, 3219. [CrossRef] [PubMed]

Chen, C.C;; Nien, C.J.; Chen, L.G.; Huang, K.Y; Chang, W.J.; Huang, H.M. Effects of Sapindus mukorossi Seed Oil on Skin Wound
Healing: In vivo and in vitro Testing. Int. ]. Mol. Sci. 2019, 20, 2579. [CrossRef] [PubMed]

Mahmoudi, R.; Ghareghani, M.; Zibara, K.; Tajali Ardakani, M.; Jand, Y.; Azari, H.; Nikbakht, J.; Ghanbari, A. Alyssum
homolocarpum seed oil (AHSO), containing natural alpha linolenic acid, stearic acid, myristic acid and 3-sitosterol, increases
proliferation and differentiation of neural stem cells in vitro. BMC Complement. Altern. Med. 2019, 19, 113. [CrossRef]

Kumar, M.; Prakash, S.; Radha; Kumari, N.; Pundir, A.; Punia, S.; Saurabh, V.; Choudhary, P.; Changan, S.; Dhumal, S.; et al.
Beneficial Role of Antioxidant Secondary Metabolites from Medicinal Plants in Maintaining Oral Health. Antioxidants 2021,
10, 1061. [CrossRef] [PubMed]

Prakash, S.; Radha; Kumar, M.; Kumari, N.; Thakur, M.; Rathour, S.; Pundir, A.; Sharma, A K.; Bangar, S.P.; Dhumal, S.; et al.
Plant-Based Antioxidant Extracts and Compounds in the Management of Oral Cancer. Antioxidants 2021, 10, 1358. [CrossRef]
Sasi, M.; Kumar, S.; Kumar, M.; Thapa, S.; Prajapati, U.; Tak, Y.; Changan, S.; Saurabh, V.; Kumari, S.; Kumar, A; et al. Garlic
(Allium sativum L.) bioactives and its role in alleviating oral pathologies. Antioxidants 2021, 10, 1847. [CrossRef] [PubMed]
Ullah, E; Ayaz, A.; Saqib, S.; Zaman, W.; Butt, M.A_; Ullah, A. Silene conoidea L.: A Review on its Systematic, Ethnobotany and
Phytochemical profile. Plant Sci. Today 2019, 6, 373-382. [CrossRef]

David, M.; Ain, Q.U.; Ahmad, M.; Zaman, W.; Jahan, S. A biochemical and histological approach to study antifertility effects of
methanol leaf extract of Asplenium dalhousiae Hook. in adult male rats. Andrologia 2019, 51, €13262. [CrossRef] [PubMed]
Xiong, Y.; Zhao, B.; Zhang, W,; Jia, L.; Zhang, Y.; Xu, X. Curcumin promotes osteogenic differentiation of periodontal ligament
stem cells through the PI3K/AKT/Nrf2 signaling pathway. Iran. J. Basic Med. Sci. 2020, 23, 954-960. [CrossRef] [PubMed]

Shi, W,; Ling, D.; Zhang, F; Fu, X.; Lai, D.; Zhang, Y. Curcumin promotes osteogenic differentiation of human periodontal
ligament stem cells by inducting EGR1 expression. Arch. Oral Biol. 2021, 121, 104958. [CrossRef]

Zhang, L.N.; Wang, X.X.; Wang, Z.; Li, K.Y,; Xu, B.H.; Zhang, J. Berberine improves advanced glycation end products-induced
osteogenic differentiation responses in human periodontal ligament stem cells through the canonical Wnt/ 3-catenin pathway.
Mol. Med. Rep. 2019, 19, 5440-5452. [CrossRef]

Cui, Y,; Xie, J.; Fu, Y; Li, C.; Zheng, L.; Huang, D.; Zhou, C.; Sun, J.; Zhou, X. Berberine mediates root remodeling in an immature
tooth with apical periodontitis by regulating stem cells from apical papilla differentiation. Int. J. Oral Sci. 2020, 12, 18. [CrossRef]
[PubMed]

Xin, B.C.; Wu, Q.S,; Jin, S.; Luo, A.H.; Sun, D.G.; Wang, F. Berberine Promotes Osteogenic Differentiation of Human Dental Pulp
Stem Cells Through Activating EGFR-MAPK-Runx2 Pathways. Pathol. Oncol. Res. 2020, 26, 1677-1685. [CrossRef]

Li, W,; Liu, Y.; Wang, B.; Luo, Y.; Hu, N.; Chen, D.; Zhang, X.; Xiong, Y. Protective effect of berberine against oxidative stress-
induced apoptosis in rat bone marrow-derived mesenchymal stem cells. Exp. Ther. Med. 2016, 12, 4041-4048. [CrossRef]
[PubMed]

Lin, C.Y,; Chin, Y.T.; Kuo, PJ.; Lee, HW.,; Huang, HM.; Lin, HY,; Weng, LT, Hsiung, C.N.; Chan, Y.H. Lee, S.Y.
2,3,54'-Tetrahydroxystilbene-2-O-B-glucoside potentiates self-renewal of human dental pulp stem cells via the AMPK/ERK/SIRT1
axis. Int. Endod. J. 2018, 51, 1159-1170. [CrossRef] [PubMed]

Shah, M.; Parveen, Z.; Khan, M.R. Evaluation of antioxidant, anti-inflammatory, analgesic and antipyretic activities of the stem
bark of Sapindus mukorossi. BMC Complement. Altern. Med. 2017, 17, 526. [CrossRef] [PubMed]

Hu, Q.; Chen, Y.Y;; Jiao, Q.Y.; Khan, A; Li, F; Han, D.F; Cao, G.D.; Lou, H.X. Triterpenoid saponins from the pulp of Sapindus
mukorossi and their antifungal activities. Phytochemistry 2018, 147, 1-8. [CrossRef]


http://doi.org/10.7150/ijms.22152
http://doi.org/10.1007/s13577-018-00234-0
http://www.ncbi.nlm.nih.gov/pubmed/30637566
http://doi.org/10.1038/s41419-018-0753-0
http://www.ncbi.nlm.nih.gov/pubmed/29970894
http://doi.org/10.1155/2021/5585255
http://www.ncbi.nlm.nih.gov/pubmed/34512766
http://doi.org/10.1186/s13287-020-02098-4
http://doi.org/10.1177/09636897211042927
http://doi.org/10.3390/ma13184063
http://www.ncbi.nlm.nih.gov/pubmed/32933188
http://doi.org/10.1002/ptr.5812
http://doi.org/10.3390/molecules23123219
http://www.ncbi.nlm.nih.gov/pubmed/30563201
http://doi.org/10.3390/ijms20102579
http://www.ncbi.nlm.nih.gov/pubmed/31130677
http://doi.org/10.1186/s12906-019-2518-4
http://doi.org/10.3390/antiox10071061
http://www.ncbi.nlm.nih.gov/pubmed/34209152
http://doi.org/10.3390/antiox10091358
http://doi.org/10.3390/antiox10111847
http://www.ncbi.nlm.nih.gov/pubmed/34829718
http://doi.org/10.14719/pst.2019.6.4.571
http://doi.org/10.1111/and.13262
http://www.ncbi.nlm.nih.gov/pubmed/30838702
http://doi.org/10.22038/IJBMS.2020.44070.10351
http://www.ncbi.nlm.nih.gov/pubmed/32774819
http://doi.org/10.1016/j.archoralbio.2020.104958
http://doi.org/10.3892/mmr.2019.10193
http://doi.org/10.1038/s41368-020-0085-7
http://www.ncbi.nlm.nih.gov/pubmed/32555173
http://doi.org/10.1007/s12253-019-00746-6
http://doi.org/10.3892/etm.2016.3866
http://www.ncbi.nlm.nih.gov/pubmed/28101183
http://doi.org/10.1111/iej.12935
http://www.ncbi.nlm.nih.gov/pubmed/29635697
http://doi.org/10.1186/s12906-017-2042-3
http://www.ncbi.nlm.nih.gov/pubmed/29221478
http://doi.org/10.1016/j.phytochem.2017.12.004

Cells 2022, 11, 2792 31 of 32

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

Xing, Y.; Mi, C.; Wang, Z.; Zhang, Z.H.; Li, M.Y.; Zuo, H.X.; Wang, ].Y.; Jin, X.; Ma, J. Fraxinellone has anticancer activity in vivo
by inhibiting programmed cell death-ligand 1 expression by reducing hypoxia-inducible factor-1a and STAT3. Pharmacol. Res.
2018, 135, 166-180. [CrossRef] [PubMed]

Zhao, B.; Xiong, Y.; Zhang, Y.; Jia, L.; Zhang, W.; Xu, X. Rutin promotes osteogenic differentiation of periodontal ligament
stem cells through the GPR30-mediated PI3K/AKT/mTOR signaling pathway. Exp. Biol. Med. 2020, 245, 552-561. [CrossRef]
[PubMed]

Zhao, B.; Zhang, W.; Xiong, Y.; Zhang, Y.; Jia, L.; Xu, X. Rutin protects human periodontal ligament stem cells from TNF-o
induced damage to osteogenic differentiation through suppressing mTOR signaling pathway in inflammatory environment.
Arch. Oral Biol. 2020, 109, 104584. [CrossRef]

Yuan, ].; Wang, X.; Ma, D.; Gao, H.; Zheng, D.; Zhang, J. Resveratrol rescues TNF-[alpha]-induced inhibition of osteogenesis in
human periodontal ligament stem cells via the ERK1/2 pathway. Mol. Med. Rep. 2020, 21, 2085-2094.

Zhang, J.; Li, R.;; Man, K; Yang, X.B. Enhancing osteogenic potential of hDPSCs by resveratrol through reducing oxidative stress
via the Sirtl/Nrf2 pathway. Pharm. Biol. 2022, 60, 501-508. [CrossRef]

Sun, J.; Dong, Z.; Zhang, Y.; He, X,; Fei, D.; Jin, E; Yuan, L.; Li, B.; Jin, Y. Osthole improves function of periodontitis periodontal
ligament stem cells via epigenetic modification in cell sheets engineering. Sci. Rep. 2017, 7, 5254. [CrossRef]

Yan, Y.-H.; Li, S.-H.; Li, H.-Y;; Lin, Y.; Yang, J.-X. Osthole Protects Bone Marrow-Derived Neural Stem Cells from Oxidative
Damage through PI3K/Akt-1 Pathway. Neurochem. Res. 2016, 42, 398-405. [CrossRef] [PubMed]

Yin, L.; Cheng, W.; Qin, Z.; Yu, H.; Yu, Z.; Zhong, M.; Sun, K.; Zhang, W. Effects of Naringin on Proliferation and Osteogenic
Differentiation of Human Periodontal Ligament Stem Cells In vitro and In vivo. Stem Cells Int. 2015, 2015, 758706. [CrossRef]
Kajiura, K.; Umemura, N.; Ohkoshi, E.; Ohta, T.; Kondoh, N.; Kawano, S. Shikonin induces odontoblastic differentiation of dental
pulp stem cells via AKT-mTOR signaling in the presence of CD44. Connect. Tissue Res. 2021, 62, 689—-697. [CrossRef] [PubMed]
Nam, S.H.; Yamano, A ; Kim, J.A.; Lim, J.; Baek, S.H.; Kim, ].E.; Kwon, T.G,; Saito, Y.; Teruya, T.; Choi, S.Y.; et al. Prenylflavonoids
isolated from Macaranga tanarius stimulate odontoblast differentiation of human dental pulp stem cells and tooth root formation
via the mitogen-activated protein kinase and protein kinase B pathways. Int. Endod. ]. 2021, 54, 1142-1154. [CrossRef]

Rolph, D.N.; Deb, M.; Kanji, S.; Greene, C.J.; Das, M.; Joseph, M.; Aggarwal, R.; Leblebicioglu, B.; Das, H. Ferutinin directs dental
pulp-derived stem cells towards the osteogenic lineage by epigenetically regulating canonical Wnt signaling. Biochim. Biophys.
Acta—Mol. Basis Dis. 2020, 1866, 165314. [CrossRef] [PubMed]

Suardita, K.; Arundina, I.; Tedjosasongko, U.; Yuliati, A.; Peeters, H.H.; Wijaksana, I.K.E.; Surboyo, M.D.C. Concanavalin A
Enhanced Proliferation and Osteogenic Differentiation of Dental Pulp Stem Cells. Eur. . Dent. 2020, 14, 123-127. [CrossRef]
[PubMed]

He, F; Yu, C,; Liu, T, Jia, H. Ginsenoside Rg1 as an effective regulator of mesenchymal stem cells. Front. Pharmacol. 2020, 10, 1565.
[CrossRef]

Wang, P.; Wei, X.; Zhou, Y.; Wang, Y.P; Yang, K.; Zhang, EJ.; Jiang, R. Effect of ginsenoside Rg1 on proliferation and differentiation
of human dental pulp cells in vitro. Aust. Dent. ]. 2012, 57, 157-165. [CrossRef]

Qiu, J.; Li, W.; Feng, S.H.; Wang, M.; He, Z.Y. Ginsenoside Rh2 promotes nonamyloidgenic cleavage of amyloid precursor protein
via a cholesterol-dependent pathway. Genet. Mol. Res. 2014, 13, 3586-3598. [CrossRef]

Yin, L.-H.; Cheng, W.-X; Qin, Z.-S.; Sun, K.-M.; Zhong, M.; Wang, ].-K.; Gao, W.-Y.; Yu, Z.-H. Effects of ginsenoside Rg-1 on the
proliferation and osteogenic differentiation of human periodontal ligament stem cells. Chin. . Integr. Med. 2015, 21, 676-681.
[CrossRef]

Wang, C.; Song, Y.; Gu, Z.; Lian, M.; Huang, D.; Lu, X,; Feng, X; Lu, Q. Wedelolactone Enhances Odontoblast Differentiation by
Promoting Wnt/ 3-Catenin Signaling Pathway and Suppressing NF-«B Signaling Pathway. Cell. Reprogram. 2018, 20, 236-244.
[CrossRef] [PubMed]

Songsiripradubboon, S.; Kladkaew, S.; Trairatvorakul, C.; Sangvanich, P.; Soontornvipart, K.; Banlunara, W.; Thunyakitpisal, P.
Stimulation of Dentin Regeneration by Using Acemannan in Teeth with Lipopolysaccharide-induced Pulp Inflammation. J. Endod.
2017, 43, 1097-1103. [CrossRef]

Kwon, Y.S,; Kim, H.].; Hwang, Y.C.; Rosa, V.; Yu, M.K,; Min, K.S. Effects of Epigallocatechin Gallate, an Antibacterial Cross-linking
Agent, on Proliferation and Differentiation of Human Dental Pulp Cells Cultured in Collagen Scaffolds. |. Endod. 2017, 43, 289-296.
[CrossRef] [PubMed]

Hwang, ].W.; Park, W.J.; Han, Y. Asarylaldehyde enhances osteogenic differentiation of human periodontal ligament stem cells
through the ERK/p38 MAPK signaling pathway. Biochem. Biophys. Res. Commun. 2021, 545, 27-32. [CrossRef] [PubMed]

Nie, F; Zhang, W.; Cui, Q.; Fu, Y,; Li, H.; Zhang, ]. Kaempferol promotes proliferation and osteogenic differentiation of periodontal
ligament stem cells via Wnt/ 3-catenin signaling pathway. Life Sci. 2020, 258, 118143. [CrossRef] [PubMed]

Li, C; Qi, Y.; Zhou, Q.; Huang, X.; Deng, X.; Yu, Y.; Shi, L.E. Betulinic acid promotes the osteogenic differentiation of human
periodontal ligament stem cells by upregulating EGR1. Acta Biochim. Biophys. Sin. 2021, 53, 1266-1276. [CrossRef]

Zhang, W,; Jia, L.; Zhao, B.; Xiong, Y.; Wang, Y.N.; Liang, J.; Xu, X. Quercetin reverses TNF-« induced osteogenic damage to
human periodontal ligament stem cells by suppressing the NF-«B/NLRP3 inflammasome pathway. Int. ]. Mol. Med. 2021, 47, 39.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.phrs.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30103001
http://doi.org/10.1177/1535370220903463
http://www.ncbi.nlm.nih.gov/pubmed/32036685
http://doi.org/10.1016/j.archoralbio.2019.104584
http://doi.org/10.1080/13880209.2022.2037664
http://doi.org/10.1038/s41598-017-05762-7
http://doi.org/10.1007/s11064-016-2082-y
http://www.ncbi.nlm.nih.gov/pubmed/27734182
http://doi.org/10.1155/2015/758706
http://doi.org/10.1080/03008207.2020.1865937
http://www.ncbi.nlm.nih.gov/pubmed/33334200
http://doi.org/10.1111/iej.13503
http://doi.org/10.1016/j.bbadis.2018.10.032
http://www.ncbi.nlm.nih.gov/pubmed/30412793
http://doi.org/10.1055/s-0040-1702900
http://www.ncbi.nlm.nih.gov/pubmed/32168540
http://doi.org/10.3389/fphar.2019.01565
http://doi.org/10.1111/j.1834-7819.2012.01672.x
http://doi.org/10.4238/2014.May.9.2
http://doi.org/10.1007/s11655-014-1856-9
http://doi.org/10.1089/cell.2018.0004
http://www.ncbi.nlm.nih.gov/pubmed/30089027
http://doi.org/10.1016/j.joen.2017.01.037
http://doi.org/10.1016/j.joen.2016.10.017
http://www.ncbi.nlm.nih.gov/pubmed/28132713
http://doi.org/10.1016/j.bbrc.2021.01.053
http://www.ncbi.nlm.nih.gov/pubmed/33535103
http://doi.org/10.1016/j.lfs.2020.118143
http://www.ncbi.nlm.nih.gov/pubmed/32717269
http://doi.org/10.1093/abbs/gmab111
http://doi.org/10.3892/ijmm.2021.4872
http://www.ncbi.nlm.nih.gov/pubmed/33537804

Cells 2022, 11, 2792 32 of 32

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Wang, N.; Wang, L.; Yang, ].; Wang, Z.; Cheng, L. Quercetin promotes osteogenic differentiation and antioxidant responses of
mouse bone mesenchymal stem cells through activation of the AMPK/SIRT1 signaling pathway. Phyther. Res. 2021, 35, 2639-2650.
[CrossRef] [PubMed]

Dutta, S.D.; Patel, D.K; Jin, B.; Choi, S.I; Lee, O.H.; Lim, K.T. Effects of Cirsium setidens (Dunn) Nakai on the osteogenic
differentiation of stem cells. Mol. Med. Rep. 2021, 23, 264. [CrossRef] [PubMed]

Wei, X,; Li, J.; Liu, H.; Niu, C.; Chen, D. Salidroside promotes the osteogenic and odontogenic differentiation of human dental
pulp stem cells through the BMP signaling pathway. Exp. Ther. Med. 2022, 23, 55. [CrossRef] [PubMed]

Li, J.; Peng, Y. Effect of puerarin on osteogenic differentiation of human periodontal ligament stem cells. |. Int. Med. Res. 2020,
48, 300060519851641. [CrossRef]

Cao, J.; Qiu, X.; Gao, Y.; Cai, L. Puerarin promotes the osteogenic differentiation of rat dental follicle cells by promoting the
activation of the nitric oxide pathway. Tissue Cell 2021, 73, 101601. [CrossRef] [PubMed]

Pei, Z.; Zhang, F.; Niu, Z.; Shi, S. Effect of icariin on cell proliferation and the expression of bone resorption/formation-related
markers in human periodontal ligament cells. Mol. Med. Rep. 2013, 8, 1499-1504. [CrossRef]

Zhang, X.; Han, N.; Li, G.; Yang, H.; Cao, Y,; Fan, Z.; Zhang, F. Local icariin application enhanced periodontal tissue regeneration
and relieved local inflammation in a minipig model of periodontitis. Int. J. Oral Sci. 2018, 10, 19. [CrossRef]

Romeo, L.; Dlomede, F.; Gugliandolo, A.; Scionti, D.; Lo Giudice, F; Lanza Cariccio, V.; Iori, R.; Bramanti, P.; Trubiani, O.;
Mazzon, E. Moringin Induces Neural Differentiation in the Stem Cell of the Human Periodontal Ligament. Sci. Rep. 2018, 8, 9153.
[CrossRef]

Joe, LS,; Jeong, S.G.; Cho, G.W. Resveratrol-induced SIRT1 activation promotes neuronal differentiation of human bone marrow
mesenchymal stem cells. Neurosci. Lett. 2015, 584, 97-102. [CrossRef] [PubMed]

Geng, YW.; Zhang, Z.; Liu, M.Y,; Hu, W.P. Differentiation of human dental pulp stem cells into neuronal by resveratrol.
Cell Biol. Int. 2017, 41, 1391-1398. [CrossRef]

Jahan, S.; Singh, S.; Srivastava, A.; Kumar, V.; Kumar, D.; Pandey, A.; Rajpurohit, C.; Purohit, A.; Khanna, V.; Pant, A. PKA-GSK3/
and B-Catenin Signaling Play a Critical Role in Trans-Resveratrol Mediated Neuronal Differentiation in Human Cord Blood Stem
Cells. Mol. Neurobiol. 2018, 55, 2828-2839. [CrossRef] [PubMed]

Songsaad, A.; Gonmanee, T.; Ruangsawasdi, N.; Phruksaniyom, C.; Thonabulsombat, C. Potential of resveratrol in enrichment of
neural progenitor-like cell induction of human stem cells from apical papilla. Stem Cell Res. Ther. 2020, 11, 542. [CrossRef]
Wang, X.; Ma, S.; Meng, N.; Yao, N.; Zhang, K.; Li, Q.; Zhang, Y.; Xing, Q.; Han, K.; Song, J.; et al. Resveratrol Exerts Dosage-
Dependent Effects on the Self-Renewal and Neural Differentiation of hUC-MSCs. Mol. Cells 2016, 39, 418—425. [CrossRef]
[PubMed]

Namiki, J.; Suzuki, S.; Masuda, T.; Ishihama, Y.; Okano, H. Nestin protein is phosphorylated in adult neural stem/progenitor cells
and not endothelial progenitor cells. Stem Cells Int. 2012, 2012, 430138. [CrossRef] [PubMed]

Fadhil, Y.B.; Jaber, M.H.; Ahmed, H.M. Assessment of a novel activity of Acacia nilotica leaf extract for chondrogenesis induction
of Mesenchymal stem cells for dental applications. Phytomed. Plus 2021, 1, 100087. [CrossRef]

Girija, D.M.; Kalachaveedu, M.; Rao, S.R.; Subbarayan, R. Transdifferentiation of human gingival mesenchymal stem cells into
functional keratinocytes by Acalypha indica in three-dimensional microenvironment. J. Cell. Physiol. 2018, 233, 8450-8457.
[CrossRef]

Lee, S.I; Kim, S.Y,; Park, K.R.; Kim, E.C. Baicalein Promotes Angiogenesis and Odontoblastic Differentiation via the BMP and
Wnt Pathways in Human Dental Pulp Cells. Am. J. Chin. Med. 2016, 44, 1457-1472. [CrossRef] [PubMed]

Tian, Y.; Li, X.; Xie, H.; Wang, X.; Xie, Y.; Chen, C.; Chen, D. Protective Mechanism of the Antioxidant Baicalein toward Hydroxyl
Radical-Treated Bone Marrow-Derived Mesenchymal Stem Cells. Molecules 2018, 23, 223. [CrossRef] [PubMed]

Aryal, Y.P; Yeon, C.Y;; Kim, T.Y; Lee, E.S.; Sung, S.; Pokharel, E.; Kim, J.Y.; Choi, S.Y.; Yamamoto, H.; Sohn, W.J.; et al. Facilitating
Reparative Dentin Formation Using Apigenin Local Delivery in the Exposed Pulp Cavity. Front. Physiol. 2021, 12, 773878.
[CrossRef] [PubMed]

Liu, X.; Niu, Y.; Xie, W.; Wei, D.; Du, Q. Tanshinone IIA promotes osteogenic differentiation of human periodontal ligament stem
cells via ERK1/2-dependent Runx2 induction. Am. J. Transl. Res. 2019, 11, 340-350. [PubMed]

Jang, H.-O.; Ahn, T.-Y,; Ju, ].-M,; Bae, S.-K,; Kim, H.-R.; Kim, D.-S. Odontogenic Differentiation-Induced Tooth Regeneration by
Psoralea corylifolia L. Curr. Issues Mol. Biol. 2022, 44, 2300-2308. [CrossRef] [PubMed]


http://doi.org/10.1002/ptr.7010
http://www.ncbi.nlm.nih.gov/pubmed/33421256
http://doi.org/10.3892/mmr.2021.11903
http://www.ncbi.nlm.nih.gov/pubmed/33576449
http://doi.org/10.3892/etm.2021.10977
http://www.ncbi.nlm.nih.gov/pubmed/34917181
http://doi.org/10.1177/0300060519851641
http://doi.org/10.1016/j.tice.2021.101601
http://www.ncbi.nlm.nih.gov/pubmed/34371290
http://doi.org/10.3892/mmr.2013.1696
http://doi.org/10.1038/s41368-018-0020-3
http://doi.org/10.1038/s41598-018-27492-0
http://doi.org/10.1016/j.neulet.2014.10.024
http://www.ncbi.nlm.nih.gov/pubmed/25459285
http://doi.org/10.1002/cbin.10835
http://doi.org/10.1007/s12035-017-0539-x
http://www.ncbi.nlm.nih.gov/pubmed/28455695
http://doi.org/10.1186/s13287-020-02069-9
http://doi.org/10.14348/MOLCELLS.2016.2345
http://www.ncbi.nlm.nih.gov/pubmed/27109421
http://doi.org/10.1155/2012/430138
http://www.ncbi.nlm.nih.gov/pubmed/23028390
http://doi.org/10.1016/j.phyplu.2021.100087
http://doi.org/10.1002/jcp.26807
http://doi.org/10.1142/S0192415X16500816
http://www.ncbi.nlm.nih.gov/pubmed/27776430
http://doi.org/10.3390/molecules23010223
http://www.ncbi.nlm.nih.gov/pubmed/29361712
http://doi.org/10.3389/fphys.2021.773878
http://www.ncbi.nlm.nih.gov/pubmed/34955887
http://www.ncbi.nlm.nih.gov/pubmed/30787991
http://doi.org/10.3390/cimb44050156
http://www.ncbi.nlm.nih.gov/pubmed/35678685

	Introduction 
	Research Methodology 
	Oral Stem Cell-Mediated Dental Regeneration 
	Oral Stem Cell-Mediated Neural Regeneration and Repair 
	Oral Stem Cell-Mediated Bone Regeneration 
	Oral Stem Cell-Mediated Regeneration of Other Tissues 
	Botanicals in Oral Stem Cell-Mediated Regeneration 
	Conclusions 
	References

