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Abstract 

Background  Jaw-bone defects caused by various diseases lead to aesthetic and functional complications, which 
can seriously affect the life quality of patients. Current treatments cannot fully meet the needs of reconstruction of 
jaw-bone defects. Thus, the research and application of bone tissue engineering are a “hot topic.” As seed cells for 
engineering of jaw-bone tissue, oral cavity-derived stem cells have been explored and used widely. Models of jaw-
bone defect are excellent tools for the study of bone defect repair in vivo. Different types of bone defect repair require 
different stem cells and bone defect models. This review aimed to better understand the research status of oral and 
maxillofacial bone regeneration.

Main text  Data were gathered from PubMed searches and references from relevant studies using the search phrases 
“bone” AND (“PDLSC” OR “DPSC” OR “SCAP” OR “GMSC” OR “SHED” OR “DFSC” OR “ABMSC” OR “TGPC”); (“jaw” OR “alveo‑
lar”) AND “bone defect.” We screened studies that focus on “bone formation of oral cavity-derived stem cells” and “jaw 
bone defect models,” and reviewed the advantages and disadvantages of oral cavity-derived stem cells and preclinical 
model of jaw-bone defect models.

Conclusion  The type of cell and animal model should be selected according to the specific research purpose and 
disease type. This review can provide a foundation for the selection of oral cavity-derived stem cells and defect mod‑
els in tissue engineering of the jaw bone.

Keywords  Oral cavity-derived stem cells, Models, Jaw-bone defects, Bone tissue engineering

Introduction
Jaw-bone defects can result from a various of congeni-
tal and acquired factors, such as cleft lip and palate [1], 
congenital developmental deformities and trauma [2, 3], 
jaw tumors [4], or tooth extraction [5]. Delayed healing 
or nonunion of jaw-bone defects can lead to masticatory 
difficulties, esthetic problems, and language dysfunction. 
The repair of jaw-bone defects is a challenging problem 
for stomatologists [6].

Various methods are used for jaw-bone regeneration: 
autogenous/allogenic/xenogeneic bone transplantation, 
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distraction osteogenesis, and guided bone regeneration. 
Autogenous bone transplantation is the “gold stand-
ard” due to its osteogenesis, bone induction, and capac-
ity for bone conductivity [7], but has the shortcomings 
of donor-site infection, pain, and limited available bone 
[8, 9]. Allogenic and xenogeneic bone transplantation 
can elicit the complications of disease transmission and 
an immunogenic response. Distraction osteogenesis can 
lead to a series of complications: fracture of basal bone 
and transport segment, tilting of segments, change of the 
distraction vector, breakage of the distractor, soft-tissue 
problems, and severe mechanical problems. Besides, 
removal of the internal retractor necessitates a second 
procedure, which reduces patient compliance consider-
ably [10, 11]. Guided bone regeneration is used widely 
in the repair of small defects of the jaw. It has some dis-
advantages, such as the requirement for a stable barrier 
membrane and a new creative space during the proce-
dure, potential complications, and relatively high costs 
[12, 13]. Also, it takes time for the bone powder used in 
guided bone regeneration to be replaced by natural bone, 
which affects orthodontic tooth movement [14]. There-
fore, the above-mentioned methods cannot fully meet 
the needs for reconstruction of jaw-bone defects, and 
engineering of bone tissues provides new and feasible 
treatment options [15].

Bone tissue engineering (BTE) connects engineering, 
material science, biology, and medicine [16]. Suitable 
scaffold materials and feasible seed cells are important 
components [17] for BTE. Stem cells (SCs) have the 
capacity for multipotent differentiation and self-renewal. 
They are available from the dental tissues [18], bone mar-
row [19], umbilical-cord blood [20], and adipose tissue 
[21]. They are the most widely used seed cells due to their 
key role in bone formation, accessibility, and expansion 
potential [22]. SCs transplanted into a defect site can dif-
ferentiate into osteoblasts and mimic the biological pro-
cess of natural bone development, thereby inducing bone 
regeneration [23]. There are many types of SCs in the 
oral cavity, and several kinds of defect models are used 
to study the repair of jaw defects. Different SCs derived 
from the oral cavity have different characteristics and dif-
ferentiation potential, and various defect models are suit-
able for multifarious types of bone defect-based diseases. 
Hence, selection of the correct SCs type and model of 
jaw-bone defects is important for BTE. However, selec-
tion of appropriate SCs and defect models is a difficult 
problem for scholars due to the special structure and 
physiologic characteristics of the oral and maxillofacial 
region.

This paper reviews the advantages and disadvantages 
of oral cavity-derived SCs and preclinical models of jaw-
bone defects. Firstly, we introduced the characteristics 

of oral tissue, including teeth, jaws, and periodontal tis-
sue. In order to better understand oral-derived SCs and 
how to select cells in oral bone tissue engineering, we 
introduced the tissue origin, surface markers, multi-
directional differentiation capability of the oral-derived 
SCs and, their therapeutic significance in bone defect 
healing in oral tissue engineering. Then, the modeling 
methods, advantages, disadvantages, and application 
range of jaw defect models to provide a better reference 
for the selection of animal models in oral bone tissue 
engineering.Data were gathered from PubMed searches 
and references from relevant studies using the search 
phrases “bone” AND (“PDLSC” OR “DPSC” OR “SCAP” 
OR “GMSC” OR “SHED” OR “DFSC” OR “ABMSC” OR 
“TGPC”); (“jaw” OR “alveolar”) AND “bone defect.” We 
screened the retrieved search results and selected those 
articles that focus on “bone formation of oral cavity-
derived SCs” and “jaw bone defect models.” Only pub-
lished data were included in this review. In the final 
section, we discussed the transformation and prospect of 
BTE from basic research to clinical application.

Characteristics of teeth, jaw bone, and periodontal 
tissue
As an important part of the maxillofacial region, the 
jaw bone has crucial role in maintaining the stability of 
the oral system, mastication, and facial appearance. The 
maxillofacial region consists of the maxilla and man-
dible. The mandible and maxilla still have some differ-
ent characteristics. The canine and premolar regions of 
the maxilla have the maximum bone density, whereas 
the maxillary tuberosity has the minimum bone density. 
Cortical bone density in the mandible is higher than that 
in the maxilla and increased gradually from the incisor 
area to the retromolar area [24]. According to attach-
ment/non-attachment of teeth, the maxilla and mandi-
ble are divided into alveolar bone and basal bone (Fig. 1). 
Basal bone is weighty and has a supporting role, and it is 
denser and less porous than alveolar bone. As the most 
important part of the skeletal system, the alveolar bone 
is closely related to the development, eruption, move-
ment, masticatory function, and exfoliation of teeth. The 
change of alveolar bone reflects bone remodeling in the 
oral region [25].

Teeth attached to the jaw are not only organs that 
perform masticatory functions directly, but also play 
an important part in assisting pronunciation, speech, 
and maintaining facial coordination and beauty. Teeth 
consists of dental pulp, cementum, enamel, and dentin 
[26, 27] (Fig.  1). As the toughest tissue in the human 
body, enamel bears direct masticatory pressure. Den-
tin forms the main body of the tooth, and the den-
tal pulp within it forms dentin. From the viewpoint 
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of anatomy, physiology, and embryology, dentin and 
dental pulp develop from dental papilla and belong to 
one system, so they are called the “dentin–pulp com-
plex.” The cementum located on the tooth root surface 
attaches the tooth tightly to alveolar bone through col-
lagen fibers contained within it [28].

The jaw and teeth have been described from an ana-
tomic viewpoint, but, in terms of clinical application, 
periodontal tissue is more closely related to diseases. 
Periodontal diseases are inflammatory diseases caused 
by pathogenic bacteria that bring harm to periodontal 
tissue, which includes bone and soft tissue that sup-
ports the teeth [29]. Periodontal tissues play an impor-
tant part in the normal function of teeth, including 
gingiva, alveolar bone, cementum, and periodontal 
ligament (Fig.  1). The periodontal ligament, as a link 
between alveolar bone and cementum, can resist and 
regulate the pressure on teeth during mastication [30]. 
The periodontal ligament and cementum constitute 
the periodontal ligament–cementum complex, which 
facilitates tooth-alveolar bone relative motion. The 
strength of the gingiva determines the strength and 
firmness of teeth [31].

SCs in the oral cavity with osteogenic potential
Mesenchymal SCs (MSCs) are at the forefront of new 
therapeutic approaches because they can differentiate 
into a variety of cell types and renew themselves [32]. 
Various studies have shown that MSCs have a wide appli-
cation prospect in BTE. The most commonly used MSCs 
are bone marrow MSCs (BMSCs) [33], oral-derived SCs, 
and adipose-derived MSCs (ASCs) [34]. The Commit-
tee on Mesenchymal Stem cells and tissue Stem cells of 
the International Society of Cell Therapy has proposed 
a minimum standard for the definition of MSCs: 1) 
When MSCs are cultured under standard culture con-
ditions, it is adherent to the wall. 2) MSCs express clus-
ter of differentiation (CD)90, CD73, and CD105, but 
do not express CD11b or CD14, CD19, CD34, CD45, 
CD79a, and surface molecules of HLA-DR. 3) In  vitro, 
MSCs exhibit plasticity for osteogenesis, chondrogen-
esis, and adipogenesis. [35, 36]. Oral-derived SCs share 
the described common features with MSCs isolated from 
other sources [34]. SCs in the oral cavity include alveolar 
bone‐derived MSCs (ABMSCs), dental follicle progenitor 
cells (DFSCs), dental pulp SCs (DPSCs), gingiva-derived 
MSCs (GMSCs), periodontal ligament SCs (PDLSCs), 

Fig. 1  Composition of the jaw bone and periodontal tissue. A tooth is composed of enamel, dentin, dental pulp, and cementum, in which dentin 
and dental pulp form the dentin–pulp complex. Periodontal tissue is composed of cementum, the periodontal ligament, gingiva, and alveolar 
bone, in which cementum and the periodontal ligament form the periodontal–ligament cementum complex. The jaw bone is divided into alveolar 
bone and basal bone. Schematic created with Microsoft PowerPoint
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SCs from the apical papilla (SCAPs), SCs from exfoliated 
deciduous teeth (SHED), and tooth germ progenitor cells 
(TGPCs). There are a few small differences in the mark-
ers expressed by different oral-derived SCs, but they are 
generally similar. Detailed marker expression profiles 
for each of the oral-derived SCs are displayed in Table 1. 
Oral SCs are named according to their different sources 
[37]. The sources of oral-derived SCs are shown in Fig. 2.

Oral cavity-derived SCs form the main components 
of teeth (e.g., dentin [38] and cementum), and dental 
structural complexes (e.g., dentin–pulp complex [39], 
periodontal ligament–cementum complex [40, 41]), and 
the bone tissue formation is another one of their impor-
tant functions [42]. Compared with BMSCs, oral cavity-
derived SCs have a higher proliferation rate, are easier 
to obtain [43], and are very promising sources of SCs for 
alveolar bone regeneration. The alveolar bone marrow, 
periosteum, dental tissues, and gingival tissue are avail-
able SCs sources. In terms of the means of acquisition, 
dental tissues can be less invasive compared to BMSCs 
because they are “medical waste” which makes them less 
ethically problematic. And these tissue-derived SCs can 
be easily amplified from human body with minimal dis-
comfort [9, 44]. The common isolation methods of oral 
cavity-derived SCs are listed in Additional file 1: Table S1. 
This information could provide a basis and methods for 
BTE and the clinical application of SCs.

PDLSCs
PDLSCs are multipotent postnatal SCs contained in the 
periodontal ligament. PDLSCs were first isolated and 
amplified in  vitro by Seo and colleagues in 2004 [45]. 
PDLSCs express the cell-surface molecules (CD)66, 
CD146, CD106, CD105, CD90, CD73, CD59, CD44, 
CD29, CD13, CD10, CD9, 3G5, stage-specific embryonic 
antigen-4 (SSEA4), and STRO-1, but not CD45, CD34, 
CD31, or CD14 [41, 45–48]. PDLSCs have immunosup-
pressive properties and possess low immunogenicity [49, 
50]. PDLSCs have the ability to differentiate into adipo-
cytes, osteoblasts, collagen-forming cells, and cemento-
blast-like cells under specific culture conditions.

PDLSCs were mainly isolated from the human peri-
odontal ligaments. Some studies have also isolated 
PDLSCs from the periodontal ligament of animals, such 
as mice [51], rats [52], and rabbits[53]. Enzyme diges-
tion is the most common method to obtain PDLSCs. 
The periodontal ligament is separated gently from the 
surface of the middle root section of the third molar 
and then digested in a solution of collagenase type-I and 
dispase for 1  h at 37  °C. A single-cell suspension was 
obtained by passing cells through a strainer [41, 45–48]. 
Several studies have been conducted on PDLSCs’ abil-
ity to induce osteogenic differentiation in  vitro and 

osteogenesis in  vivo. Seo and colleagues revealed that, 
following a 4-week osteogenic induction, immunohis-
tochemistry and western blotting showed that PDLSCs 
release Alizarin Red S (ARS) staining and alkaline phos-
phatase (ALP) demonstrated that PDLSCs formed small 
circular nodules, which indicated calcium deposition 
[46]. Similarly, Feng and colleagues found deposition of 
calcium nodules after osteogenic induction of PDLSCs 
for 4 weeks according to ARS staining [45]. Some schol-
ars inoculated PDLSCs on different fibrous membranes 
to induce osteogenic differentiation for 7  days and 
14  days, and the activity of ALP increased to varying 
degrees [48]. However, Kato and coworkers showed that 
PDLSCs can undergo osteogenic differentiation without 
osteogenic induction [54]. In  vivo experiments in rats 
[41], beagle dogs [55], miniature pigs [56], and humans 
[45] have demonstrated that transplantation of PDLSCs 
can regenerate cementum, the periodontal ligament, 
and alveolar bone. In  situ tissue engineering, whereby 
the periodontal ligament is implanted into the peri-
odontal defects of rats for 1, 2, 4, and 8 weeks, revealed 
that PDLSCs regenerated the cementum–ligament–
bone complex at the defect site [57]. PDLSCs not only 
have a good ability for bone regeneration but also are an 
important cell source for periodontal tissue regenera-
tion. PDLSCs can form cementum-periodontal ligament 
complex in vivo and have the potential to form new peri-
odontal attachment and repair periodontal defects [46, 
48, 57, 58]. PDLSCs may also provide a new and reliable 
strategy for periodontal ligament formation in biological 
root regeneration. A vitamin C-induced PDLSCs sheet 
was covered on a root-shaped hydroxyapatite-tricalcium-
phosphate (HA/TCP) scaffold, and then, the scaffold 
was implanted into a freshly formed jaw-bone socket. 
Following implantation for six months, PDLSCs could 
form a functional periodontal ligament-like structure in 
the process of biological root regeneration.[47]. Tendon 
regeneration is another application of PDLSCs. Encap-
sulated PDLSCs, which develop based on transforming 
growth factor-β3-loaded RGD-coupled alginate micro-
spheres, were subcutaneously implanted into immuno-
compromised mice for 4  weeks and showed a stronger 
tendon regeneration ability than BMSCs or GMSCs [59]. 
At present, PDLSCs have been primarily used for tissue 
regeneration in humans. In a clinical trial, autologous 
PDLSCs cell membrane was used to treat 3 patients with 
periodontitis, which found that the periodontal tissue 
was improved and cementum and periodontal ligament 
formation could be seen around the cell membrane[60]. 
In another clinical trial, after using autologous PDLSCs 
cell patch for 6 months, the probing depth, imaging bone 
height, and clinical attachment level of 10 patients with 
periodontitis were significantly improved, which further 
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confirmed the safety and efficacy of autologous PDLSCs 
cell patch for long-term treatment[61]. However, Chen 
et al. found no significant difference alveolar bone height 
between the autologous PDLSCs cell patch treatment 
group and the control group [62].

DPSCs
DPSCs are a colony of cloned and rapidly proliferat-
ing cells isolated from adult dental pulp. They were 
first extracted from tooth pulp tissues through enzy-
matic digestion [63]. DPSCs express the surface markers 
CD271, CD166, CD146, CD106, CD105, CD90, CD73, 
CD59, CD49, CD44, CD29, CD13, CD10, and CD9, but 
not CD133, CD117, CD45, CD34, CD31, CD24, CD19, 
or CD14 [64–66]. Under specific induction conditions, 
DPSCs can undergo odontogenesis [67], adipogenesis, 
and myogenesis. Without pre-induction, DPSCs can also 
differentiate toward odontogenic and adipogenic path-
ways [68].

Due to the advantages of easy accessibility, high prolif-
eration capacity, and easy extraction, DPSCs have been 
suggested as a therapy for bone defects in tissue engi-
neering [66, 69]. In most studies, DPSCs were obtained 
from the pulp tissue of permanent teeth, deciduous teeth 
and tooth germ in humans. There are also a few studies 
obtained DPSC from animals, including mice [70, 71], 

rats [72, 73], and rabbits [74]. DPSCs can be obtained by 
enzyme digestion. Tooth surfaces were cleaned and cut 
around the cementum–enamel junction using sterilized 
dental fissure burs to reveal the pulp chamber. Pulp tissue 
was gently separated from the crown and root and then 
digested in a solution of collagenase type-I and dispase 
for 1 h at 37 °C. A single-cell suspension was obtained by 
passing cells through a strainer.

Different scholars have different views on the ability 
of DPSCs to induce osteogenic differentiation in  vitro 
and osteogenesis in  vivo. Long-term culture (6  weeks) 
of DPSCs can lead to formation of ARS-positive con-
densed nodules with a high level of calcium [63]. ALP 
staining shows that ALP activity increases with increas-
ing time after 3, 7, and 14  days of osteogenic induction 
by DPSCs, and ARS staining reveals formation of massive 
calcified nodules after 21  days of induction [75]. Some 
studies have demonstrated that the osteogenic differen-
tiation ability of DPSCs is lower than that of PDLSCs and 
BMSCs [63]. After inducing the osteogenesis of DPSCs, 
PDLSCs, and GMSCs for 3  weeks, Gao and colleagues 
found that PDLSCs and GMSCs had higher ALP activity 
and denser calcified nodules than those of DPSCs [76]. 
Gronthos and colleagues induced DPSCs and BMSCs for 
6 weeks and found that BMSCs formed more dense calci-
fied nodules according to ARS staining [63].

Fig. 2  Stem cells in the oral cavity. Oral cavity-derived stem cells: PDLSCs, DPSCs, SCAPs, GMSCs, SHED, DFSCs, ABMSCs and TGPCs. PDLSCs are 
isolated from the periodontal ligament. DPSCs are isolated from dental pulp. SCAPs are isolated from the apical papilla of an impacted tooth. GMSCs 
are isolated from the gingiva. SHED are isolated from the pulp of deciduous teeth. DFSCs are isolated from dental follicles. ABMSCs are isolated from 
alveolar bone. TGPCs are isolated form the tooth germ. PDLSCs, periodontal ligament stem cells; DPSCs, dental pulp stem cells; SCAPs, stem cells 
from the apical papilla; GMSCs, gingiva‐derived mesenchymal stem cells; SHED, stem cells from exfoliated deciduous teeth; DFSCs, dental follicle 
progenitor cells; ABMSCs, alveolar bone‐derived mesenchymal stem cells; TGPCs, tooth germ progenitor cells. Schematic created with Microsoft 
PowerPoint
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In one study, DPSCs were inoculated on a “collagen 
sponge” scaffold, and the obtained biological complex 
could completely repair the defect in human mandibular 
alveolar bone [77]. Gendviliene and coworkers implanted 
DPSCs with different scaffolds into the calvarial defect 
of rats for 8  weeks, and histology and micro-computed 
tomography (CT) showed that more bone formed than 
the control group [69]. The proliferation, migration, and 
osteogenic ability of DPSCs are also related to immune 
regulation. Sonoda et  al. found that IFN-γ enhanced T 
cell suppression and dentin formation of pulpitis-derived 
DPSCs by increasing telomerase activity [78]. After the 
treatment of interferon-γ, DPSCs showed enhanced pro-
liferation and migration but reduced osteogenic/odonto-
genic differentiation, which may be related to the MAPK 
and nuclear factor (NF)-κB signaling pathways [79]. In 
addition to good bone regeneration ability, some studies 
have shown that DPSCs can regenerate cementum, bone, 
and periodontal ligament in vivo [80–82].

DPSCs are also used for the regeneration of dentin 
and dental pulp. In tissue immunocompromised mice, 
DPSCs grafts could produce a dentin-like structure sur-
rounded by human odontoblast-like cells and pulp-
like interstitial [83]. A root-shaped scaffold of HA/TCP 
containing DPSCs was covered by a vitamin C-induced 
PDLSCs sheet and implanted into a freshly formed 
jaw-bone socket transplanted into a recently created 
jaw-bone implant socket, and led to regeneration of 
pulp-like structures while producing functional biologi-
cal roots [47]. DPSCs were transplanted subcutaneously 
into immunodeficient mice and could form a dental 
pulp–dentin complex at 3 weeks [68]. In terms of clini-
cal application, Chu et al. implanted collagen matrix scaf-
fold with DPSCs into the extraction fossa of mandibular 
wisdom teeth. The implantation of DPSCs can make the 
blood vessels evenly distribution and increase the bone 
mineral density and alveolar septum of the new bone in 
the extraction fossa, thus effectively reducing the alveolar 
bone resorption [84].

SCAPs
SCAPs are a stem-cell population separated from the api-
cal papilla of human teeth and were isolated for the first 
time by Sonoyama and colleagues [85]. Compared with 
DPSCs, SCAPs have a higher mineralization potential 
and proliferation rate and express MSC markers, includ-
ing CD166, CD146, CD106, CD105, CD90, CD73, CD61, 
CD56, CD51, CD44, CD29, CD24, and CD13, but not 
CD150, CD117, CD45, CD34, CD18, or CD14 [85–87]. 
After induction, in vitro cultured SCAPs can differentiate 
into adipogenic, neurogenic, odontogenic, and osteoblas-
tic cells.

After tooth extraction, the apical papilla and SCAPs 
can be easily isolated by separating the tissue at the tips 
of the developing roots by tweezers [85]. The current 
main source of SCAPs is the apical papilla of human 
teeth, and only a few studies have isolated them from the 
apical papilla of rat teeth [88, 89]. Enzyme digestion is a 
widely used method to obtain SCAPs. Root apical papilla 
was gently separated from the surface of the root, then 
minced, and digested in a solution of collagenase type-I 
and dispase for 30 min at 37 °C. A single-cell suspension 
of SCAPs was obtained by passing cells through a strainer 
[85, 87, 90–94].

The time of osteogenic differentiation in the study 
of osteogenic differentiation and bone formation of 
SCAPs is different. Zhou and colleagues cultured SCAPs 
under osteogenic conditions for 7  days, and ARS stain-
ing revealed formation of calcified nodules [95]. Some 
studies have shown that ALP was present after 3 days of 
culturing SCAPs, and calcium nodules were formed on 
14 days [94]. Sonoyama and colleagues found that SCAPs 
require osteogenic induction for 4  weeks to form ARS-
positive mineralized nodules [85]. With regard to bone 
formation in  vivo, Li and collaborators injected overex-
pressed secreted frizzled related protein 2 (SFRP2) and 
normal SCAPs into the periodontal defects of miniature 
pigs for 4  weeks. They found that the probing depth, 
attachment loss, and gingival recession improved, and 
the amount of newly formed bone increased according to 
clinical assessment and CT, which indicated that SCAPs 
could mediate bone regeneration in periodontitis [96]. 
Some scholars have transplanted a SCAPs–HA complex 
into nude mice subcutaneously and found that SCAPs 
formed bone/dentin-like mineralized tissue at 8  weeks 
[92]. In addition, periodontal tissue regeneration is also 
an application field of SCAPs. SCAPs can form peri-
odontal ligaments and can be served as seed cells for the 
regeneration of periodontal tissue in vivo [85].

SCAPs also have a key role in the formation of dentin 
and pulp tissue. In one study, SCAPs treated with epi-
gallocatechin-3-gallate had a higher proliferation rate, 
mineral deposition, and ALP activity, and higher expres-
sion of odontogenic/osteogenic markers, including bone 
sialoprotein and collagen type-1, than SCAPs without 
treatment with epigallocatechin-3-gallate. Those data 
demonstrated that epigallocatechin-3-gallate promoted 
the odontogenic/osteogenic differentiation of SCAPs and 
could be used in regenerative dentistry [87]. Implanta-
tion of SCAPs into the root canal can lead to formation of 
dentin-like mineralized tissues. Mineral trioxide aggre-
gate (MTA)-treated SCAPs were transferred into the root 
canal and implanted into the renal capsule of rats. Dental 
pulp-like structures containing dentin and odontoblast-
like cells formed between soft tissue and MTA compared 
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with the control group [93]. SCAPs can be used for regen-
eration of pulp nerves because they can elicit neurogenic 
differentiation. In neural‑induction medium, SCAPs can 
differentiate into neurogenic cells in  vitro [91]. SCAPs 
were inoculated into the pulp cavity of human teeth after 
pulp removal and then implanted subcutaneously on the 
dorsal region of rabbits: dentin-like and pulp-like tissue 
was formed at 4 months [90].

GMSCs
Zhang and coworkers isolated GMSCs from human 
gingival tissue for the first time in 2009 [97]. GMSCs 
expressed the MSC-associated markers CD166, CD146, 
CD106, CD105, CD90, CD73, CD44, and CD29, but not 
CD117, CD45, or CD34 [97–100]. GMSCs are readily 
accessible, have immunomodulatory and anti-inflam-
matory functions, and can undergo multipotent differ-
entiation (e.g., adipocytes, odontoblasts and osteoblasts 
[101]).

The main source of GMSCs is the lamina propria gin-
gival tissue in human, and it has also been isolated from 
mouse gingival tissue [102]. GMSCs are obtained by 
enzyme digestion. Gingival tissue was washed twice in 
phosphate-buffered saline. After removal of the epithe-
lial layer, tissue was minced into 1–3  mm2 fragments 
and incubated in mixture of 0.1% dispase and 0.2% colla-
genase type-IV for 15 min at 37 °C. The first digested cell 
suspensions were discarded, and then, the tissues were 
incubated in 0.2% trypsin solution for 5, 10, and 15 min 
at 37 °C. All cell fractions were collected and seeded with 
complete alpha-modified minimal essential medium [59, 
98, 101, 103].

Some studies have focused on the abilities of osteogenic 
differentiation and bone-tissue formation of GMSCs. 
Dong and colleagues cultured GMSCs under osteogenic 
conditions for 35  days; they found strong osteogenic 
potential with heavy deposition of minerals according 
to ARS staining [104]. Zhang and coworkers also found 
GMSCs could form ARS-stained positive nodules after 
4 weeks of osteogenesis induction [97]. Two weeks after 
osteogenic induction, ALP staining of GMSCs was posi-
tive [98]. GMSCs showed a medium-level potential of 
osteogenic and adipogenic differentiation between those 
of PDLSCs and DPSCs [76]. GMSCs that were cultured 
with the osteogenic medium on the HA/TCP implants 
were blended with collagen gel and subcutaneously trans-
planted into the back of immunocompromised mice. 
High levels of type I collagen, osteocalcin, and osteo-
pontin (OPN) expression in the transplant demonstrated 
the ability of GMSCs for bone regeneration in vivo [97]. 
GMSCs cultured on collagen gel were transplanted into 
the calvarial and mandibular defects of Sprague–Dawley 
rats. Two months after transplantation, the rapier speed 

of bone defect in the GMSCs implants group was faster 
than that of the gel control group lacking GMSCs, indi-
cating that GMSCs can promote the healing of calvarial 
defects and mandibular wounds. Also, histomorphol-
ogy and fluorescence imaging revealed that the freshly 
formed bone in the healing tissues was originated from 
GMSCs [98]. Hence, GMSCs could not only carry out 
ectopic osteogenesis, they also promoted the healing of 
jaw defects. In addition, GMSCs may stimulate osteogen-
esis by modulating immune cells. Zhao et al. found that 
GMSCs can stimulate MC3T3-E1 cells to differentiate 
into osteoblasts by inhibiting the function of activated 
T-cells through up-regulating IL-10 and down-regulating 
TNF-α and IL-1β. [105]. Furthermore, GMSCs can be 
employed to regenerate periodontal tissues, which can 
rebuild periodontal ligament, bone, and cement in areas 
with periodontal defects [103, 106].

In addition to bone formation, GMSCs are used to 
generate gingival tissue. Some scholars have found that 
GMSCs separated from inflamed gingival tissue have 
the same ability of adipogenic, osteogenic, and chon-
drogenic differentiation as that of healthy gingival tissue 
in  vitro, and the same capacity to form connective tis-
sue-like structures similar to normal gingival tissue [99]. 
Those findings suggest that GMSCs have a wide range of 
sources.

SHED
SHED is a group of SCs isolated obtained from the 
residual dental pulp of exfoliated deciduous teeth. SHED 
express the surface markers CD166, CD146, CD105, 
CD90, CD73, CD56, CD44, CD29, and CD13, but not 
CD45, CD43, CD34, CD19, CD14, or CD11b [107–109]. 
SHED can be amplified in  vitro and have the ability to 
differentiate into odontoblasts, vascular endothelial cells 
[110], adipocytes, smooth muscle cells [111], neural cells, 
and osteoblasts [112].

The residual pulp of exfoliated deciduous teeth is the 
reliable source of SHED, and no research has shown 
that SHED can be obtained from animals[113]. Enzyme 
digestion is the most common method to obtain SHED. 
Normal exfoliated human deciduous incisors were col-
lected from 7–8-year-old children. Pulp was separated 
from a remnant crown and then digested in a solution of 
collagenase type-Iand dispase for 1 h at 37 °C. A single-
cell suspension was obtained by passing cells through a 
strainer [114, 115].

Miura and coworkers cultured SHED under osteo-
genic conditions They found that ALP activity increased 
with the prolongation of induction time on 1, 3, 7, and 
14  days of culture [109]. Some scholars have cultured 
SHED under osteogenic conditions for 14 days and found 
formation of calcified nodules according to ARS staining 
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[109]. Miura and colleagues cultured SHED for 4 weeks; 
ARS staining showed formation of mineralized nod-
ules in the induction, and immunohistochemical stain-
ing demonstrated that ALP was present [112]. Some 
studies have focused on the bone formation elicited by 
SHED in  vivo. Seo and colleagues transplanted SHED/
HA-TCP implants into the calvarial defects of immuno-
compromised mice, and found that SHED could repair 
the defects more quickly with substantial bone forma-
tion compared with the control group (HA/TCP carrier 
transplant without SHED) [115]. The deciduous teeth 
derived SHED was implanted into mandibular defects of 
miniature pig. The authors found that the SHED/β-TCP-
treated group had faster repair with formation of many 
new bones than the control group in which only β-TCP 
scaffolds were implanted at 6 months [116]. Implantation 
of SHED into the periodontal defects of miniature pigs 
demonstrated that SHED could repair the soft-tissue and 
hard-tissue defects caused by periodontitis at 12  weeks 
[117]. After 32  days of subcutaneous implantation of 
SHED/PLLA-scaffolds in immunodeficient mice, SHED 
can differentiate into odontoblasts and form tubular den-
tin; they can differentiate into functional odontoblasts 
and form tubular dentin [118]. SHED can also affect 
bone volume by immunomodulation. Some studies have 
found that SHED can inhibit the expression of inflam-
matory factors INF- γ and TNF- α to reduce the produc-
tion of osteoclasts, thus increasing the production of new 
attachment of periodontal ligament and alveolar bone 
volume [119, 120]. A few studies showed that SHED has a 
certain application value in periodontal regeneration and 
successfully achieved the regeneration of periodontal tis-
sue in animal models [121].

In addition to the above-mentioned SHED-mediated 
regeneration of alveolar bone, the periodontal ligament, 
cementum, and dentin, regeneration of dental pulp is 
another application of SHED. SHED were transplanted 
into the minipigs’ empty root canals; 3  months later, 
dental pulp tissue with complete length was formed, and 
immunofluorescence staining confirmed that the dental 
pulp tissue arose from SHED [122].

DFSCs
A dental follicle is an ectomesenchymal tissue sur-
rounding the tooth germ in development. The SCs and 
directed progenitor cells or progenitor cells in dental 
follicles are called DFSCs. They express CD271, CD166, 
CD106, CD105, CD90, CD73, CD59, CD53, CD44, 
CD29, CD13, CD10, and CD9, but cannot express 
CD133, CD45, CD34, CD31, or CD14 [123–125]. 
DFSCs can differentiate into cementoblasts, osteo-
blasts, and periodontal ligament cells during tooth 
development and have the potential for osteogenic, 

chondrogenic, and adipogenic differentiation in  vitro 
[125]. DFSCs are a heterogeneous population that 
exhibit various phenotypes. In 18 clones obtained from 
a single DFSC, only three clones were amplified for > 5 
generations after 90–95  days of culture. Further study 
showed that the single DFSC and three clones had dif-
ferent characteristics: proliferation and apoptosis rate, 
differentiation characteristics, and lifespan [126].

DFSCs are mainly separated from dental follicle of 
impacted third molars in humans. DFSCs are easily 
obtained because third molar extraction is minimally 
invasive and harmful to healthy dentition. There are 
also some studies that choose to obtain DFSCs from the 
dental follicle tissues of rats [127] and mice [51]. The 
cell attachment method is employed to isolate DFSCs 
isolated by adherence to plastic from freshly extracted 
dental follicle tissues. A small number of single den-
tal follicle tissue cells attached to the plastic surface 
and grew as fibroblastic cells. Non-adherent cells were 
removed by changing the medium [124, 125].

Some scholars have focused on the application of 
DFSCs in osteogenesis. Rezai-Rad and colleagues 
induced DFSCs for 2  weeks [123], whereas Guo and 
coworkers induced DFSCs for 15 days [124]: ALP-pos-
itivity and calcified nodules were confirmed by ALP 
staining and ARS staining, respectively. After induc-
tion of DFSCs osteogenesis for 5 weeks, Morsczeck and 
collaborators discovered formation of ARS-positive 
nodules [125]. A DFSCs scaffold was implanted into 
the craniofacial defects of rats. New bone was formed 
in the bone defects implanted with DFSCs-scaffold at 
4 and 8 weeks, but not in the scaffold controls without 
DFSCs [123]. There are little data on the role of DFSCs 
in periodontal regeneration. Sowmya et  al. implanted 
hydrogel scaffolds combined with human DFSCs into 
the rabbit maxillary periodontal defect model and 
found that the formation of cementum, alveolar bone, 
and periodontal membrane tissue increased [128].

DFSCs can also be used for regeneration of dentin 
and roots. DFSCs induced by a dentin matrix (TDM) 
differentiated into odontoblasts, expressed bone sialo-
protein, osteocalcin, osteopontin, collagen type-I, 
and ALP and could regenerate intact prefabricated 
dentin in  vivo. Guo and colleagues implanted a TDM 
with DFSCs in the omental pouches of adult rats for 
2 weeks. They found that DFSCs could regenerate den-
tin [129]. DFSCs combined with TDM transplanta-
tion into the alveolar fossa could form root-like tissues 
with positive dental pulp markers (dentin matrix acidic 
phosphoprotein 1, dexamethasone sodium phosphate) 
and periodontal tissue (collagen type-I, scleraxis) after 
4  weeks, thereby indicating the success of root regen-
eration [126].
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ABMSCs
ABMSCs are isolated from human alveolar bone marrow. 
They have the capacity for osteogenesis, adipogenesis, 
and chondrogenesis. ABMSCs can be acquired during 
implant surgery [130]. The karyotypes of ABMSCs are 
normal up to 30 population doublings, with significant 
cell senescence beginning after 35 population doublings 
[131]. ABMSCs have the surface markers of CD166, 
CD146, CD105, CD90, CD73, CD71, CD44, CD29, and 
CD13, but not CD45, CD34, CD31, CD19, CD14, or 
CD11b [75, 131–133].

The source of ABMSC can be human, rats [134, 135], 
and mice [136]. Since human ABMSC can be isolated 
from medical waste generated during implantation or 
surgery [137], the most common source is still human. 
The common methods employed to obtain ABMSCs are 
cell adhesion and enzyme digestion. The method of cell 
attachment involves placing bone marrow tissue directly 
into a culture medium to obtain adherent ABMSCs [132]. 
In the enzyme digestion method, the obtained trabecular 
bone grafts were chopped into small pieces in phosphate-
buffered saline with 2% fetal bovine serum and then 
digested with collagenase type-I for 30 min at 37 °C. All 
cells were filtered through a strainer to produce a single-
cell suspension [138].

Some researches have concentrated on the capac-
ity of ABMSCs to elicit osteogenic differentiation and 
bone tissue formation. After 7 and 14 days of osteogenic 
induction, ALP staining showed that ALP was present at 
day-3 of osteogenic induction [75]. Matsubara and col-
leagues detected expression of ALP mRNA on day-28 
[132]. Studies have shown that mineralized nodules are 
present according to ARS staining in cultured ABMSCs 
after 14  days and 21  days of osteogenic induction [75, 
132]. Compared with BMSCs extracted from ilium, Mat-
subara and coworkers found that ABMSCs had a similar 
osteogenic ability and slightly lower ability of chondro-
genesis and adipogenesis [132]. Qu and colleagues com-
pared the osteogenic differentiation capacity of ABMSCs, 
PDLSCs, DPSCs, and DFSCs. They found that ABMSCs 
had the strongest ability for osteogenic differentiation. 
Consistent with that finding, Liu and collaborators dis-
covered that ABMSCs had higher expression of osteo-
genic gene markers and mineral deposition on day-7 and 
day-14 of osteogenic induction, respectively [139]. You-
Young and collaborators found that ABMSCs had a much 
greater capacity for mineralization compared with that of 
PDLSCs, DPSCs, and SCAPs [140].

ABMSCs have a stronger ability to differentiate into 
osteogenic cells in vitro and to form bone in vivo [139], 
and some studies have shown that ABMSCs can elicit 
ectopic osteogenesis. ABMSCs are not used in the repair 
of jaw defects. ABMSCs could promote the formation 

of ectopic-bone with vascularized tissue and trabecular 
bone following subcutaneous transplantation into mice 
at 4  weeks [131]. ABMSCs were transplanted using a 
microporous biphasic calcium phosphate carrier into 
the subcutaneous pocket of immunodeficient mice. His-
tology showed formation of more new bone tissue and 
higher collagen content of bone than the scaffold con-
trol group at 8  weeks [141]. Therefore, ABMSCs could 
be employed in the repair of jaw defects. ABMSCs have a 
certain application prospect in periodontal regeneration, 
which can regenerate the defect area by forming new 
bone, cementum tissue, and periodontal ligament-like 
fibers [142].

TGPCs
TGPCs are a group pf SCs in the dental mesenchyme 
of the tooth germ in the third molar at late bell stage. 
They were separated from the molar mesenchyme by 
enzymatic digestion [143, 144]. TGPCs are positive for 
the MSC markers of CD166, CD106, CD105, CD90, 
CD73, CD44, and CD29, and negative for CD133, CD45, 
CD34, and CD14 [143, 145, 146]. Compared with human 
embryonic SCs, TGPCs express transcription factors that 
are essential for re-programming adult cells to induce 
pluripotent SCs, such as sox2, c-myc, and Kruppel-like 
factor 4 [145]. Under specific conditions, TGPCs can dif-
ferentiate into adipogenic, neurogenic, and osteogenic 
cells, odontoblasts [145], and hepatocytes [144]. They can 
be cryopreserved, and the cryopreserved resuscitated 
cells can form new bones under the skin of immunocom-
promised rats [143].

The third molar tooth germs of humans are the source 
of TGPCs. For preventative reasons, the third molar 
tooth germs are usually removed and discarded during 
orthodontic treatment. Thus, TGPCs have a wide range 
of clinical sources. Cell adhesion and enzyme diges-
tion are common methods to obtain TGPCs. In the 
cell attachment method, an entire tooth germ tissue is 
minced into small pieces and then transferred into plates 
containing a culture medium, and unattached cells are 
discarded by changing the culture medium [145, 147]. 
The enzyme digestion method involves digesting the 
entire tooth germ tissue with collagenase and shaking 
for 30 min at 37 °C. A pellet is obtained by centrifugation 
and resuspension in medium and then placed in a dish 
for primary culture [143, 144].

Several researches have concentrated on the capac-
ity of TGSCs to elicit osteogenic differentiation in  vitro 
and bone tissue formation. After two weeks of culture in 
osteogenic medium, the ALP mRNA expression and ALP 
activity of TGPCs increased according to polymerase 
chain reaction and ALP staining [147], and the formation 
of calcified nodules increased according to ARS staining 
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[143, 144]. Osteogenesis was induced by TGPCs at 7, 14, 
and 21 days; the degree of mineralization increased with 
an increase in induction time and reached a peak on day-
21 [146]. After induction for 1, 4, 7, 14, and 21 days, ALP 
staining of TGPCs showed that ALP activity reached a 
peak at day-7 [146]. The transplantation of TGPCs with 
a combination of polyethylene glycol-based hydrogel and 
biphasic calcium phosphate scaffolds can promote jaw-
bone regeneration of pig [148]. At present, no research 
has confirmed that TGPCs can be used for periodontal 
tissue regeneration.

Preclinical models of jaw‑bone defects and its 
application
Animal experiments can build a “bridge” between basic 
research and clinical application [149]. A jaw defect 
model in animals is used widely to explore the influenc-
ing factors of jaw defect healing and to find appropriate 

treatment methods to accelerate bone formation and 
healing speed. Various scenarios (tooth extraction, 
trauma, congenital deformities, periodontal disease) can 
cause jaw defects in different areas, tissues, and to dif-
ferent degrees. Preclinical models of jaw-bone defects 
include the tooth extraction model, drilling model, and 
post-extraction drilling model (Fig.  3 and Table  2), but 
none of them can completely simulate the defects caused 
by all diseases. Therefore, in animal experiments, differ-
ent preclinical models of jaw-bone defects should be cho-
sen according to the diseases necessitating treatments.

Preclinical models of jaw-bone defects can employ 
large animals (e.g., miniature pigs [117], beagle dogs, 
goats and rabbits [150]) and small animals (rats and mice) 
[151]. Large animals have the disadvantages of expense 
(including feeding), inconvenient surgical procedures, 
and limited application. Compared with large animals, 
small animals are used more widely because of their easy 

Fig. 3  Jaw defect models in rats and mice: maxillary tooth extraction model; maxillary drilling model; drilling model of the maxilla after tooth 
extraction; mandibular drilling model. The maxillary tooth extraction model is established by extraction of the maxillary first molar. The maxillary 
drilling model is established by drilling near the first molar of the maxilla. The drilling model of the maxilla after tooth extraction is established by 
drilling after extraction of the first molar. The mandibular drilling model is established by drilling in the body of the mandible. Schematic created 
with Microsoft PowerPoint
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ability, low cost, and convenient surgical procedures 
[152]. Therefore, we have reviewed preclinical models of 
jaw-bone defects in rats and mice.

Maxillary tooth extraction model
The maxillary tooth extraction model can be established 
by extracting the maxillary first molar. Healing of alveolar 
bone defects can be investigated after tooth extraction. 
Nie and colleagues established a model by extracting the 
right maxillary first molar of rats to study the effect of a 
nano-HA mineralized silk fibroin scaffold with pre-oste-
oblasts on resorption of the alveolar ridge and bone for-
mation. They found that the scaffold with pre-osteoblasts 
formed more new bone and reduced the height of alveo-
lar bone resorption than the scaffold control group [153]. 
Mashimo and colleagues, by extracting the right maxil-
lary first molar of mice, established a model to study the 
promotion of alveolar bone healing and bone-marrow 
formation after BMSC implantation into the extracted 
fossa. BMSCs were obtained from the femur and tibial 
bone marrow and transplanted immediately into the 
extraction alveolus. At 3 and 6  weeks after transplanta-
tion, bone formation in the alveolar fossa in the BMSC 
implantation group was significantly earlier than that in 
the control group without BMSCs [154].

Maxillary drilling model
The maxillary drilling model is established by drilling 
holes in the proximal middle of the maxillary first molar 
with a low-speed dental handpiece. This model can be 
used not only for the study of bone defect healing, but 
also for treatment of the maxillary alveolar cleft.

Subramaniam and colleagues and Wen and cowork-
ers studied bone defect healing by the maxillary drilling 
model in rats. An alveolar bone defect of 3 × 1 × 1  mm 
was constructed in close proximity to the maxillary first 
molar’s buccal gingival sulcus of rats to form alveolar 
bone defects. After filling with HAP/CS/HA implants 
containing type-I collagenase (HAP/CS/HA-Col), micro-
CT and histology revealed that HAP/CS/HA-Col had 
better formation of new bone and mature bone morphol-
ogy than that of the control group implanted with HAP/
CS/HA implants without type-I collagenase at 0, 4, 8, 
and 12 weeks after implantation [155]. In another study, 
a maxillary defect of diameter 3 mm was formed on the 
mesial lingual side of the maxillary first molar, and type-4 
collagen A2 blended with bone powder and PDLSCs was 
transplanted to develop a strategy for repairing bone 
defects. They discovered that COL4A2 increased the 
osteogenic differentiation of PDLSCs by inhibiting the 
Wnt/-catenin pathway, which stimulate the production of 
more collagen fibrils and bone [156].

The maxillary drilling model in mice is used only for 
the treatment of maxillary alveolar clefts. Kawata and 
colleagues explored the therapeutic effect of an external 
callus on a maxillary alveolar cleft in a defect model at 
the midline of the premaxilla posterior to the upper inci-
sor. They obtained an external callus comprising hyaline 
cartilage by tibial distraction osteogenesis with an exter-
nal fixator and implanted it into the defects. They found 
that the external callus had bone formation and remod-
eling in its interior and promoted bone adhesion [157].

Drilling model of the maxilla after tooth extraction
The drilling model of the maxilla after tooth extraction 
is established by extracting the first molar and drilling in 
the alveolar fossa. This model can be used to study heal-
ing of the alveolar fossa and the effect of graft material on 
orthodontic tooth movement.

After the bilateral maxillary first molars of rats had 
been extracted, Boda and colleagues enlarged the alveo-
lar fossa to a critical defect of diameter 2 mm and depth 
2 mm and implanted it with mineralized short fibers with 
and without heptaglutamate E7 domain-conjugated bone 
morphogenetic protein-2 peptides. They found that the 
volume of new bone and bone mineral density in these 
groups were threefold higher than those in the unfilled 
control group at 4 weeks [158]. Willett and collaborators 
established the drilling model of the maxilla after tooth 
extraction in rats by extracting the right maxillary first 
molar of. Then, they investigated the effect of simvasta-
tin on bone preservation. After implanting a bovine bone 
mineralized matrix infused with simvastatin into the 
defect, they measured the width and height of the alveo-
lar ridge, inflammation index, and bone turnover index at 
days 0, 7, 14, and 28. They found reduced inflammation 
and an increased alveolar ridge height compared with 
those in the bovine bone mineralized matrix-alone group 
and untreated control group [159].

Klein and colleagues created a defect of ~ 15  µl in the 
extracted fossa of the maxillary first molar and implanted 
bovine bone into it. They compared a bovine bone-
implanted group with an untreated control group at 2, 4, 
and 6 weeks. They found that the xenogeneic bovine bone 
in the bovine bone-implanted group was not absorbed 
and could prevent tooth movement in the latter stage of 
orthodontics [14].

Mandibular drilling model
The mandibular drilling model was established using a 
dental drill to create a mandibular body defect with a vol-
ume of 5 × 2 × 1 mm of Sprague–Dawley rats. Only one 
study has employed this model to investigate the role of 
GMSCs on mandibular defects repair.eGFP+ GMSCs/
collagen gel matrix were implanted into the defect of 
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mandibular. Histomorphology revealed that GMSCs 
were capable of repairing the mandibular defect, and flu-
orescence microscopy showed that the new formed bone 
originated from the GMSCs [98].

Conclusion and future prospects for SCs in bone 
regeneration
In recent decades, great progress has been made in regen-
erative medicine, especially tissue engineering, which 
has been applied widely in several clinical scenarios. 
Tissue engineering based on SCs is a promising method 
to repair bone defects [161]. Basic research and clinical 
applications have demonstrated the advantages of oral 
cavity-derived SCs in jaw-bone regeneration [43, 85]. All 
oral cavity-derived SCs have osteogenic ability and can 
be used for the repair of jaw defects. In addition, PDLSCs 
are used mainly for periodontal tissue regeneration (peri-
odontal ligament, alveolar bone, and cementum) and 
tendon tissue regeneration. DPSCs are employed mainly 
for the regeneration of alveolar bone, dentin, and dental 
pulp. SCAPs can form dentin-like and pulp-like tissues. 
GMSCs are often used to repair jaw-bone defects and 
regenerate periodontal ligament and dentin. SHED can 
promote the repair of cementum, alveolar bone, dentin, 
and the periodontal ligament. DFSCs can be used for the 
regeneration of dentin and roots.

Bone defect models also have important roles in BTE. 
Animal testing is a bridge between clinical applications 
and in  vitro researches. The selection of animal mod-
els for in situ bone formation is closely related to spe-
cific clinical conditions [161]. Different animal models 
are suitable for the study of different diseases treat-
ment. The maxillary models include the tooth extrac-
tion model, drilling model after tooth extraction model, 
and drilling model. They are more widely used than 
the mandibular model. There is only one model on the 
mandible, and that is the drilling model. The maxil-
lary tooth extraction model can be employed to study 
the healing of alveolar bone defects after tooth extrac-
tion. The maxillary drilling model can be employed not 
only for the study of bone defect healing, but also for 
the treatment of maxillary alveolar clefts. The drilling 
model of the maxilla after tooth extraction can be used 
to study alveolar-fossa healing and the effect of graft 
material on orthodontic tooth movement. The mandib-
ular drilling model is used to study the repair of man-
dibular defects. The types of cells and models should be 
selected according to the specific purpose of the study 
and the disease type. However, it is still unclear about 
the relationship between the size of model defects 
and oral-derived SCs. The elucidation of this relation-
ship is of great guiding significance for future clinical 
treatment, although a great number of animal studies 

have provided excellent evidence that oral-derived SCs 
can be applied to regenerate bone tissue. Before this 
becomes a clinical reality, however, a number of crucial 
issues must be resolved, including figuring out which 
tissues can provide the most suitable cells, figuring out 
whether allogeneic cells can be used safely, compre-
hending the immunomodulatory and immunogenicity 
characteristics of oral-derived SCs, designing suitable 
delivery devices, weighing the cost/effectiveness, and 
designing methods to control the whole regeneration 
process. In conclusion, this review can provide a basis 
for the selection of oral cavity-derived SCs and defect 
models in tissue engineering of the jaw bone.

Abbreviations
ABMSCs	� Alveolar bone-derived mesenchymal stem cells
ALP	� Alkaline phosphatase
ARS	� Alizarin Red S
BAP	� Bone alkaline phosphatase
BMP	� Bone morphogenetic protein
BSP	� Bone sialoprotein
BTE	� Bone tissue engineering
CD	� Cluster of differentiation
COL1	� Collagen type-I
DFSCs	� Dental follicle progenitor cells
DMP1	� Dentin matrix protein 1
DPSCs	� Dental pulp stem cells
DSPP	� Desmoplakin
GMSCs	� Gingiva-derived mesenchymal stem cells
hTERT	� Human telomerase reverse transcriptase
klf4	� Kruppel-like factor 4
MEPE	� Matrix extracellular protein
MSCs	� Mesenchymal stem cells
Notch-1	� Notch receptor 1
NS	� Nucleostemin
OCN	� Osteocalcin
ON	� Osteonectin
OP	� Osteopontin
PDLSCs	� Periodontal ligament stem cells
RUNX2	� Runt-related transcription factor 2
SCs	� Stem cells
SCAPs	� Stem cells from the apical papilla
SHED	� Stem cells from exfoliated deciduous teeth
SSEA4	� Stage-specific embryonic antigen-4
TGFβR1	� Transforming growth factor-β receptor type I
TGPCs	� Tooth germ progenitor cells

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13287-​023-​03265-z.

Additional file 1. Isolation methods of oral cavity-derived SCs.

Acknowledgements
None.

Author contributions
YG and YZF took part in conceptualization and financial support. JZ and YHZ 
involved in methodology and manuscript writing. YQZ, ZRG, ZYOY QY, and QL 
took part in project administration and writing—original draft. YC, LT, SHZ, YF, 
JH, and DA took part in writing—original draft and visualization. All authors 
have read and approved the manuscript.

https://doi.org/10.1186/s13287-023-03265-z
https://doi.org/10.1186/s13287-023-03265-z


Page 16 of 20Zhao et al. Stem Cell Research & Therapy           (2023) 14:39 

Funding
This study was supported by the National Natural Science Foundation of 
China (81800788 and 81773339), Science and Technology Department of 
Hunan Province, China (2017WK2041, 2018SK52511 and 2022ZK4084), Scien‑
tific Research Project of Hunan Provincial Health Commission (202208043514 
and B202308056340), Hunan Provincial Natural Science Foundation of China 
(2022JJ30062), Natural Science Foundation of Changsha City (kq2202403 and 
kq2202412), Fund for the Xiangya Clinical Medicine Database of Central South 
University (2014-ZDYZ-1-16), Education and Teaching Reform Research Project 
of Central South University (2020jy165-3), Research Project on Postgraduate 
Education and Teaching Reform of Central South University(2021JGB072), 
Hunan Provincial Innovation Foundation For Postgraduate (CX20220370), and 
The Fundamental Research Funds for the Central Universities of Central South 
University (2022ZZTS0913 and 2022ZZTS0912). The funding bodies played no 
role in the design of the study and collection, analysis, and interpretation of 
data and in writing the manuscript.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or 
analyzed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 17 July 2022   Accepted: 6 March 2023

References
	 1.	 Chu YY, Chang FC, Lu TC, Lee CH, Chen PK. Surgical outcomes of 

secondary alveolar bone grafting and extensive gingivoperiosteoplasty 
performed at mixed dentition stage in unilateral complete cleft lip and 
palate. J Clin Med. 2020;9(2):576.

	 2.	 Raymond Y, Pastorino D, Ginebreda I, Maazouz Y, Ortiz M, Man‑
zanares MC, et al. Computed tomography and histological evalua‑
tion of xenogenic and biomimetic bone grafts in three-wall alveolar 
defects in minipigs. Clin Oral Investig. 2021. https://​doi.​org/​10.​1007/​
s00784-​021-​03956-y.

	 3.	 Lan L, Ordioni U, Loyer E, Catherine JH, Maille G. Implant therapy in 
the rehabilitation of mandibular arteriovenous malformations. J Oral 
Implantol. 2021. https://​doi.​org/​10.​1563/​aaid-​joi-D-​20-​00037.

	 4.	 Zhang C, Zeng Y, Zhou L, Tang X. The application of chimeric deep 
circumflex iliac artery perforator flap for oromandibular reconstruction: 
a case report. Medicine. 2021;100(14): e25458.

	 5.	 Schwarze UY, Strauss FJ, Gruber R. Caspase inhibitor attenuates the 
shape changes in the alveolar ridge following tooth extraction: a pilot 
study in rats. J Periodontal Res. 2021;56(1):101–7.

	 6.	 Sybil D, Jain V, Mohanty S, Husain SA. Oral stem cells in intraoral bone 
formation. J Oral Biosci. 2020;62(1):36–43.

	 7.	 Raposo-Amaral CE, Bueno DF, Almeida AB, Jorgetti V, Costa CC, Gouveia 
CH, et al. Is bone transplantation the gold standard for repair of alveolar 
bone defects? J Tissue Eng. 2014;5:2041731413519352.

	 8.	 Lucaciu O, Crisan B, Crisan L, Baciut M, Soritau O, Bran S, et al. In quest of 
optimal drug-supported and targeted bone regeneration in the cranio 
facial area: a review of techniques and methods. Drug Metab Rev. 
2015;47(4):455–69.

	 9.	 Buduru SD, Gulei D, Zimta AA, Tigu AB, Cenariu D, Berindan-Neagoe 
I. The potential of different origin stem cells in modulating oral bone 
regeneration processes. Cells. 2019. https://​doi.​org/​10.​3390/​cells​80100​
29.

	 10.	 Chopra S, Enepekides DJ. The role of distraction osteogenesis in 
mandibular reconstruction. Curr Opin Otolaryngol Head Neck Surg. 
2007;15(4):197–201.

	 11.	 Ali SA, Karthigeyan S, Deivanai M, Kumar A. Implant reha‑
bilitation for atrophic maxilla: a review. J Indian Prosthodont Soc. 
2014;14(3):196–207.

	 12.	 Gielkens PF, Bos RR, Raghoebar GM, Stegenga B. Is there evidence that 
barrier membranes prevent bone resorption in autologous bone grafts 
during the healing period? A systematic review. Int J Oral Maxillofac 
Implants. 2007;22(3):390–8.

	 13.	 Tsai HC, Li YC, Young TH, Chen MH. Novel microinjector for carrying 
bone substitutes for bone regeneration in periodontal diseases. J 
Formos Med Assoc. 2016;115(1):45–50.

	 14.	 Klein Y, Fleissig O, Stabholz A, Chaushu S, Polak D. Bone regenera‑
tion with bovine bone impairs orthodontic tooth movement despite 
proper osseous wound healing in a novel mouse model. J Periodontol. 
2019;90(2):189–99.

	 15.	 Kamal M, Ziyab AH, Bartella A, Mitchell D, Al-Asfour A, Hölzle F, et al. 
Volumetric comparison of autogenous bone and tissue-engineered 
bone replacement materials in alveolar cleft repair: a systematic review 
and meta-analysis. Br J Oral Maxillofac Surg. 2018;56(6):453–62.

	 16.	 Polymeri A, Giannobile WV, Kaigler D. Bone marrow stromal stem cells 
in tissue engineering and regenerative medicine. Horm Metab Res. 
2016;48(11):700–13.

	 17.	 Kim BC, Bae H, Kwon IK, Lee EJ, Park JH, Khademhosseini A, et al. Osteo‑
blastic/cementoblastic and neural differentiation of dental stem cells 
and their applications to tissue engineering and regenerative medicine. 
Tissue Eng Part B Rev. 2012;18(3):235–44.

	 18.	 Sedgley CM, Botero TM. Dental stem cells and their sources. Dent Clin 
North Am. 2012;56(3):549–61.

	 19.	 Liu A, Lin D, Zhao H, Chen L, Cai B, Lin K, et al. Optimized BMSC-derived 
osteoinductive exosomes immobilized in hierarchical scaffold via 
lyophilization for bone repair through Bmpr2/Acvr2b competitive 
receptor-activated Smad pathway. Biomaterials. 2021;272: 120718.

	 20.	 Dholaria B, Labopin M, Sanz J, Ruggeri A, Cornelissen J, Labussière-
Wallet H, et al. Allogeneic hematopoietic cell transplantation with 
cord blood versus mismatched unrelated donor with post-transplant 
cyclophosphamide in acute myeloid leukemia. J Hematol Oncol. 
2021;14(1):76.

	 21.	 Corvera S. Cellular heterogeneity in adipose tissues. Annu Rev Physiol. 
2021;83:257–78.

	 22.	 Arora S, Srinivasan A, Leung CM, Toh YC. Bio-mimicking shear stress 
environments for enhancing mesenchymal stem cell differentiation. 
Curr Stem Cell Res Ther. 2020;15(5):414–27.

	 23.	 Wu V, Helder MN, Bravenboer N, Ten Bruggenkate CM, Jin J, Klein-
Nulend J, et al. Bone tissue regeneration in the oral and maxillofacial 
region: a review on the application of stem cells and new strategies to 
improve vascularization. Stem Cells Int. 2019;2019:6279721.

	 24.	 Park HS, Lee YJ, Jeong SH, Kwon TG. Density of the alveolar and basal 
bones of the maxilla and the mandible. Am J Orthod Dentofacial 
Orthop. 2008;133(1):30–7.

	 25.	 Nelson A. Wheeler’s Dental Anatomy Physiology & Occlusion. Elsevier 
Healthe. 2014.

	 26.	 Zhai Q, Dong Z, Wang W, Li B, Jin Y. Dental stem cell and dental tissue 
regeneration. Front Med. 2019;13(2):152–9.

	 27.	 Balic A. Biology explaining tooth repair and regeneration: a mini-review. 
Gerontology. 2018;64(4):382–8.

	 28.	 Scheid RC, Weiss G. Woelfel’s dental anatomy. Stomatol EDU J. 
2017;4(2):148.

	 29.	 Howard KC, Gonzalez OA, Garneau-Tsodikova S. Porphyromonas gingi‑
valis: where do we stand in our battle against this oral pathogen? RSC 
Med Chem. 2021;12(5):666–704.

	 30.	 Aveic S, Craveiro RB, Wolf M, Fischer H. Current Trends in in vitro 
modeling to mimic cellular crosstalk in periodontal tissue. Adv Healthc 
Mater. 2021;10(1): e2001269.

	 31.	 Berkovitz BKB, Holland GR, Moxham BJ. Oral anatomy, histology & 
embryology: oral anatomy, histology and embryology (2009). European 
J Orthodont. 2009;31:457.

	 32.	 Daley GQ. Stem cells and the evolving notion of cellular identity. Philos 
Trans R Soc Lond B Biol Sci. 2015;370(1680):20140376.

https://doi.org/10.1007/s00784-021-03956-y
https://doi.org/10.1007/s00784-021-03956-y
https://doi.org/10.1563/aaid-joi-D-20-00037
https://doi.org/10.3390/cells8010029
https://doi.org/10.3390/cells8010029


Page 17 of 20Zhao et al. Stem Cell Research & Therapy           (2023) 14:39 	

	 33.	 Lee YC, Chan YH, Hsieh SC, Lew WZ, Feng SW. Comparing the osteo‑
genic potentials and bone regeneration capacities of bone marrow and 
dental pulp mesenchymal stem cells in a rabbit calvarial bone defect 
model. Int J Mol Sci. 2019. https://​doi.​org/​10.​3390/​ijms2​02050​15.

	 34.	 Huang GT, 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(9):792–806.

	 35.	 Galipeau J, Krampera M, Barrett J, Dazzi F, Deans RJ, DeBruijn J, et al. 
International society for cellular therapy perspective on immune func‑
tional assays for mesenchymal stromal cells as potency release criterion 
for advanced phase clinical trials. Cytotherapy. 2016;18(2):151–9.

	 36.	 Horwitz EM, Le Blanc K, Dominici M, Mueller I, Slaper-Cortenbach I, 
Marini FC, et al. Clarification of the nomenclature for MSC: the inter‑
national society for cellular therapy position statement. Cytotherapy. 
2005;7(5):393–5.

	 37.	 Gan L, Liu Y, Cui D, Pan Y, Zheng L, Wan M. Dental tissue-derived human 
mesenchymal stem cells and their potential in therapeutic application. 
Stem Cells Int. 2020;2020:8864572.

	 38.	 Sonoyama W, Liu Y, Fang D, Yamaza T, Seo B-M, Zhang C, et al. Mesen‑
chymal stem cell-mediated functional tooth regeneration in swine. 
PLoS One. 2006;1(1):e79.

	 39.	 Cordeiro MM, Dong Z, Kaneko T, Zhang Z, Miyazawa M, Sbl S, et al. Den‑
tal pulp tissue engineering with stem cells from exfoliated deciduous 
teeth. J Endodont. 2008;34(8):962–9.

	 40.	 Ding G, Liu Y, Wang W, Wei F, Liu D, Fan Z, et al. Allogeneic periodon‑
tal ligament stem cell therapy for periodontitis in swine. Stem Cells. 
2010;28(10):1829–38.

	 41.	 Hasegawa M, Yamato M, Kikuchi A, Okano T, Ishikawa I. Human peri‑
odontal ligament cell sheets can regenerate periodontal ligament 
tissue in an athymic rat model. Tissue Eng. 2005;11(3–4):469–78.

	 42.	 Lekic PC, Rajshankar D, Chen H, Tenenbaum H, McCulloch CAG. Trans‑
plantation of labeled periodontal ligament cells promotes regeneration 
of alveolar bone. Anat Rec. 2001;262(2):193–202.

	 43.	 Fang D, Seo BM, Liu Y, Sonoyama W, Yamaza T, Zhang C, et al. Transplan‑
tation of mesenchymal stem cells is an optimal approach for plastic 
surgery. Stem Cells. 2007;25(4):1021–8.

	 44.	 Wada N, Gronthos S, Bartold PM. Immunomodulatory effects of stem 
cells. Periodontol 2000. 2013;63(1):198–216.

	 45.	 Feng F, Akiyama K, Liu Y, Yamaza T, Wang TM, Chen JH, et al. Utility of 
PDL progenitors for in vivo tissue regeneration: a report of 3 cases. Oral 
Dis. 2010;16(1):20–8.

	 46.	 Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J, et al. 
Investigation of multipotent postnatal stem cells from human peri‑
odontal ligament. Lancet. 2004;364(9429):149–55.

	 47.	 Wei F, Song T, Ding G, Xu J, Liu Y, Liu D, et al. Functional tooth restora‑
tion by allogeneic mesenchymal stem cell-based bio-root regeneration 
in swine. Stem Cells Dev. 2013;22(12):1752–62.

	 48.	 Shang L, Liu Z, Ma B, Shao J, Wang B, Ma C, et al. Dimethyloxallyl gly‑
cine/nanosilicates-loaded osteogenic/angiogenic difunctional fibrous 
structure for functional periodontal tissue regeneration. Bioact Mater. 
2021;6(4):1175–88.

	 49.	 Ding G, Liu Y, Wang W, Wei F, Liu D, Fan Z, et al. Allogeneic periodon‑
tal ligament stem cell therapy for periodontitis in swine. Stem Cells. 
2010;28(10):1829–38.

	 50.	 Wada N, Menicanin D, Shi S, Bartold PM, Gronthos S. Immunomodula‑
tory properties of human periodontal ligament stem cells. J Cell Physiol. 
2009;219(3):667–76.

	 51.	 Kawasaki T, Takahashi M, Yajima H, Mori Y, Kawakami K. Six1 is required 
for mouse dental follicle cell and human periodontal ligament-derived 
cell proliferation. Dev Growth Differ. 2016;58(6):530–45.

	 52.	 Duan X, Lin Z, Lin X, Wang Z, Wu Y, Ji M, et al. Study of platelet-rich fibrin 
combined with rat periodontal ligament stem cells in periodontal tis‑
sue regeneration. J Cell Mol Med. 2018;22(2):1047–55.

	 53.	 Chopra H, Liao C, Zhang CF, Pow EHN. Lapine periodontal ligament 
stem cells for musculoskeletal research in preclinical animal trials. J 
Transl Med. 2018;16(1):174.

	 54.	 Kato THK, Deguchi T, Katsube Y, Matsumoto T, Ohgushi H, Numabe Y. 
Osteogenic potential of rat stromal cells derived from periodontal liga‑
ment. J Tissue Eng Regen Med. 2011. https://​doi.​org/​10.​1002/​term.​379.

	 55.	 Park J-Y, Jeon SH, Choung P-H. Efficacy of periodontal stem cell trans‑
plantation in the treatment of advanced periodontitis. Cell Transplant. 
2011;20(2):271–85.

	 56.	 Liu Y, Zheng Y, Ding G, Fang D, Zhang C, Bartold PM, et al. Periodontal 
ligament stem cell-mediated treatment for periodontitis in miniature 
swine. Stem Cells. 2008;26(4):1065–73.

	 57.	 Ding T, Li J, Zhang X, Du L, Li Y, Li D, et al. Super-assembled core/shell 
fibrous frameworks with dual growth factors for in situ cementum-
ligament-bone complex regeneration. Biomater Sci. 2020;8(9):2459–71.

	 58.	 Shen S, Zhang Y, Zhang S, Wang B, Shang L, Shao J, et al. 6-Bromoin‑
dirubin-3’-oxime promotes osteogenic differentiation of periodontal 
ligament stem cells and facilitates bone regeneration in a mouse peri‑
odontitis model. ACS Biomater Sci Eng. 2021;7(1):232–41.

	 59.	 Moshaverinia A, Xu X, Chen C, Ansari S, Zadeh HH, Snead ML, et al. 
Application of stem cells derived from the periodontal ligament or 
gingival tissue sources for tendon tissue regeneration. Biomaterials. 
2014;35(9):2642–50.

	 60.	 Feng F, Akiyama K, Liu Y, Yamaza T, Wang TM, Chen JH, et al. Utility of 
PDL progenitors for in vivo tissue regeneration: a report of 3 cases. Oral 
Dis. 2010;16(1):20–8.

	 61.	 Iwata T, Yamato M, Washio K, Yoshida T, Tsumanuma Y, Yamada A, et al. 
Periodontal regeneration with autologous periodontal ligament-
derived cell sheets - a safety and efficacy study in ten patients. Regen 
Ther. 2018;9:38–44.

	 62.	 Chen FM, Gao LN, Tian BM, Zhang XY, Zhang YJ, Dong GY, et al. Treat‑
ment of periodontal intrabony defects using autologous periodontal 
ligament stem cells: a randomized clinical trial. Stem Cell Res Ther. 
2016;7:33.

	 63.	 Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human 
dental pulp stem cells (DPSCs) in vitro and in vivo. Proc Natl Acad Sci 
USA. 2000;97(25):13625–30.

	 64.	 Laino G, d’Aquino R, Graziano A, Lanza V, Carinci F, Naro F, et al. A new 
population of human adult dental pulp stem cells: a useful source 
of living autologous fibrous bone tissue (LAB). J Bone Miner Res. 
2005;20(8):1394–402.

	 65.	 d’Aquino R, Graziano A, Sampaolesi M, Laino G, Pirozzi G, De Rosa A, 
et al. Human postnatal dental pulp cells co-differentiate into osteo‑
blasts and endotheliocytes: a pivotal synergy leading to adult bone 
tissue formation. Cell Death Differ. 2007;14(6):1162–71.

	 66.	 Imanishi Y, Hata M, Matsukawa R, Aoyagi A, Omi M, Mizutani M, 
et al. Efficacy of extracellular vesicles from dental pulp stem cells 
for bone regeneration in rat calvarial bone defects. Inflamm Regen. 
2021;41(1):12.

	 67.	 Nakashima M, Akamine A. The application of tissue engineering 
to regeneration of pulp and dentin in endodontics. J Endodont. 
2005;31(10):711–8.

	 68.	 Zhang W, Walboomers XF, Van Kuppevelt TH, Daamen WF, Van Damme 
PA, Bian Z, et al. In vivo evaluation of human dental pulp stem cells 
differentiated towards multiple lineages. J Tissue Eng Regen Med. 
2008;2(2–3):117–25.

	 69.	 Gendviliene I, Simoliunas E, Alksne M, Dibart S, Jasiuniene E, Cicenas V, 
et al. Effect of extracellular matrix and dental pulp stem cells on bone 
regeneration with 3D printed PLA/HA composite scaffolds. Eur Cell 
Mater. 2021;41:204–15.

	 70.	 Collignon AM, Castillo-Dali G, Gomez E, Guilbert T, Lesieur J, Nicoletti 
A, et al. Mouse Wnt1-CRE-Rosa(Tomato) dental pulp stem cells directly 
contribute to the calvarial bone regeneration process. Stem Cells. 
2019;37(5):701–11.

	 71.	 Guimarães ET, Cruz GS, de Jesus AA, Lacerda de Carvalho AF, Rogatto 
SR, Pereira Lda V, et al. Mesenchymal and embryonic characteris‑
tics of stem cells obtained from mouse dental pulp. Arch Oral Biol. 
2011;56(11):1247–55.

	 72.	 Lyu J, Hashimoto Y, Honda Y, Matsumoto N. Comparison of osteogenic 
potentials of dental pulp and bone marrow mesenchymal stem cells 
using the new cell transplantation platform, cell saic, in a rat congenital 
cleft-jaw model. Int J Mol Sci. 2021;22(17):9478.

	 73.	 Sabzalizadeh M, Afarinesh MR, Esmaeili-Mahani S, Farsinejad A, Derakh‑
shani A, Arabzadeh E, et al. Transplantation of rat dental pulp stem cells 
facilities post-lesion recovery in the somatosensory whisker cortex of 
male Wistar rats. Brain Res Bull. 2021;173:150–61.

https://doi.org/10.3390/ijms20205015
https://doi.org/10.1002/term.379


Page 18 of 20Zhao et al. Stem Cell Research & Therapy           (2023) 14:39 

	 74.	 Salkın H, Gönen ZB, Özcan S, Bahar D, Lekesizcan A, Taheri S, et al. 
Effects of combination TGF-B1 transfection and platelet rich plasma 
(PRP) on three-dimension chondrogenic differentiation of rabbit 
dental pulp-derived mesenchymal stem cells. Connect Tissue Res. 
2021;62(2):226–37.

	 75.	 Qu G, Li Y, Chen L, Chen Q, Zou D, Yang C, et al. Comparison of osteo‑
genic differentiation potential of human dental-derived stem cells 
isolated from dental pulp, periodontal ligament, dental follicle, and 
alveolar bone. Stem Cells Int. 2021;2021:6631905.

	 76.	 Gao Y, Zhao G, Li D, Chen X, Pang J, Ke J. Isolation and multiple differ‑
entiation potential assessment of human gingival mesenchymal stem 
cells. Int J Mol Sci. 2014;15(11):20982–96.

	 77.	 d’Aquino R, De Rosa A, Lanza V, Tirino V, Laino L, Graziano A, et al. 
Human mandible bone defect repair by the grafting of dental pulp 
stem/progenitor cells and collagen sponge biocomplexes. Eur Cell 
Mater. 2009;18:75–83.

	 78.	 Sonoda S, Yamaza H, Ma L, Tanaka Y, Tomoda E, Aijima R, et al. 
Interferon-gamma improves impaired dentinogenic and immunosup‑
pressive functions of irreversible pulpitis-derived human dental pulp 
stem cells. Sci Rep. 2016;6:19286.

	 79.	 He X, Jiang W, Luo Z, Qu T, Wang Z, Liu N, et al. IFN-γ regulates human 
dental pulp stem cells behavior via NF-κB and MAPK signaling. Sci Rep. 
2017;7:40681.

	 80.	 Khorsand A, Eslaminejad MB, Arabsolghar M, Paknejad M, Ghaedi 
B, Rokn AR, et al. Autologous dental pulp stem cells in regenera‑
tion of defect created in canine periodontal tissue. J Oral Implantol. 
2013;39(4):433–43.

	 81.	 Cao Y, Liu Z, Xie Y, Hu J, Wang H, Fan Z, et al. 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.

	 82.	 Park JY, Jeon SH, Choung PH. Efficacy of periodontal stem cell trans‑
plantation in the treatment of advanced periodontitis. Cell Transplant. 
2011;20(2):271–85.

	 83.	 Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human 
dental pulp stem cells (DPSCs) in vitro and in vivo. Proc Natl Acad Sci 
USA. 2000;97(25):13625–30.

	 84.	 Barbier L, Ramos E, Mendiola J, Rodriguez O, Santamaria G, Santamaria 
J, et al. Autologous dental pulp mesenchymal stem cells for inferior 
third molar post-extraction socket healing: a split-mouth randomised 
clinical trial. Med Oral Patol Oral Cir Bucal. 2018;23(4):e469–77.

	 85.	 Sonoyama W, Liu Y, Fang D, Yamaza T, Seo BM, Zhang C, et al. Mesen‑
chymal stem cell-mediated functional tooth regeneration in swine. 
PLoS ONE. 2006;1(1): e79.

	 86.	 Sonoyama W, Liu Y, Yamaza T, Tuan RS, Wang S, Shi S, et al. Characteri‑
zation of the apical papilla and its residing stem cells from human 
immature permanent teeth: a pilot study. Journal of Endodontics. 
2008;34(2):166–71.

	 87.	 Liu Z, Lin Y, Fang X, Yang J, Chen Z. Epigallocatechin-3-gallate promotes 
osteo-/odontogenic differentiation of stem cells from the apical papilla 
through activating the bmp-smad signaling pathway. Molecules. 
2021;26(6):1580.

	 88.	 Gao Q, Ge J, Ju Y, Li C, Gao J, Wu M, et al. Roles of L-type calcium chan‑
nels (Ca(V)1.2) and the distal C-terminus (DCT) in differentiation and 
mineralization of rat dental apical papilla stem cells (rSCAPs). Arch Oral 
Biol. 2017;74:75–81.

	 89.	 Guo H, Zhang L, Wei K, Zhao J, Wang Y, Jin F, et al. Exposure to a 
continuous low dose of tetrachlorodibenzo-p-dioxin impairs the devel‑
opment of the tooth root in lactational rats and alters the function of 
apical papilla-derived stem cells. Arch Oral Biol. 2015;60(1):199–207.

	 90.	 Sequeira DB, Oliveira AR, Seabra CM, Palma PJ, Ramos C, Figueiredo MH, 
et al. Regeneration of pulp-dentin complex using human stem cells of 
the apical papilla: in vivo interaction with two bioactive materials. Clin 
Oral Investig. 2021. https://​doi.​org/​10.​1007/​s00784-​021-​03840-9.

	 91.	 Chen Q, Yuan C, Jiang S, Heng BC, Zou T, Shen Z, et al. Small molecules 
efficiently reprogram apical papilla stem cells into neuron-like cells. Exp 
Ther Med. 2021;21(6):546.

	 92.	 Yang H, Fan J, Cao Y, Gao R, Fan Z. Distal-less homeobox 5 promotes the 
osteo-/dentinogenic differentiation potential of stem cells from apical 
papilla by activating histone demethylase KDM4B through a positive 
feedback mechanism. Exp Cell Res. 2019;374(1):221–30.

	 93.	 Yan M, Wu J, Yu Y, Wang Y, Xie L, Zhang G, et al. Mineral trioxide aggre‑
gate promotes the odonto/osteogenic differentiation and dentinogen‑
esis of stem cells from apical papilla via nuclear factor kappa B signaling 
pathway. J Endod. 2014;40(5):640–7.

	 94.	 Wang L, Yan M, Wang Y, Lei G, Yu Y, Zhao C, et al. Proliferation and osteo/
odontoblastic differentiation of stem cells from dental apical papilla in 
mineralization-inducing medium containing additional KH(2)PO(4). Cell 
Prolif. 2013;46(2):214–22.

	 95.	 Zhou P, Chrepa V, Karoussis I, Pikos MA, Kotsakis GA. Cytocompatibility 
properties of an herbal compound solution support i n vitro wound 
healing. Front Physiol. 2021;12: 653661.

	 96.	 Li G, Han N, Yang H, Zhang X, Cao Y, Cao Y, et al. SFRP2 promotes stem 
cells from apical papilla-mediated periodontal tissue regeneration in 
miniature pig. J Oral Rehabil. 2020;47(Suppl 1):12–8.

	 97.	 Zhang Q, Shi S, Liu Y, Uyanne J, Shi Y, Shi S, et al. Mesenchymal stem 
cells derived from human gingiva are capable of immunomodulatory 
functions and ameliorate inflammation-related tissue destruction in 
experimental colitis. J Immunol. 2009;183(12):7787–98.

	 98.	 Wang F, Yu M, Yan X, Wen Y, Zeng Q, Yue W, et al. Gingiva-derived mes‑
enchymal stem cell-mediated therapeutic approach for bone tissue 
regeneration. Stem Cells Dev. 2011;20(12):2093–102.

	 99.	 Ge S, Mrozik KM, Menicanin D, Gronthos S, Bartold PM. Isolation and 
characterization of mesenchymal stem cell-like cells from healthy and 
inflamed gingival tissue: potential use for clinical therapy. Regen Med. 
2012;7(6):819–32.

	100.	 Abdal-Wahab M, Abdel Ghaffar KA, Ezzatt OM, Hassan AAA, El Ansary 
MMS, Gamal AY. Regenerative potential of cultured gingival fibroblasts 
in treatment of periodontal intrabony defects (randomized clinical and 
biochemical trial). J Periodontal Res. 2020;55(3):441–52.

	101.	 Kim D, Lee AE, Xu Q, Zhang Q, Le AD. Gingiva-derived mesenchymal 
stem cells: potential application in tissue engineering and regenerative 
medicine - a comprehensive review. Front Immunol. 2021;12: 667221.

	102.	 Wang X, Zhao S, Lai J, Guan W, Gao Y. Anti-inflammatory, antioxidant, 
and antifibrotic effects of gingival-derived MSCs on bleomycin-induced 
pulmonary fibrosis in mice. Int J Mol Sci. 2021;23(1):99.

	103.	 Yu X, Ge S, Chen S, Xu Q, Zhang J, Guo H, et al. Human gingiva-derived 
mesenchymal stromal cells contribute to periodontal regeneration in 
beagle dogs. Cells Tissues Organs. 2013;198(6):428–37.

	104.	 Li D, Zou XY, El-Ayachi I, Romero LO, Yu Z, Iglesias-Linares A, et al. 
Human dental pulp stem cells and gingival mesenchymal stem cells 
display action potential capacity in vitro after neuronogenic differentia‑
tion. Stem Cell Rev Rep. 2019;15(1):67–81.

	105.	 Zhao J, Liu R, Zhu J, Chen S, Xu L. Human gingiva-derived mesenchymal 
stem cells promote osteogenic differentiation through their immuno‑
suppressive function. J Oral Biosci. 2021. https://​doi.​org/​10.​1016/j.​job.​
2021.​07.​003.

	106.	 Fawzy El-Sayed KM, Paris S, Becker ST, Neuschl M, De Buhr W, Sälzer 
S, et al. Periodontal regeneration employing gingival margin-
derived stem/progenitor cells: an animal study. J Clin Periodontol. 
2012;39(9):861–70.

	107.	 Pivoriuūnas A, Surovas A, Borutinskaite V, Matuzeviccius D, Treigyte 
G, Savickiene J, et al. Proteomic analysis of stromal cells derived from 
the dental pulp of human exfoliated deciduous teeth. Stem Cells Dev. 
2010;19(7):1081–93.

	108.	 Zhao X, Pathak JL, Huang W, Zhu C, Li Y, Guan H, et al. Metformin 
enhances osteogenic differentiation of stem cells from human exfoli‑
ated deciduous teeth through AMPK pathway. J Tissue Eng Regen Med. 
2020;14(12):1869–79.

	109.	 Wang M, Li J, Ye Y, He S, Song J. SHED-derived conditioned exosomes 
enhance the osteogenic differentiation of PDLSCs via Wnt and BMP 
signaling in vitro. Differentiation. 2020;111:1–11.

	110.	 Han Y, Gong T, Zhang C, Dissanayaka WL. HIF-1α Stabilization Enhances 
Angio-/Vasculogenic Properties of SHED. J Dent Res. 2020;99(7):804–12.

	111.	 Xu JG, Zhu SY, Heng BC, Dissanayaka WL, Zhang CF. TGF-β1-induced 
differentiation of SHED into functional smooth muscle cells. Stem Cell 
Res Ther. 2017;8(1):10.

	112.	 Gronthos S, Zhao MR, Lu B, Fisher LW, Robey PG, Shi ST. SHED: Stem 
cells from human exfoliated deciduous teeth. Proc Natl Acad Sci USA. 
2003;100(10):5807–12.

	113.	 Kerkis I, Caplan AI. Stem cells in dental pulp of deciduous teeth. Tissue 
Eng Part B Rev. 2012;18(2):129–38.

https://doi.org/10.1007/s00784-021-03840-9
https://doi.org/10.1016/j.job.2021.07.003
https://doi.org/10.1016/j.job.2021.07.003


Page 19 of 20Zhao et al. Stem Cell Research & Therapy           (2023) 14:39 	

	114.	 Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, Robey PG, et al. SHED: 
stem cells from human exfoliated deciduous teeth. Proc Natl Acad Sci 
USA. 2003. https://​doi.​org/​10.​1073/​pnas.​09376​35100.

	115.	 Seo BM, Sonoyama W, Yamaza T, Coppe C, Kikuiri T, Akiyama K, et al. 
SHED repair critical-size calvarial defects in mice. Oral Dis. 2008. https://​
doi.​org/​10.​1111/j.​1601-​0825.​2007.​01396.x.

	116.	 Zheng Y, Liu Y, Zhang CM, Zhang HY, Li WH, Shi S, et al. Stem cells 
from deciduous tooth repair mandibular defect in swine. J Dent Res. 
2009;88(3):249–54.

	117.	 Fu X, Jin L, Ma P, Fan Z, Wang S. Allogeneic stem cells from deciduous 
teeth in treatment for periodontitis in miniature swine. J Periodontol. 
2014;85(6):845–51.

	118.	 Sakai VT, Zhang Z, Dong Z, Neiva KG, Machado MAAM, Shi S, et al. SHED 
differentiate into functional odontoblasts and endothelium. J Dent Res. 
2010;89(8):791–6.

	119.	 Gao X, Shen Z, Guan M, Huang Q, Chen L, Qin W, et al. Immunomodu‑
latory role of stem cells from human exfoliated deciduous teeth on 
periodontal regeneration. Tissue Eng A. 2018;24(17–18):1341–53.

	120.	 Qiao YQ, Zhu LS, Cui SJ, Zhang T, Yang RL, Zhou YH. Local administra‑
tion of stem cells from human exfoliated primary teeth attenuate 
experimental periodontitis in mice. Chinese J Dental Res Off J Sci Sect 
Chinese Stomatol Assoc (CSA). 2019;22(3):157–63.

	121.	 Yang X, Ma Y, Guo W, Yang B, Tian W. Stem cells from human exfoliated 
deciduous teeth as an alternative cell source in bio-root regeneration. 
Theranostics. 2019;9(9):2694–711.

	122.	 Guo H, Zhao W, Liu A, Wu M, Shuai Y, Li B, et al. SHED promote angio‑
genesis in stem cell-mediated dental pulp regeneration. Biochem 
Biophys Res Commun. 2020;529(4):1158–64.

	123.	 Rezai-Rad M, Bova JF, Orooji M, Pepping J, Qureshi A, Del Piero F, et al. 
Evaluation of bone regeneration potential of dental follicle stem cells 
for treatment of craniofacial defects. Cytotherapy. 2015;17(11):1572–81.

	124.	 Guo W, Chen L, Gong K, Ding B, Duan Y, Jin Y. Heterogeneous dental 
follicle cells and the regeneration of complex periodontal tissues. Tissue 
Eng Part A. 2012;18(5–6):459–70.

	125.	 Morsczeck C, Gotz W, Schierholz J, Zellhofer F, Kuhn U, Mohl C, et al. 
Isolation of precursor cells (PCs) from human dental follicle of wisdom 
teeth. Matrix Biol. 2005;24(2):155–65.

	126.	 Guo W, Gong K, Shi H, Zhu G, He Y, Ding B, et al. Dental follicle cells and 
treated dentin matrix scaffold for tissue engineering the tooth root. 
Biomaterials. 2012;33(5):1291–302.

	127.	 Cao J, Qiu X, Gao Y, Cai L. Puerarin promotes the osteogenic differentia‑
tion of rat dental follicle cells by promoting the activation of the nitric 
oxide pathway. Tissue Cell. 2021;73: 101601.

	128.	 Sowmya S, Mony U, Jayachandran P, Reshma S, Kumar RA, Arzate H, 
et al. Tri-layered nanocomposite hydrogel scaffold for the concurrent 
regeneration of cementum, periodontal ligament, and alveolar bone. 
Adv Healthc Mater. 2017;6(7):1601251.

	129.	 Guo W, He Y, Zhang X, Lu W, Wang C, Yu H, et al. The use of dentin 
matrix scaffold and dental follicle cells for dentin regeneration. Bioma‑
terials. 2009;30(35):6708–23.

	130.	 Park JC, Kim JC, Kim YT, Choi SH, Cho KS, Im GI, et al. Acquisition of 
human alveolar bone-derived stromal cells using minimally irrigated 
implant osteotomy: in vitro and in vivo evaluations. J Clin Periodontol. 
2012;39(5):495–505.

	131.	 Mason S, Tarle SA, Osibin W, Kinfu Y, Kaigler D. Standardization and 
safety of alveolar bone-derived stem cell isolation. J Dent Res. 
2014;93(1):55–61.

	132.	 Matsubara T, Suardita K, Ishii M, Sugiyama M, Igarashi A, Oda R, et al. 
Alveolar bone marrow as a cell source for regenerative medicine: dif‑
ferences between alveolar and iliac bone marrow stromal cells. J Bone 
Miner Res. 2005;20(3):399–409.

	133.	 Cao C, Tarlé S, Kaigler D. Characterization of the immunomodulatory 
properties of alveolar bone-derived mesenchymal stem cells. Stem Cell 
Res Ther. 2020;11(1):102.

	134.	 Wang L, Cheng L, Zhang B, Wang N, Wang F. Tanshinone prevents 
alveolar bone loss in ovariectomized osteoporosis rats by up-regu‑
lating phosphoglycerate dehydrogenase. Toxicol Appl Pharmacol. 
2019;376:9–16.

	135.	 Gong X, Yu W, Zhao H, Su J, Sheng Q. Skeletal site-specific effects of 
zoledronate on in vivo bone remodeling and in vitro BMSCs osteogenic 
activity. Sci Rep. 2017;7:36129.

	136.	 Wang H, Hu Z, Wu J, Mei Y, Zhang Q, Zhang H, et al. Sirt1 promotes 
osteogenic differentiation and increases alveolar bone mass via Bmi1 
activation in mice. J Bone Miner Res. 2019;34(6):1169–81.

	137.	 Kim BS, Kim HJ, Kim JS, You YO, Zadeh H, Shin HI, et al. IFITM1 increases 
osteogenesis through Runx2 in human alveolar-derived bone marrow 
stromal cells. Bone. 2012;51(3):506–14.

	138.	 Song J, Jiang N, Gan X, Zhi W, Zhu Z. Thrombin inhibitor argatroban 
modulates bone marrow stromal cells behaviors and promotes osteo‑
genesis through canonical Wnt signaling. Life Sci. 2021;269:119073.

	139.	 Liu Y, Wang H, Dou H, Tian B, Li L, Jin L, et al. Bone regeneration capaci‑
ties of alveolar bone mesenchymal stem cells sheet in rabbit calvarial 
bone defect. J Tissue Eng. 2020;11:2041731420930379.

	140.	 Jo Y-Y, Lee H-J, Kook S-Y, Choung H-W, Park J-Y, Chung J-H, et al. Isolation 
and characterization of postnatal stem cells from human dental tissues. 
Tissue Eng. 2007;13(4):767–73.

	141.	 Park JC, Kim JC, Kim BK, Cho KS, Im GI, Kim BS, et al. Dose- and time-
dependent effects of recombinant human bone morphogenetic 
protein-2 on the osteogenic and adipogenic potentials of alveolar 
bone-derived stromal cells. J Periodontal Res. 2012;47(5):645–54.

	142.	 Nakajima R, Ono M, Hara ES, Oida Y, Shinkawa S, Pham HT, et al. Mesen‑
chymal stem/progenitor cell isolation from tooth extraction sockets. J 
Dent Res. 2014;93(11):1133–40.

	143.	 Ikeda E, Hirose M, Kotobuki N, Shimaoka H, Tadokoro M, Maeda M, et al. 
Osteogenic differentiation of human dental papilla mesenchymal cells. 
Biochem Biophys Res Commun. 2006;342(4):1257–62.

	144.	 Ikeda E, Yagi K, Kojima M, Yagyuu T, Ohshima A, Sobajima S, et al. 
Multipotent cells from the human third molar: feasibility of cell-based 
therapy for liver disease. Differentiation. 2008;76(5):495–505.

	145.	 Yalvac ME, Ramazanoglu M, Rizvanov AA, Sahin F, Bayrak OF, Salli U, 
et al. Isolation and characterization of stem cells derived from human 
third molar tooth germs of young adults: implications in neo-vascu‑
larization, osteo-, adipo- and neurogenesis. Pharmacogenomics J. 
2010;10(2):105–13.

	146.	 Gurel Pekozer G, Ramazanoglu M, Schlegel KA, Kok FN, Torun KG. Role 
of STRO-1 sorting of porcine dental germ stem cells in dental stem 
cell-mediated bone tissue engineering. Artif Cells Nanomed Biotechnol. 
2018;46(3):607–18.

	147.	 Taşlı PN, Yalvaç ME, Sofiev N, Sahin F. Effect of F68, F127, and P85 plu‑
ronic block copolymers on odontogenic differentiation of human tooth 
germ stem cells. J Endod. 2013;39(10):1265–71.

	148.	 Ramazanoglu M, Moest T, Ercal P, Polyviou Z, Herrmann K, Gurel Pekozer 
G, et al. The effect of polyethylenglycol gel on the delivery and osteo‑
genic differentiation of homologous tooth germ-derived stem cells 
in a porcine model. Clin Oral Investig. 2020. https://​doi.​org/​10.​1007/​
s00784-​020-​03625-6.

	149.	 Aarvold A, Smith JO, Tayton ER, Jones AM, Dawson JI, Lanham S, et al. 
From bench to clinic and back: skeletal stem cells and impaction bone 
grafting for regeneration of bone defects. J Tissue Eng Regen Med. 
2014;8(10):779–86.

	150.	 Park JB, Lee JY, Park HN, Seol YJ, Park YJ, Rhee SH, et al. Osteopromotion 
with synthetic oligopeptide-coated bovine bone mineral in vivo. J Peri‑
odontol. 2007;78(1):157–63.

	151.	 Petite H, Viateau V, Bensaïd W, Meunier A, Pollak C, Bourguignon M, et al. 
Tissueengineered bone regeneration. Nat Biotechnol. 2000;18:959–63.

	152.	 Fragogeorgi EA, Rouchota M, Georgiou M, Velez M, Bouziotis P, Loudos 
G. In vivo imaging techniques for bone tissue engineering. J Tissue Eng. 
2019;10:2041731419854586.

	153.	 Nie L, Zhang H, Ren A, Li Y, Fu G, Cannon RD, et al. Nano-hydroxyapatite 
mineralized silk fibroin porous scaffold for tooth extraction site preser‑
vation. Dent Mater. 2019;35(10):1397–407.

	154.	 Mashimo T, Sato Y, Akita D, Toriumi T, Namaki S, Matsuzaki Y, et al. Bone 
marrow-derived mesenchymal stem cells enhance bone marrow 
regeneration in dental extraction sockets. J Oral Sci. 2019;61(2):284–93.

	155.	 Subramaniam S, Fang YH, Sivasubramanian S, Lin FH, Lin CP. 
Hydroxyapatite-calcium sulfate-hyaluronic acid composite encapsu‑
lated with collagenase as bone substitute for alveolar bone regenera‑
tion. Biomaterials. 2016;74:99–108.

	156.	 Wen Y, Yang H, Wu J, Wang A, Chen X, Hu S, et al. COL4A2 in the 
tissue-specific extracellular matrix plays important role on osteo‑
genic differentiation of periodontal ligament stem cells. Theranostics. 
2019;9(15):4265–86.

https://doi.org/10.1073/pnas.0937635100
https://doi.org/10.1111/j.1601-0825.2007.01396.x
https://doi.org/10.1111/j.1601-0825.2007.01396.x
https://doi.org/10.1007/s00784-020-03625-6
https://doi.org/10.1007/s00784-020-03625-6


Page 20 of 20Zhao et al. Stem Cell Research & Therapy           (2023) 14:39 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	157.	 Kawata T, Kohno S, Fujita T, Sugiyama H, Tokimasa C, Kaku M, et al. Trans‑
plantation of new autologous biomaterials into jaw cleft. J Int Med Res. 
2001;29(4):287–91.

	158.	 Boda SK, Almoshari Y, Wang H, Wang X, Reinhardt RA, Duan B, et al. Min‑
eralized nanofiber segments coupled with calcium-binding BMP-2 pep‑
tides for alveolar bone regeneration. Acta Biomater. 2019;85:282–93.

	159.	 Willett ES, Liu J, Berke M, Giannini PJ, Schmid M, Jia Z, et al. Standardized 
rat model testing effects of inflammation and grafting on extraction 
healing. J Periodontol. 2017;88(8):799–807.

	160.	 Klein Y, Kunthawong N, Fleissig O, Casap N, Polak D, Chaushu S. The 
impact of alloplast and allograft on bone homeostasis: orthodontic 
tooth movement into regenerated bone. J Periodontol. 2019. https://​
doi.​org/​10.​1002/​JPER.​19-​0145.

	161.	 Zhang Z. Bone regeneration by stem cell and tissue engineering in oral 
and maxillofacial region. Front Med. 2011;5(4):401–13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1002/JPER.19-0145
https://doi.org/10.1002/JPER.19-0145

	Oral cavity-derived stem cells and preclinical models of jaw-bone defects for bone tissue engineering
	Abstract 
	Background 
	Main text 
	Conclusion 

	Introduction
	Characteristics of teeth, jaw bone, and periodontal tissue
	SCs in the oral cavity with osteogenic potential
	PDLSCs
	DPSCs
	SCAPs
	GMSCs
	SHED
	DFSCs
	ABMSCs
	TGPCs

	Preclinical models of jaw-bone defects and its application
	Maxillary tooth extraction model
	Maxillary drilling model
	Drilling model of the maxilla after tooth extraction
	Mandibular drilling model

	Conclusion and future prospects for SCs in bone regeneration
	Anchor 23
	Acknowledgements
	References


