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ABSTRACT

Tooth is a vital organ in the oral cavity that has functions for chewing, talking, swallowing, and giving facial aesthet-
ics. Tooth decay or loss can reduce the quality of life (QOL). Nowadays, tooth decay treatment is restored through a 
conservative approach, which uses dental inorganic materials and their supporting tools. Besides, the loss of a tooth 
can be replaced by a dental prosthetic or artificial tooth. The advanced and greatly promising technology in the fu-
ture is to apply the concept of regenerative dentistry as a biological repair of lost and damaged tissue using stem cells. 
Regenerative medicine using stem cells is promising therapeutic tool in the future to restore or replace the damage 
tissue into normal function by utilized their potency to differentiate into specialized cells type. This review aims to 
report the potential of stem cells for tooth regeneration and tissue repair in dental field. 
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INTRODUCTION

Dental disease is one of the significant health problems in 
many countries as it causes pain and discomfort, which 
can reduce the quality of life. As many as 3.5 million 
people are reported to have dental problems. According 
to the Global Burden of Disease, caries in permanent 
tooth followed by periodontal disease resulting in tooth 
loss is still a crucial problem to be resolved (1). 

Dental technology, through a conservative therapeutic 
approach, is used to repair or replace tooth loss (2). 
These treatments include dental fillings using inorganic 
dental materials, denture fitting and dental implants 
(2–5). The success of treating damaged tooth such as 
pulp treatment, is still difficult to predict. The resolution 
of successful pulp treatment reportedly depends on the 
pulp cells’ natural ability to regenerate tissue (6). 

Tissue regeneration in dentistry is a potential and 

challenging concept to be applied in modern dentistry 
(7). The definition of regenerative medicine is restoring 
damaged tissue to its original shape, maintaining and 
improving the function of tissues and organs through the 
process of biological substitution (8, 9). This approach 
can be implemented by understanding the process of 
tissue development and the biological processes of 
healing and repairing dental tissue. This knowledge 
is essential to explore and understand to apply basic 
knowledge to clinical therapy in the future (3). To 
achieve this concept, stem cells are a potential source of 
infinite proliferation to regenerate damaged or lost tissue 
that cannot be repaired using contemporary medical 
approaches. 

This review aims to report the potential of stem cells for 
biological tooth and tissue repair in dental field.

STEM CELLS CLASSIFICATION

According to the first classification, which is based on the 
isolation location source, stem cells can be categorized 
into embryonic stem cells (ESCc), adult stem cells, 
and induced Pluripotent stem cells (iPSCs) (7, 10–12). 
Embryonic stem cells are derived from the blastocyst’s 
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inner cell mass during the gastrulation period (13) and 
are formed about 4-5 days after fertilization (7). These 
stem cells are pluripotent, that can be stored in the form 
of undifferentiated cell cultures and can be stimulated 
to differentiate into all types of cell lines. Embryonic 
stem cells can differentiate into endoderm, mesoderm, 
ectoderm in the embryonic layer and all kinds of 
somatic cell types (10, 14). In contrast to ESC, adult 
stem cells come from adult postnatal tissue, which can 
regenerate themselves and differentiate into other cells. 
However, adult stem cells have a limited lifespan and 
differentiation potential (10). An example of this stem 
cell is bone marrow. Researchers mostly use adult stem 
cells for research on the basis of avoiding ethical issues 
that arise when using ESCc, especially from human 
sources (15). 

Recently, induced Pluripotent stem cells (iPSCs) have 
been developed. They are somatic cells reprogrammed 
into cells that have pluripotent potential like ESCs through 
the induction of specific transcription factors such as 
OCT4 (also called POU5F1), SOX2, c-Myc and KLF4 
(14, 16). This iPSCs research was first conducted by Dr. 
Sinya Yamanaka using mouse skin fibroblast cells (17). 
Reprogramming is made in these cells by incorporating 
several genes; therefore, they have similar morphology, 
gene expression, differentiation potential and teratoma 
formation as in ESC (18). Several human cells that 
have been successfully developed into iPSCs and have 
pluripotency include keratinocytes from the foreskin, 
fibroblast cells from the oral mucosa, T-lymphocytes, 
placenta, neuron cells and fat cells (19–24). It was 
reported that iPSCs could be differentiated into cardiac 
myocytes, fibroblast cells, neuron cells, epithelial cells, 
red blood cells, fat cells, enterocyte cells and kidney 
cell derivatives (21). In the field of dentistry, iPSCs are 
reported to be able to differentiate into epithelial-like 
and mesenchymal cell teeth for regenerative purposes 
(25). It proves that iPSCs have great potential to be used 
as a tooth regenerating material (10). Many studies 
using human cells have been conducted to reprogram 
somatic cells into iPSCs. One potential source for iPSCs 
technology is cells derived from dental tissues such as 
pulp, periodontal ligaments, apical papilla and dental 
follicle. Stem cells from dental tissue becomes the choice 
due to efficiency, multipotency, technical feasibility and 
accessibility considerations (10).

The second classification is based on the development 
potential of stem cells divided into totipotent, 
pluripotent, multipotent, oligopotent and unipotent 
(Fig. 1) (11). Totipotent means that this cell is capable of 
developing into all kinds of cell types. Totipotent cells 
can multiply and be differentiated into all types of cell 
types and produce fertile offspring. The examples of 
totipotent cells are ovum and sperm that are able to be 
differentiated and form all types of tissue in the body. 
Pluripotent stem cells are cells that are able to produce 
all cell types in organisms. These cells are derived from 

the embryo. The inner cell mass (ICM) of a blastocyst 
is an example of a pluripotent cell. If these cells are 
cultured, they are called embryonic stem cells (ESC). 
Multipotent stem cells are cells that can become several 
cell types and develop into tissue cells in which they 
are isolated. Multipotent stem cells can be differentiated 
into bone, cartilage and fat. Oligopotent stem cells are 
cells that can be differentiated into two or more cell 
types. Neural stem cells can develop into nerve cells 
in the brain. Unipotent stem cells mean that these stem 
cells are found in adult tissue. They are able to produce 
a limited number of cell types and can repair damaged 
tissue by replacing specialized cells (11, 12, 14).

THE PROCESS OF TOOTH DEVELOPMENT

Tooth is hard tissue consisting of a layer of enamel 
on the outside, followed by dentin and pulp tissue 
that contains nerves and blood vessels (26). The 
tooth is supported by the supporting tissues, namely 
the gingiva, periodontal ligament, cementum and 
alveolar bone. The tooth formation process begins in 
the womb. Research has been conducted on mice to 
determine the process of tooth formation. The tooth is 
formed from reciprocal interactions between epithelial 
and mesenchymal tissue (27). Tooth formation occurs 
through several stages, namely, initiation, bud, cap and 
bell (Fig. 2). At the initiation stage of mice, it starts on 
embryonic day 11.5 (E. 11.5). There is a thickening 
of the epithelium called a dental placode (28). In this 
thickening process, a signal expression such as Sonic 
Hedhoge (Shh) induces proliferative activity at the 
site of tooth development (29, 30). Furthermore, the 
epithelium invaginates the underlying mesenchymal 
tissue originating from the neural crest to form a bud, 
called the bud stage (E. 13.5) (28). At this stage, there is a 
condensation of mesenchymal cells that express various 
kinds of molecular signals and transcription factors such 
as Bmp4, Msx1 and Pax9. The loss of expression Msx1 

Fig 1: Classification of Stem Cells. Based on the source; Embryonic 
stem cells (ESCs), Adult stem cells, induced Pluripotent stem cells 
(iPSc). Based on potency beginning from highest to the lowest 
potency, respectively; Totipotent, Multipotent, Pluripotent, 
Oligopotent, and Unipotent. 
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Fig 3: Source of Stem Cells from the Tooth Area. Dental Pulp Stem 
Cells (DPSC), Stem cells of Human Exfoliated Deciduous tooth 
(SHED), Periodontal Ligament Stem Cells (PDLSCs), Stem Cells from 
Apical Papilla (SCAP), and Dental Follicle cells (DFCs). Grey (pulp), 
Blue (dentin), White (enamel), Thick orange (dental follicle), light 
orange (apical papilla), Black (periodontal ligament). 

and Pax9 causes downregulation of Bmp4. Mutations 
in MSX1 and PAX9 have been reported to cause dental 
agenesis in humans. Msx1 and Bmp4 have an essential 
role in tooth development, though there is a positive 
reciprocal interaction between them. The addition of 
Bmp4 was reported to be able to partially restore tooth 
decay in mice that had the Msx1 mutation. Loss of Bmp4 
expression and Wnt signal early in tooth formation was 
reported to cause tooth decay. Wnt signal is upstream 
of Bmp4 and has been reported to have a role in 
inducing differentiation of dental pulp cells during 
tooth development. Bmp4 activity is restricted by the 
expression of Bmp4 antagonists such as ectodin or wise 
and ectodin receptors, namely Edar (31). At the age of 
E 14.5, known as the cap stage, the mesenchymal cells 
then send signals back to the epithelium and induce the 
formation of a structure in the buds called the enamel 
knots. Enamel knots are epithelial clusters of cells that 
have not yet undergone differentiation, are located at 
the inner center enamel epithelium and function as a 
control over the shape of the tooth cusp. Each tooth germ 
has only one enamel knot. Secondary enamel knots will 
appear after the primary enamel knots are gone. At E 16.5 
- E 20, it is called the bell stage, namely differentiation 
of the epithelium into ameloblasts, which subsequently 
becomes enamel and mesenchymal differentiation 
into odontoblasts that then becomes dentin. These 
mesenchymal cells will also be differentiated into dental 
pulp and periodontal tissues such as cementum (32). 
After crown formation, the cervical loop of epithelial 
cells will elongate and form a double-layered epithelial 
structure between the dental follicle and dental papilla 
to form Hertwig’s epithelial root sheath (HERS), which is 
the signal center of root formation (33).

SOURCE OF STEM CELLS FROM DENTAL TISSUE

Stem cell from dental tissue has been widely used in the 
medical world to do regeneration in various scientific 
fields. The following is sources of stem cells from the 
tooth area, namely Dental Pulp Stem Cells (DPSC), Stem 
cells of Human Exfoliated Deciduous tooth (SHED), 
Periodontal Ligament Stem Cells (PDLSCs), Stem Cells 
from Apical Papilla (SCAP), and Dental Follicle cells 
(DFCs) (Fig. 3) (12).

Dental Pulp Stem Cells (DPSC) are the first dental 
stem cells isolated from human pulp located in the 
pulp chamber. These cells have both osteogenic and 
chondrogenic potential. The types of cells that can be 
isolated from the pulp are mesenchymal stem cells and 
can be differentiated into odontoblast-like cells and 
osteoblasts to form dentin and bone. The best location 
for obtaining a DPSC is the third molar. These stem cells 
are the source of stem cells that are most widely used 
for tissue regeneration technology as they are easy to 
collect, produce dentin tissue compared to other stem 
cell sources, and have anti-inflammatory properties (34). 

Stem cells of Human Exfoliated Deciduous (SHED) are 
the progenitor cells isolated from the exfoliated remnants 
of the primary tooth pulp tissue. These stem cells have 
a higher proliferation and differentiation ability than 
DPSC. These stem cells can be differentiated into 
osteoblasts, odontoblasts, adipocytes and neural cells. 
The primary role of these cells leads to the formation 
of mineralized tissue, which is useful for increasing 
orofacial bone regeneration (12, 35, 14). 

Periodontal Ligament Stem Cells (PDLSCs) can be found 
on the root surface and alveolar bone frequently used 
to treat the periodontal ligament or cementum as it is 
efficient and safe. These stem cells can differentiate 
into mesenchymal cells to produce collagen, adipose, 
cementum tissue, Sharpey’s fibers and osteoblast-like 
cells (12, 14). 

Fig 2: The Process of Tooth Development. At E12.5, it appeared 
invagination of the epithelium, formed placodes. Yellow   (epithelium), 
blue (mesenchymal).   E 13.5 epithelium invaginates the underlying 
mesenchymal tissue, resulting in mesenchymal condensation that 
expresses various kinds of molecular signals and transcription factors 
and formed bud. By E 14.5, it is called cap stage, the mesenchymal 
cells then send signals back to the epithelium and induce the 
formation of a structure in the buds called the enamel knots (orange).  
By E 16.5, secondary enamel knots appeared after the primary enamel 
knots are gone, responsible for reproducible positioning and height 
of cusp formation. By E 20, differentiation of the epithelium into 
ameloblasts, which subsequently becomes enamel and mesenchymal 
differentiation into odontoblasts, subsequently becomes dentin, 
dental pulp, and periodontal tissues such as cementum. After crown 
formation followed by root formation, finally, a functional tooth will 
erupt. 
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Stem Cells from Apical Papilla (SCAP) can be found 
in the apical root of the developing tooth and causes 
apexogenesis. These stem cells have a mesenchymal 
cell structure and are the source of odontoblasts. These 
stem cells have a higher proliferation capacity compared 
to DPSCs, making them a better choice for tissue 
regeneration. These stem cells can be differentiated into 
odontoblast-like cells, neuron-like cells or adipose (36). 

Dental Follicle Cells (DFCs) is loose connective 
tissue around a developing tooth. These stem cells 
contain cells that can differentiate into cementoblasts, 
osteoblasts and periodontal ligament cells. These stem 
cells are most frequently taken from the pockets of the 
third molars (37).

TRANSLATIONAL STUDY BASED-TOOTH 
REGENERATION IN DENTISTRY

Many studies have developed the use of stem cells for 
dentine regeneration, damaged pulp, pulp perforation, 
resorbed roots, periodontal disease and whole 
tooth regeneration. Apart from being used in tooth 
regeneration, stem cells are also used to regenerate 
other tissues in the oral cavity, including the use in the 
manufacture of artificial salivary glands, tongue muscles, 
mucosal grafts to replace tissue damaged by trauma or 
surgical procedures and replacement of damaged bones 
in the craniofacial area (35).

Whole Tooth Regeneration
The management of damaged teeth using advanced 
technology must understand 3 basic knowledge; 
embryonic development, stem cell biology, and tissue 
engineering technology. Tooth engineering to create 
a complete tooth has been done in vivo. Dental stem 
cells from various animals have been used, such as 
mice, rats and pigs. Apart from dental stem cells, cell-
activating cytokines also play an essential role in tooth 
regeneration as they can be differentiated into dental 
tissue both in vivo and in vitro. Whole tooth replacement 
therapy is a regeneration concept to replace damaged 
organs. The use of stem cells such as iPSc cells to 
create intact teeth begins with the interaction between 
epithelial and mesenchymal cells, which develops 
into tooth germs. A three-dimensional culture system 
was developed to understand the basic mechanism 
of enamel differentiation (38). This method is carried 
out in vitro by imitating the epithelial-mesenchymal 
interaction process in the enamel differentiation 
process. Recently, a three-dimensional cell method 
called the “organ germ method” has been developed. 
The tooth germ is then transplanted into the oral cavity 
and develops until the tooth’s complete eruption occurs 
(Fig. 4) (39). The following is a study on bioengineering 
teeth using stem cells. Research conducted by (40) was 
about the dissociation of epithelial and mesenchymal 
cells obtained from the incisor tooth germ of mice, 
then reuniting them in vitro to collagen gel in a high-

density reconstituted tooth germ then implanted in 
the mouse subrenal capsule. The results showed the 
penetration of blood vessels and nerve fibers at 14 days 
after implantation. Research was also carried out by 
Oshima et al. that implanted tooth germ into the murine 
alveolar bone (41). Surprisingly, not only the tooth and 
periodontal ligaments were formed, but the alveolar 
bone was also formed. These results indicated that the 
use of stem cells is not only devoted to making whole 
tooth regeneration, but it can also be used to help certain 
cases such as severe alveolar bone loss (42).

Fig 4: General schematic for whole tooth regeneration using iPS 
cells. 1) Own somatic cells are collected from the patient to generate 
iPSc cells. 2) Reprogramming of iPSc was performed, followed by 
3) Dissociation of the cells into epithelial and mesenchymal. 4) 
Three-dimensional in vitro manipulations were conducted prior 5) 
Transplantation of bioengineering tooth germ into the oral cavity and 
finally 6) Complete tooth eruption occurred.  
 

Salivary gland regeneration
Regeneration of salivary glands is done with the aim 
of repairing damaged salivary glands due to surgical of 
salivary glands, with one of the side effects damaged 
of healthy salivary gland tissue and complaints of dry 
mouth or xerostomia. There are two methods carried out 
to repair damaged salivary glands; a tissue-engineering 
approach or using stem cells to repair the damaged 
part of the salivary gland (42). The following is a study 
that reports that stem cells are used to repair damaged 
salivary glands. Adipose-Derived Stromal Cells (ADSCs) 
were used to repair irradiated salivary glands in mice. 
The salivary flow was reported to have increased as 
well as the presence of blood vessel proliferation and 
improved paracrine function (43). In another study, 
it was reported that stem cells isolated from murine 
submandibular glands that were then transplanted intra-
glandular were able to regenerate the morphology and 
function of salivary glands that have been irradiated (44, 
45).

Mandibular condyle regeneration 
Temporomandibular disc or condyle damage due to 
accidents or arthritis causes a reduction in the Quality of 
Life (QOL). It results in structural damage and pain in the 
long term interferes in mastication functions, speech and 
daily activities (42). To overcome this problem, several 
studies using stem cells have been reported. Distraction 
osteogenesis combined with tissue engineering cartilage 
is performed on the condylar osteochondral defect in the 
goat, and the results showed that cartilage was formed 
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on the condylar surface and regeneration occurred in 
the condylar bone (46). Tissue-Engineering Mandibular 
Condyles (TEMCs) using bone marrow stromal cells in 
rabbits induced using Low-Intensity Pulsed Ultrasound 
(LIPUS) shows the differentiation of chondrogenic and 
osteogenic tissue formation in vivo. The results of these 
studies indicated that stem cell-based tissue engineering 
has the potential to regenerate damage to mandibular 
condylar.

Regeneration of the tongue
Tongue is an essential organ in the oral cavity which 
functions to taste, swallow and speak. Surgical tongue 
resection can result in decreased QOL. Transplantation 
of myoblast/collagen in mice after hemisection of the 
tongue has shown to induce regeneration in the tongue 
muscles, thereby improving tongue function (47, 48). 
The results of these studies indicated that stem cell 
technology and tissue engineering have the potential to 
regenerate damaged tongue tissue due to hemisection.

ADVANTAGES AND DISADVANTAGES OF STEM 
CELLS APPLICATION

Advance technology in the use of stem cells for tissue 
regeneration is, of course, still far from perfect. The 
following are the advantages and disadvantages of using 
stem cells in the application. 

The advantages of using stem cells in the application: 
1) Regenerate or repair damaged tissues, especially 
dental tissue; 2) Increase the success of treatment in 
cases of intraosseous periodontal defects; 3) Increase 
the success of maxillary and mandibular grafting 
treatment; 4) Accelerate healing of wounds and ulcers. 
Disadvantages of using stem cells in practice: 1) The use 
of embryonic stem cells is still constrained by ethical 
issues; 2) Difficulties in research and practice related 
to differentiation and handling of stem cells to survive 
physiological conditions in the extracellular matrix; 
3) Stem cells implanted into the tissue will result in 
physical trauma and severe inflammatory immune 
response; 4) The long-term effects of these stem cells are 
not yet identified; 5) If the stem cells are not originally 
from the patient, then there is a possibility that they will 
be rejected by the body (35).

CONCLUSION

Translational research using stem cells is still challenging 
treatment in the future. This research tries to apply the 
basic research to clinical therapies. The development 
of modern dentistry technology through the concept 
of “regenerative medicine” applies the natural ability 
of body to be able to regenerate or repair damaged 
tissues. To achieve this concept, a basic understanding 
of the process of forming and developing biological 
tooth and tissue is required. Stem cells are progenitor 

cells that can be used to realize this concept. One of 
the sources of stem cells that can be used is isolated 
stem cells from tooth origin. However, further research 
needs to be developed to identify an advanced 
mechanism in inducing these stem cells to use the right 
signaling molecules in triggering cell differentiation. 
Many studies have developed the use of stem cells for 
tooth regeneration and other tissues in the oral cavity, 
including the use in the manufacture of artificial salivary 
glands, mandibular condyle and tongue muscles. Pre-
clinical and clinical studies using stem cells is required 
following basic research with proper consideration, not 
only technical, but also safety and bioethical aspects 
regarding the application of translational research. 
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