
R E V I E W Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​​​​t​p​:​/​/​c​r​e​​a​​​t​i​
v​e​​c​​o​​m​​m​​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​​

Wen et al. Stem Cell Research & Therapy          (2024) 15:389 
https://doi.org/10.1186/s13287-024-04003-9

Stem Cell Research & Therapy

*Correspondence:
Jincheng Zeng
zengjc@gdmu.edu.cn
Mingdeng Rong
rmdeng@smu.edu.cn

Full list of author information is available at the end of the article

Abstract
Periodontitis, a globally prevalent chronic inflammatory disease is characterized by the progressive degradation 
of tooth-supporting structures, particularly the periodontal ligament (PDL), which can eventually result in tooth 
loss. Despite the various clinical interventions available, most focus on symptomatic relief and lack substantial 
evidence of supporting the functional regeneration of the PDL. Dental stem cells (DSCs), with their homology 
and mesenchymal stem cell (MSC) properties, have gained significant attention as a potential avenue for PDL 
regeneration. Consequently, multiple therapeutic strategies have been developed to enhance the efficacy of 
DSC-based treatments and improve clinical outcomes. This review examines the mechanisms by which DSCs and 
their derivatives promote PDL regeneration, and explores the diverse applications of exogenous implantation and 
endogenous regenerative technology (ERT) aimed at amplifying the regenerative capacity of endogenous DSCs. 
Additionally, the persistent challenges and controversies surrounding DSC therapies are discussed, alongside an 
evaluation of the limitations in current research on the underlying mechanisms and innovative applications of 
DSCs in PDL regeneration with the aim of providing new insights for future development. Periodontitis, a chronic 
inflammatory disease, represents a major global public health concern, affecting a significant proportion of the 
population and standing as the leading cause tooth loss in adults. The functional periodontal ligament (PDL) plays 
an indispensable role in maintaining periodontal health, as its structural and biological integrity is crucial for the 
long-term prognosis of periodontal tissues. It is widely recognized as the cornerstone of periodontal regeneration 
Despite the availability of various treatments, ranging from nonsurgical interventions to guided tissue regeneration 
(GTR) techniques, these methods have shown limited success in achieving meaningful PDL regeneration. As a 
result, the inability to fully restore PDL function underscores the urgent need for innovative therapeutic strategies 
at reconstructing this essential structure. Stem cell therapy, known for its regenerative and immunomodulatory 
potential, offers a promising approach for periodontal tissue repair. Their application marks a significant paradigm 
shift in the treatment of periodontal diseases, opening new avenues for functional PDL regeneration. However, 
much of the current research has primarily focused on the regeneration of alveolar bone and gingiva, as these 
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Introduction
Periodontitis, a chronic inflammatory disease of the 
periodontal tissues driven by biofilm-induced dysbiosis, 
has merged as a global public health concern and ranks 
among the most prevalent oral diseases [1]. Currently, 
approximately 1.1  billion individuals worldwide (13.1% 
of the global population) are affected by severe peri-
odontitis [2], making it the leading cause of tooth loss in 
adults. The primary objective of periodontal therapy is to 
halt the progression of periodontal inflammation while 
restoring both the structure and function of damaged 
periodontal tissues. According to the American Academy 
of Periodontology, periodontal regeneration entails the 
formation of cementum, alveolar bone, and functional 
periodontal ligament (PDL) on the root surface within 
the affected area [3]. The PDL plays a critical role in phys-
ical, nutritional, formative, and sensory functions, and its 
condition greatly influences the prognosis of periodon-
titis. Research has shown that the deliberate removal of 
PDL cells from cementum can lead to ankylosis, poten-
tially impairing tooth function and resulting in root 
resorption of nonresilient-supported tooth. Moreover, 
regenerated PDL with well-organized fibers inserted into 
newly formed cementum can prevent apical migration 
of epithelium and contain precursors necessary for the 
regeneration of lost bone and cementum, thereby pro-
moting superior clinical outcomes [4]. However, both 
nonsurgical treatments and regenerative approaches 
based on guided tissue regeneration (GTR) [5] using 
various biological products, have demonstrated limited 
success in achieving true periodontium regeneration 
[3]. It is widely accepted that the chronic inflammation 
responsible for periodontal soft and hard tissue defects—
particularly PDL—cannot be reliably repaired using cur-
rent symptomatic treatments, which only reconstruct 
the junctional epithelium. Thus, there is an urgent need 
for novel therapies capable of reconstructing functional 
PDL.

Stem cells have garnered significant attention in the 
field of tissue engineering due to their robust regen-
erative capabilities and immunomodulatory proper-
ties. Dental stem cells (DSCs) are MSCs with superior 

multilineage differentiation capacity, which are able to 
differentiate into odontoblasts, osteoblasts, etc. depend-
ing on certain inductive conditions [6]. The utilization 
of homogeneous MSCs in situ represents a promising 
strategy for reversing chronic dysbiosis. DSC-based peri-
odontal regenerative cell therapy has emerged as a trans-
formative approach in periodontal regeneration, offering 
the potential for functional PDL restoration. This review 
explores the origins, properties, and secretomes of DSCs 
while examining their underlying mechanisms and appli-
cations in PDL regeneration, along with recent research 
advancements in this field (Fig. 1).

DSCs and its products in PDL regeneration
DSCs
Various types of DSCs are derived from the neural crest, 
a multipotent and migratory origin [7], including dental 
pulp stem cells (DPSCs), stem cells from human exfoli-
ated deciduous teeth (SHEDs), periodontal ligament 
stem cells (PDLSCs), gingival mesenchymal stem cells 
(GMSCs), stem cells from apical papilla (SCAPs), and 
dental follicle stem cells (DFSCs). These cells exhibit 
MSC markers (such as Stro-1, CD146, CD106, CD90, 
CD73, CD29, and CD13), while consistently testing nega-
tive for hematopoietic stem cell markers (such as CD34, 
CD45, CD14, and CD19) and the MHC class II antigen 
(HLA-DR) [6]. Under certain culture conditions, DSCs 
demonstrate the ability to adhere to plates and form 
colonies. Their robust proliferative capacity and multi-
lineage differentiation potential—spanning osteogenic, 
chondrogenic, and adipogenic lineages [6] —make them 
highly suitable candidates for tissue regeneration appli-
cations. Additionally, DSCs exhibit immunomodulatory 
properties, which enable them to regulate and maintain 
the homeostasis of the periodontal microbiome through 
immune response [8]. Notably, endogenous DSCs resid-
ing in specific niches can be recruited and mobilized by 
injury signals to damaged areas through a process known 
as homing. At the injury site, they differentiate into vari-
ous cell types, facilitating tissue regeneration. Beyond 
these shared characteristics, each type of DSC possesses 
unique attributes, as outlined in Table 1.

hard and soft tissues can be more easily evaluated through visual assessment. The complexity of PDL structure, 
coupled with the intricate interactions among cellular and molecular components, presents significant scientific 
and clinical hurdles in translating DSC research into practical therapeutic applications. This review provides a 
thorough exploration of DSC dynamics in periodontal regeneration, detailing their origins, properties, and derived 
products, while also examining their potential mechanisms and applications in PDL regeneration. It offers an 
in-depth analysis of the current research, landscape, acknowledging both the progress made and the challenges 
that remain in bridging the gap between laboratory findings and clinical implementation. Finally, the need for 
continued investigation into the intricate mechanisms governing DSC behavior and the optimization of their use in 
regenerative therapies for periodontal diseases is also emphasized.

Keywords  Periodontitis, Periodontal ligament regeneration, Dental stem cell, Stem cell therapy
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Products of DSCs
Beyond the focus on living cells, increasing attention is 
being directed toward the physiological regulatory func-
tions of certain secreted products from DSCs, which pro-
vide a foundation and theoretical support for cell-free 
therapies with reduced immunogenicity.

Extracellular vesicles (EVs)
As outlined by the International Society for Extracel-
lular Vesicles (ISEV) in 2018, EVs are a heterogeneous 
group of membrane-derived lipid bilayer structures, 

categorized based on their cellular origin, such as DPSC-
EVs [15]. EVs play a pivotal role as communication medi-
ators between cells, with those released or deposited in 
the ECM targeting recipient cells through ligand binding 
on their surface, thereby triggering proximal or distal sig-
naling cascades. Additionally, EVs facilitate interactions 
between secretory cells and ECM proteins, while also 
contributing to immunomodulation and the epigenetic 
reprogramming of recipient cells [16].

Fig. 1  Dental stem cells and their products in PDL regeneration. DSC: Dental stem cell ECM: Extracellular matrix EV: Extracellular vesicle DFSCs: Dental 
follicle stem cells GMSCs: Gingival mesenchymal stem cells SHEDs: Stem cells from human exfoliated deciduous teeth SCAPs: Stem cells from apical 
papilla PDLSCs: Periodontal ligament stem cells DPSCs: Dental pulp stem cells TG: Tooth germ DT: Deciduous tooth IPT: Incompletely developed tooth 
PT: Permanent tooth
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DSCs, originating from the neural crest, possess excep-
tional capabilities in immunomodulation, wound healing, 
odontogenic differentiation, and neuronal differentiation. 
DSC-EVs have exhibited significant therapeutic potential 

in addressing neurological disorders, immune diseases, 
and wound healing [17]. As cell-derived products from 
dental tissues, DSC-EVs from various sources have been 
shown to promote the regeneration of dental tissues such 
as pulp, dentin, and periodontal tissues, by mediating key 
processes like cell migration, proliferation, and differen-
tiation required for tissue regeneration. Notably, research 
on DPSC-EVs has provided solid evidence supporting 
their role in pulp regeneration. DSC-EVs hold consider-
able promise as tools for PDL regeneration by leveraging 
their immunomodulatory properties to counteract the 
excessive immune response typical of the periodontitis 
environment, promoting differentiation into periodontal 
lineages essential for PDL regeneration, stimulating vas-
cular regeneration to supply nutrients to newly formed 
PDL, and ultimately enabling more effective restoration 
of the PDL [18]. Future research must focus on clarify-
ing the mechanisms, optimal delivery strategies, and 
ideal DSC-EV subpopulations for use in periodontal 
regeneration.

Extracellular matrix (ECM)
ECM is the non-cellular component that surrounds cells 
and tissues, providing essential three-dimensional struc-
tural support and containing intrinsic biochemical and 
biomechanical cues vital for tissue regeneration [19]. 
Composed primarily of water, proteins, and polysaccha-
rides, the ECM includes components such as glycosami-
noglycan (GAG)-based ultrastructures, growth factors 
(GFs), and adhesion molecules. The ECM plays a critical 
role in directing cellular behavior and determining cell 
fate by mediating cell adhesion, migration, and signal 
transduction, while also regulating cell phenotype and 
function. As a result, it is indispensable in tissue devel-
opment, homeostasis, injury response, and regeneration, 
and is even involved in pathological processes [20].

As a reservoir of growth and regulatory factors, the 
ECM from allogenic or xenogeneic tissues without nuclei 
possesses low immunogenicity, offering advantages 
such as long-term storability and cost-effectiveness [21]. 
These properties have generated significant interest in 
the field of tissue regeneration. Studies have shown that 
ECM derived from MSCs can effectively recreate the 
stem cell niche, protecting reseeded MSCs from oxida-
tive stress and thereby promoting cell proliferation and 
maintaining stemness. For instance, research has dem-
onstrated that human urine-derived stem cells enhance 
the regenerative capacity of PDLSCs [22]. Advanced 
ECM-based scaffolds, both with and without additional 
scaffolds, derived from non-dental tissues, have already 
been applied in periodontal and peri-implant soft tis-
sue regeneration [23, 24]. Numerous studies confirm the 
efficacy of DPSC-ECM in facilitating pulp tissue regen-
eration [25]. Moreover, DPSC-ECM has been shown to 

Table 1  Specificity of DSCs from different tissue
Dental 
stem 
cells

Advantages Disadvantages Iso-
la-
tion 
time

DPSCs • easily accessibility and sufficient 
source
• be isolated first, have more stud-
ies and clinical applications
• potent capacity for forming 
vessel-rich tissue
• higher cementoblasts/osteoblasts 
differentiation capacity

• Limited source 
for healthy au-
tologous cells

2000 
[9]

SHEDs • higher proliferative and potential 
activity than DPSCs
• potent capacity for forming neural 
tissue
• remain stemness after 
cryopreservation

• limited source
• lack of studies 
and clinical 
applications

2003 
[10]

PDLSCs • higher proliferation potential
• higher self-renewal capacity
• potent capacity for forming 
cementum/PDL-like structure with 
functional attachment
• homogeneous for functional 
regeneration
• possess low immunogenicity

• Limited source 
for healthy au-
tologous cells
• lower osteo-
genic capacity

2004 
[11]

DFSCs • have specific markers
• higher proliferation potential
• greater plasticity and multipoten-
tial capacity (derived from develop-
ing tissue)
• potent capacity for forming con-
nective tissue and PDL-like tissue
• low immunogenicity

• Limited source 
for autologous 
cells
• low cell 
abundance
• inferior hard 
tissue-forming 
potential
• lack of studies 
and clinical 
applications

2005 
[12]

SCAPs • have specific markers
• higher proliferation potential
• greater plasticity and multipoten-
tial capacity (derived from develop-
ing tissue)
• grater mineralization ability
• low immunogenicity

• Limited source 
for autologous 
cells
• low cell 
abundance
• lack of studies 
and clinical 
applications

2006 
[13]

GMSCs • easily and sustainably accessibility
• higher proliferation potential
• rapid wound healing property 
with minimal scar-formation
• potent capacity for forming con-
nective and bone-like tissues
• immunomodulatory and anti-
inflammatory characteristics

• Limited source 
for healthy au-
tologous cells
• low cell 
abundance

2009 
[14]

DPSCs: Dental pulp stem cells SHEDs: Stem cells from human exfoliated 
deciduous teeth PDLSCs: Periodontal ligament stem cells DFSCs: Dental follicle 
stem cells SCAPs: Stem cells from apical papilla GMSCs: Gingival mesenchymal 
stem cells PDL: Periodontal ligament
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possess osteoinductive properties [26], with pretreat-
ment enhancing the odonto/osteogenic differentiation 
of SCAPs [27], underscoring the superior regenerative 
potential of DSC-ECM across a wide range of applica-
tions. Thus, DSC-ECM from different sources offers 
a diverse range of periodontal regeneration environ-
ments, supplying essential molecules that can recreate 
the homeostatic microenvironment of the periodontium 
under inflammatory conditions and mediate periodon-
tal regeneration [26, 28, 29]. It is anticipated that DSC-
ECM holds the potential to become a leading therapeutic 
approach for PDL regeneration in the near future.

Mechanisms
PDL predominantly consists of fibers, cells, and the sur-
rounding ECM, with nourishment supplied by blood ves-
sels and nerve bundles.

A significant portion of the PDL fibers, constitut-
ing approximately 50–75% of its volume, is composed 
largely of collagen fibrils, primarily type I collagen, with 
smaller contributions from types III, IV, V, VI, and XII 
collagen [30]. These collagen fibers form fiber bundles, 
with the principal fibers being the most critical compo-
nents. These fibers anchor the tooth by inserting into 
the cementum on one side and the alveolar bone on the 
other. Additionally, the principal fibers contain elastic 
fibers (oxytalan) [31], which contribute to the formation 
of the neural and vascular network within the PDL and 
regulate vascular flow.

Principal fibers are categorized into five groups based 
on their spatial arrangement and location, collectively 
contributing to tooth support and stabilization, particu-
larly during mastication. Among these, the fibers that 
insert into both the cementum and alveolar bone are 
referred to as Sharpey’s fibers. These fibers primarily 
insert into the acellular extrinsic fiber cementum (AEFC) 
and the alveolar bone matrix, where they undergo min-
eralization, strengthening their anchorage. This miner-
alized anchorage is essential for tooth fixation and for 
buffering against external forces, presenting a notable 
challenge in PDL regeneration.

The PDL’s most prevalent and functionally significant 
cells are fibroblasts, specifically referred to as periodon-
tal ligament cells (PDLCs). These cells are responsible 
for producing collagen fibers and play a pivotal role 
in the continuous remodeling and regeneration of the 
PDL. Together, these components are essential for PDL 
regeneration.

PDL development is a complex and dynamic process. 
As the tooth root forms, PDL fiber bundles are initially 
established, followed by the differentiation of DSCs 
within the dental follicle adjacent to the root. These 
DSCs subsequently differentiate into cementum and 
alveolar bone, where collagen fibers secreted by PDLCs, 

along with Sharpey’s fibers, mineralize to form a mature 
PDL. This structure provides mechanical support and 
nutrition and facilitates ongoing remodeling. The fol-
lowing sections will delve into the processes initiated by 
DSCs, including collagen turnover, microenvironmen-
tal changes that contribute to tissue destruction, and 
other periodontium regeneration, as well as the orderly 
regeneration of the PDL (Fig.  2). These discussions aim 
to elucidate the mechanisms by which stem cell therapy 
influences PDL regeneration (Fig. 3).

Repair of impaired collagen turnover
The structural integrity of PDL tissue is maintained 
through the rapid turnover of collagen, with collagen 
fibers having a notably short half-life of only a few days 
[32]. This process is primarily attributed to the activity 
of PDLCs, which function as a self-renewing system to 
sustain tissue homeostasis. PDLCs produce new collagen 
fibers through proliferation, counterbalancing their deg-
radation at a high rate. In this process, PDLCs effectively 
remove senescent or damaged collagen fibrils and replace 
them with newly synthesized ones. However, this regen-
erative capacity is notably impaired under inflammatory 
conditions. A series of studies have demonstrated that 
PDLCs exhibit heightened inflammatory gene expres-
sion in cases of periodontitis [33], leading to increased 
susceptibility to pathogens such as P. gingivalis [34]. Fur-
thermore, PDLCs in periodontitis can be induced into 
distinct pro-inflammatory phenotypes that perpetuate 
destructive signaling in suit; however, this condition may 
be reversible.

DSCs not only contribute to the differentiation of fibro-
blasts and enhance collagen production for PDL repair, 
but also exert anti-inflammatory effects on fibroblasts 
by modulating their migratory and secretory behav-
iors. In murine models, DPSCs and their ECM have 
been shown to promote wound healing by inhibiting the 
inflammatory response of fibroblasts and upregulating 
key proteins involved in the healing process [35], which 
is primarily mediated through the TGF-β/Smad pathway. 
Additionally, PDLSCs demonstrate multidirectional dif-
ferentiation capabilities, spontaneously differentiating 
into a subpopulation originating from fibroblasts during 
in vitro expansion [36]. PDLSC-ECM has also been found 
to significantly enhance the migration of human gingival 
fibroblasts (HGFs).

In summary, PDLCs, which belongs to fibroblasts, can 
be quantitatively and functionally repaired through the 
involvement of DSCs. It is responsible for the repair of 
impaired collagen turnover caused by periodontitis, and 
consequently enhance the efficacy of PDL regeneration. 
However, limited research has been conducted on other 
types of DSCs. GMSCs, which share similar morphol-
ogy and phenotypic characteristics with HGFs [37], and 
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SHEDs, which share a common origin with DPSCs, are 
potential candidates for PDLC repair. Despite these find-
ings, current studies have largely focused on wound heal-
ing rather than periodontal regeneration. Consequently, 
further research is required to explore the relationship 
between DSCs and PDLCs, particularly in the context of 
PDL impairment.

Tissue destruction protection
The host’s excessive immune response to periodontitis 
results in significant changes in the number and func-
tion of immune cells within the PDL, alongside the deg-
radation of the ECM and fibers, further exacerbating the 
condition.

Fig. 2  Overview of mechanism of PDL regeneration of DSCs (a) Fibers oriented perpendicular to the longitudinal axis of the root are observed to pro-
trude from the cementum, while the fibers originating from the alveolar bone are thicker and less. (b) Fibers from both sides extend into the PDL space 
without connection, separated by irregular-distributed collagen and fibroblasts. (c) A complicated network is observed in PDL space with continuous 
Sharpey’s fibers as well as numerous collagen and fibroblasts. PDL: Periodontal ligament
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Matrix metalloproteinases (MMPs), which are secreted 
by connective tissue cells, pro-inflammatory cells, includ-
ing fibroblasts and osteoblasts, as well as immune cells, 
have the capability to degrade various components of the 
ECM and fibers. In cases of periodontitis, elevated levels 
of MMPs, particularly MMP-8, MMP-9, and MMP-13, 
are observed in saliva and gingival crevicular fluid [38], 
contributing to the extensive degradation of PDL that is 
rich in collagen fibers. Additionally, in vitro studies have 
shown that oxytalan fibers can be degraded by MMP-2 
[39]. Consequently, maintaining the balance between 
MMPs and their tissue inhibitors (TIMPs) is essential for 
the regeneration of PDL. Moreover, neutrophil-derived 
enzymes such as neutrophil elastase (NE) and myeloper-
oxidase (MPO) can activate pro-MMPs and inactivate 
TIMP-1, thereby amplifying the destructive MMP cas-
cades [40, 41]. Certain cytokines, such as TGF-β, have 
been shown to regulate this process by downregulating 
MMP synthesis while upregulating TIMP expression 
[42].

DSCs appear to play a regulatory role in modulating 
MMP cascades. In vitro studies have demonstrated that 
DPSCs can reduce MMP-9 expression [43], while in vivo, 
they have been shown to downregulate MPO expression 

[44]. Given that DPSCs and other MSCs have the capac-
ity to produce TGF-β [45, 46], they are effective in inhib-
iting MMP-mediated degradation. Similarly, SHEDs and 
their derivatives, also originating from dental pulp, are 
recognized for their potent immunoregulatory effects on 
MMP-TIMP balance [47, 48]. Research has shown that 
the PDLSC-ECM can inhibit IL-1β-induced MMP-13 
expression [49]. Experiments introducing SCAP-EVs and 
bioactive scaffolds into murine bone defects in the pres-
ence of MMP-9 have demonstrated enhanced periodon-
tium regeneration [50]. Furthermore, GMSCs have been 
shown to reduce the expression of MMP-9 and NE, in a 
mouse model of pulmonary fibrosis [51].

Given the well-established role of MMP cascades in tis-
sue destruction, numerous studies have explored the reg-
ulatory effects of various DSC sources and their products 
in this domain. These stem cells primarily modulate the 
MMP-TIMP balance through immunomodulatory path-
ways, thereby protecting the PDL tissue including ECM 
and fibers from destruction. However, the limitation lies 
in the absence of periodontitis models for DSCs in rela-
tion to MMP-TIMP, further research into periodontitis 
models is essential to deepen our understanding of these 
mechanisms.

Fig. 3  Mechanisms in PDL regeneration of DSCs and its products. M1: Macrophage differentiation M1 M2: Macrophage differentiation M2 Th: Helper T 
cell Treg: Regulatory T cell
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Regeneration of other tissues
In addition to serving as the essential material for col-
lagen fibers, regenerated PDL fibers must be reinserted 
into the alveolar bone and cementum to form Sharpey’s 
fibers, achieving functional regeneration. Under physi-
ological conditions, PDL remodeling on the alveolar bone 
side occurs at a faster rate compared to the cementum 
side, likely due to the higher maturity of collagen on the 
cementum surface [30]. This disparity may be attributed 
to the significantly more rapid turnover of alveolar bone. 
Therefore, facilitating the reconstruction of alveolar bone 
is critical for the proper formation of Sharpey’s fibers.

The regenerative potential of DSCs in promoting alve-
olar bone repair and mitigating inflammation-induced 
bone loss has been well-documented in both in vivo and 
in vitro studies. Substantial evidence supports the osteo-
genic and osteoinductive properties of DPSCs [52] and 
their EVs [53] in jawbone regeneration, akin to the effects 
of PDLSC-EVs [54], which function through the suppres-
sion of Wnt signaling [55]. Notably, a study demonstrated 
that GMSC-EVs pretreated with TNF-α [56] could target 
Wnt-mediated RANKL [57] leading to the inhibition of 
osteoclastogenesis. An investigation earlier revealed that 
GMSCs itself possessed the capacity to alleviate T cell-
mediated bone marrow failure by modulating the ratio of 
helper T cells (Th) to regulatory T cells (Treg) [58], simi-
lar to the mechanism observed in SHEDs [59]. Moreover, 
SHED-ECM [60] and PDLSCs [61] have been shown to 
reduce bone loss through M2 macrophage polarization, 
while SHED-EVs enhance osteogenesis, potentially by 
activating AMPK signaling [62]. In addition to healthy 
DSCs and their products, some inflamed DSCs may 
exhibit enhanced regenerative capacity. It has been dem-
onstrated that the osteogenic potential of DPSCs and 
GMSCs is not only preserved but also augmented in the 
inflammatory environment due to the upregulation of 
various stress response proteins, which are dependent on 
proinflammatory cytokines [63]. This enhanced capacity 
has been further confirmed, as these cells exhibit supe-
rior proliferation and migration abilities in inflammatory 
conditions [64].

Under physiological conditions, the turnover rate of 
cementocytes is notably low, which may be attributed to 
the limited presence of stem cells within the cementum. 
As a result, the therapeutic use of DSCs to differentiate 
into dental tissue is essential for cementum redeposition 
on the tooth root and the formation of Sharpey’s fibers. 
Transplantation of PDLSCs and DFSCs has been shown 
to regenerate cementum with PDL [65], a process poten-
tially mirrored by co-culturing GMSCs with PDLSCs, 
likely through M2 macrophage induction [66]. However, 
research specifically targeting cementogenesis remains 
scarce, possibly due to the unclear conditions required 
to induce cementogenesis and the limited recognition of 

its importance in PDL regeneration. Current research on 
cementum regeneration is predominantly centered on 
treating dentin hypersensitivity caused by cervical expo-
sure. The absence of regenerated AEFC complicates the 
stabilization of mineralized anchorage for newly formed 
PDL fibers, potentially weakening the reparative PDL’s 
supportive function for the teeth. Nonetheless, experi-
mental evidence suggests that DSCs have considerable 
potential for inducing cementogenesis under specific 
conditions, making the identification of these conditions 
and their underlying mechanisms a critical area of inter-
est for PDL regeneration research.

The field of immunomodulation has garnered increas-
ing attention. In 2023, a debate emerged regarding 
whether the primary effectors in regeneration were 
endogenous immune cells rather than DSCs, given that 
only 40% of xenogenous DSCs survived by the seventh 
day [67]. A 2024 study provided further evidence that 
DFSC implantation stimulated the host’s innate immune 
response by inducing neutrophil activity [68], an obser-
vation that aligns with earlier findings related to PDLSCs 
in 2019 [69]. Recent investigations have highlighted 
DSC-induced modifications in immune cells, such as 
macrophages [70], T cells [71–73], and B cells [74]. 
These studies suggest that the immune cascade initiated 
by DSCs may play a predominant role in the regenera-
tive effects observed, emphasizing the need to explore 
the mechanisms of DSC-mediated immunomodulation, 
which may occur through DSCs’ products via paracrine 
pathways.

In conclusion, DSCs possess significant multipotent 
differentiation and immunomodulatory capabilities, 
enabling them to mitigate inflammation-induced dam-
age and promote the regeneration of alveolar bone and 
cementum that are essential for PDL function [75]. By 
effectively controlling periodontitis and promoting the 
regeneration of other periodontal tissues either directly 
or indirectly, DSCs present a promising resource for func-
tionally PDL regeneration. While there have been notable 
advancements to date, certain limitations persist. Con-
temporary research has predominantly concentrated on 
alveolar bone rather than cementum, thereby highlight-
ing the necessity for scholars to undertake comprehen-
sive investigations into the latter in future studies. What’s 
more, research suggests that in situ DSCs achieve the 
best outcomes for PDL regeneration. PDLSCs and DFSCs 
demonstrate superior potential in forming an organized 
PDL structure compared to DPSCs alone, which require 
supplementary bioactive factors [52, 65]. This discrep-
ancy may be due to the distinct differentiation patterns 
inherent to various stem cell types. Understanding these 
differentiation preferences and mechanisms will assist in 
the clinical selection of suitable DSCs and may even allow 
for the use of induced pluripotent stem cells (iPSCs) to 
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customize tissue regeneration strategies based on specific 
clinical needs in the future.

Promotion of orderly PDL regeneration
The PDL is not merely a “sandwich” structure composed 
of PDL fibers, alveolar bone, and cementum, but rather 
a highly organized construction shaped by its complex 
developmental process. As a result, strategies aimed 
solely at reproducing PDL fibers fall short of achieving 
true PDL regeneration and should instead be viewed 
as forms of “repair”. Under physiological conditions, 
the remodeling of PDL is driven by the involvement of 
PDLSCs and bone marrow stem cells (BMSCs) that enter 
the PDL via blood vessels. Stem cells are notable not only 
for their multipotent differentiation capabilities but also 
for their critical spatiotemporal regulatory functions. 
The precise coordination of signaling pathways in time 
and space is essential to ensure that regenerated tissues 
closely mimic the form and function of their original 
counterparts, thereby accomplishing the goal of true tis-
sue “regeneration”.

It is well-established that the gene expression of DSCs 
is tightly controlled to ensure that appropriate proteins 
are expressed at the correct time and location, facilitat-
ing the orderly regeneration of PDL [76]. The balance 
between Wnt and BMP signaling pathways is particu-
larly important in determining the fate of DFSCs, which 
subsequently influences PDL formation by regulating 
osteogenesis, as previously mentioned. Additionally, the 
autocrine signaling pathway involving parathyroid hor-
mone-related peptide (PTHrP) and its receptor (PTH1R) 
plays a pivotal role in promoting the development of 
aligned PDL fibers. PTHrP(+) DSCs differentiate into 
PDLCs and acellular cementoblasts, primarily influenc-
ing cementogenesis [77].

Furthermore, the spatiotemporal regulatory capac-
ity of stem cells extends beyond tissue regeneration and 
includes endogenous cell homing and mobilization of 
host-derived stem cells. This refers to the natural process 
by which cells are recruited to specific tissues or organs, 
and the activation of host stem cells to support tissue 
repair and regeneration [78].

DPSCs can be recruited to sites of pulpitis inflamma-
tion through chemokine interactions such as TGF-β1 
[79], as well as through EVs interacting with neighbor-
ing cells and the ECM [80]. Current clinical interven-
tions also utilize this characteristic. During regenerative 
endodontic procedures, the process of inducing bleed-
ing leads to the migration of undifferentiated stem cells 
into the canal space, which can contribute to pulp tissue 
regeneration [81]. This homing process is largely medi-
ated by chemotactic factors from stem cells, including 
stromal-derived factor 1 (SDF-1) [82], stem cell factor 
(SCF), and bone morphogenetic protein-2/7 (BMP2/7) 

[83]. Notably, SDF-1, whose expression increases follow-
ing injury [84], binds to C-X-C chemokine receptor type 
4 (CXCR4), facilitating stem cell homing to the wound 
site and subsequent differentiation through the SDF-1/
CXCR4 axis [82, 85]. This axis also plays a key role in 
promoting PDLSC proliferation, migration, and osteo-
genesis [86].

In summary, DSCs promote the orderly regeneration of 
PDL by activating the “wound healing cascade” through 
autocrine and chemotactic signaling pathways, allowing 
it to self-regenerate spatiotemporally. The regenerative 
potential is further enhanced by recruiting endogenous 
stem cells for precise tissue regeneration, a process 
known as endogenous regenerative technology (ERT). 
By leveraging the ability of MSCs to mobilize and direct 
themselves toward injury sites under inflammatory con-
ditions, this approach broadens the applications of DSCs 
in tissue regeneration. The recruitment of MSCs to injury 
sites enables the use of cell-free homing therapy, which 
directs nearby DSCs to periodontal defect sites, ulti-
mately achieving orderly PDL regeneration [83, 86].

Application
As previously mentioned, DSCs and their derivatives 
hold the potential to functionally repair PDL damage, 
improve the prognosis for patients with periodontitis, 
and offer a novel strategy for periodontal regenerative 
therapy. Numerous studies, both in vitro and in vivo, 
have investigated stem cell-based approaches to promote 
PDL regeneration, either by introducing exogenous stem 
cells or regulating endogenous stem cells (Fig. 4).

A major point of contention in stem cell therapy, across 
various fields, lies in the appropriate selection of cell 
types. The comparative osteogenic potential of different 
DSCs has not been conclusively determined, largely due 
to the diverse states of DSCs and the lack of standard-
ized experimental conditions [87–89]. This variability 
makes it more challenging to establish the optimal type 
of DSC for PDL regeneration, as no universally accepted 
in vitro culture methods or in vivo research models cur-
rently exist. However, increasing attention is being paid 
to this issue. For instance, a 2020 study demonstrated 
that PDLSC sheets were superior for PDL regeneration 
[90], as they were able to generate directionally organized 
fibers, a finding that aligns with previous research [91]. 
Additionally, in 2023, GMSCs and SHEDs were identi-
fied as promising candidates for PDL regeneration [92]. 
Despite these advancements, further comprehensive 
research is needed to reach definitive conclusions regard-
ing the most suitable DSC types and conditions for opti-
mal PDL regeneration.
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Exogenous DSCs
In regard to the source of DSCs, autologous, allogenous, 
and xenogenous grafts have been explored as poten-
tial sources for tissue regeneration in preclinical studies 
[93]. However, most advanced clinical trials have focused 
primarily on autografts. In periodontal tissue regenera-
tion, PDLSCs are considered the optimal choice for seed 
cells due to their homology with the target tissue. Stem 
cells can be delivered either systemically, through injec-
tion into the circulation, or locally, by direct transplan-
tation into the defect site. The systemic approach relies 
on the regulation and homing of exogenous stem cells to 
target lesions, making it more suitable for treating sys-
temic disorders [59]. Conversely, direct transplantation 
offers higher tissue specificity and reduced stem cell loss, 
making it more applicable for periodontal regeneration, 
where defects are relatively superficial and accessible. 

Currently, the advanced stem cell therapies mentioned 
below are replacing the less efficient traditional methods 
of transplantation, and stem cell products with superior 
properties have emerged as the primary areas of investi-
gation in PDL regenerative cell therapy.

Cell suspension
The traditional cell therapy is the single-cell suspension 
injection into the body, frequently encountered with 
challenges such as low cell survival rates and insufficient 
structural support [94]. To address these limitations, 
researchers are now investigating the use of scaffold 
materials to improve the efficacy of stem cell transplanta-
tion and enhance regenerative outcomes.

Scaffold-assisted cell suspensions have demonstrated 
improved outcomes for PDL regeneration. These scaf-
folds, such as calcium phosphate combined with 

Fig. 4  Application of DSCs and its products. EV: Extracellular vesicle ECM: Extracellular matrix GF: Growth factor
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injectable hydrogels, support the regeneration of peri-
odontal tissues, including the PDL [95, 96]. The addition 
of bioactive agents, such as connective tissue growth fac-
tor (CTGF), to these cell suspension-scaffold complexes 
stimulates the differentiation of stem cells into fibro-
blasts, thereby promoting PDL regeneration [97]. Addi-
tionally, studies have shown that co-culturing DPSCs 
and PDLSCs on material scaffolds can upregulate mRNA 
expression related to osteogenesis and odontogenesis 
[98]. Since cell suspensions do not require specialized 
culture techniques, they allow for the prompt clinical 
application of autologous DSCs in patients. Notably, the 
seeding of DPSCs [99, 100], PDLSCs [99], and GMSCs 
with associated gingival fibroblasts [101] into bioscaf-
folds has demonstrated significant clinical attachment 
level (CAL) gains in periodontal defects, further elucidat-
ing the regenerative capacity of PDL.

In summary, DSC suspensions offer the benefit of 
simple culture procedures, which are appropriate for 
clinical application and commonly applied with scaf-
folds. Despite the promising results of scaffold-based 
approaches, there are still notable limitations to using cell 
suspensions. These include the vulnerability of suspended 
cells to external factors such as mechanical stress, tem-
perature fluctuations, and ex vivo conditions, as well as 
difficulties in organizing them into ordered cell clusters. 
These challenges hinder the ability to fully address the 
regenerative requirements of the PDL due to its complex 
microstructure. As a result, alternative approaches, such 
as cell sheet and cell aggregate technologies, are gaining 
increasing attention for their potential to overcome these 
limitations and improve PDL regeneration outcomes.

Cell sheets
Cell sheets are defined as layers of cells cultivated to a 
hyper-confluent state, allowing for extensive cell-cell 
interactions with deposited ECM, and the prevention 
of anoikis [102]. Initially, cell sheets were created using 
temperature-responsive culture dishes, but more recent 
systems, such as ion-induced cell detachment sur-
faces and electro-responsive surfaces, have been devel-
oped to avoid the adverse effects of low temperatures 
on cell functions [103]. Current research is increasingly 
focused on improving the functionality of cell sheets. For 
instance, the vitamin C-induced method has been shown 
to enhance the proliferation capacity and osteogenic dif-
ferentiation efficiency of PDLSCs [104].

The cell sheet technique has been widely employed in 
PDL regeneration studies and has demonstrated supe-
riority over cell suspension injections [52]. PDL regen-
eration was observed in both autologous and allogeneic 
PDLSC transplantation in vivo [105], as well as in human 
DPSCs [52], SHEDs [106], and DFSCs [107, 108] espe-
cially when assembled into multilayer structures. The 

regenerative capabilities of DSCs are undisputed, mak-
ing strategies to enhance their effectiveness a prominent 
research topic. For example, reimplantation of avulsed 
teeth using PDLSC sheets combined with platelet-rich 
fibrin (PRF) granules has led to improved periodontal 
healing, evidenced by the regeneration of PDL-like tis-
sues and a reduction in ankylosis and inflammation 
[109]. Composite sheets co-culturing PDLSCs with jaw-
derived BMSCs [110], DFSCs [111], and human umbilical 
vein endothelial cells (HUVECs) [112] have successfully 
induced organized PDL with Sharpey-like fibers in nude 
mice. PDLSC sheets pretreated with recombinant human 
BMP-2 (rhBMP-2) [113] have shown increased prolif-
eration, differentiation, and ECM protein production. 
Additionally, scaffolds like natural human tooth root 
fragments [112] and artificial polycaprolactone mem-
branes [114] can be employed to provide structural sup-
port and stabilization for these cell sheets.

In the past, DSC implantations were primarily cul-
tured in basic media, but researchers have since shifted 
to using DPSC sheets cultured in osteoinductive media 
[115]. Since 2019, this modification has demonstrated 
superior bone regeneration effects compared to tradi-
tional methods, favoring the mineralized anchorage of 
Sharpe’s fibers. This progression highlights the potential 
for further improvement in DSC implantation outcomes 
through the modification of cell sheet materials and the 
application of PDL induction methods.

Overall, DSC sheets have demonstrated better regen-
erative outcome of PDL than DSC suspension. And it 
is encouraging to observe a growing array of advanced 
techniques aimed at enhancing the regeneration effi-
ciency of DSC sheets, which include specific culture 
methods, the incorporation of bioactive factors, and the 
utilization of scaffolds. However, a 2016 randomized con-
trolled trial (NCT01357785) involving 30 patients found 
no significant differences between groups treated with 
and without PDLSC sheets, a result that contradicts pre-
clinical studies [116, 117]. The discrepancy may be due to 
several factors, including the small sample size, limited 
number of experimental centers, impractical cell dosage 
in the delivery system, and potential functional impair-
ment of the cells during processing.

To address these challenges, future investigations 
should include larger patient cohorts, human-derived 
bio-delivery systems, and more refined pretreatment 
techniques to better assess the efficacy of DSC-based 
therapies for PDL regeneration.

Cell aggregates
Cell aggregates are generated through micro-mass parti-
cle culture of clustered cells under specific environmental 
conditions, creating 3D structures with a higher con-
centration of ECM, which can enhance their biological 
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and inductive properties. These aggregates can take on 
various forms, such as microparticles, microtissues/
spheroids, or even organoids, with microparticles and 
spheroids being most commonly applied in PDL regen-
eration [118].

PDLSC aggregates alone have demonstrated superior 
ECM secretion and anti-inflammatory properties, lead-
ing to functional recovery of the PDL in rat models of 
inflammatory periodontal defects [119]. Similar efficacy 
has been observed in the application of DPSC [120], 
and DFSCs aggregates [121] within “sandwich-like” 
structures. One study highlighted that PDLSC pellets, 
composed of PDLSC aggregates and apical tooth germ 
cell-conditioned medium (APTG-CM), exhibited a con-
nective tissue-like morphology in vitro and induced a 
cementum/PDL-like complex in vivo [122]. Beyond ECM 
production, DSCs can also be co-cultured with MSCs 
from other sources. For instance, co-culturing PDLSCs 
with jaw-derived BMSCs in aggregates has shown better 
outcomes than any mono-aggregate [123]. These findings 
suggest that 3D-structured implantations can be tailored 
in various morphologies that are favorable for peri-
odontal regeneration, where cell adhesion is preserved, 
cell-cell interactions remain intact, and an optimal envi-
ronment for ECM secretion is provided. This structure 
enhances the quality of cell engraftment, resulting in 
improved PDL regeneration outcomes.

In a significant advancement, researchers successfully 
created an in vitro PDL model in 2024 using PDLCs with 
tensile loading, marking a notable step forward in PDL 
regeneration through organoids [124]. Although the 
model cannot yet be directly compared to in vivo PDL 
due to its limited size and the forces applied, it represents 
a milestone in PDL regeneration. Organoids rely on self-
organization, where cells sort and commit to specific lin-
eages in a spatiotemporally restricted manner, forming 
organ-like structures [125]. While this approach shows 
promise for larger organs, its randomness and scale limit 
its immediate application to PDL regeneration [126]. 
Further research into microscopic applications is nec-
essary to explore the full potential of organoids in PDL 
regeneration.

In short, DSC aggregates have facilitated superior PDL 
regeneration in its 3D structure. Apart from the lat-
est breakthrough in PDL organoids, efforts are ongoing 
to enhance the efficiency of cell aggregates. Beyond the 
incorporation of bioactive agents, pharmacological inter-
ventions, such as resveratrol, have been shown to boost 
the anti-oxidative, anti-inflammatory, and osteogenic 
potential of endogenous MSCs via specific signaling 
pathways [127]. Additionally, the application of person-
alized scaffolds to construct DSC aggregates has signifi-
cantly improved their regenerative effect on PDL [128]. 
This suggests that further investigation into methods for 

enhancing the regenerative potential of cell aggregates, 
including improving immunomodulation and ECM syn-
thesis, could be a promising area for future research.

Cell products
The secreted products of exogenous stem cells, known 
as cell-free therapy, offer remarkable potential for tis-
sue regeneration. These products are non-immunogenic, 
easy to mass-produce, convenient to store, and long-term 
stable. Additionally, they circumvent challenges associ-
ated with donor aging and cell source availability, making 
them an optimal strategy for PDL regeneration.

EVs, one of the most important paracrine mediators, 
have demonstrated significant advantages in preclini-
cal trials. For example, DPSC-EVs [129], and SHED-EVs 
[62] have shown therapeutic effects in mouse experi-
mental periodontitis by accelerating the healing of peri-
odontal tissues. Similarly, EVs from healthy PDLSCs 
[54], DFSCs (with or without LPS pretreatment) [18], 
and GMSC pretreated with TNF-α [56] have been shown 
to rescue the osteogenic capacity of endogenous cells 
within the periodontal environment under inflamma-
tory conditions, thereby promoting PDL regeneration. 
Furthermore, treatment with MSC-derived EVs resulted 
in notable improvements in PDL length and reductions 
in bone loss, suggesting the formation of new PDL [130]. 
Most recently in 2024, SCAP-EVs demonstrated signifi-
cant potential in regenerating soft tissue such as gingiva, 
which shares similar histological characteristics with 
PDL [131]. Hence, DSC-EVs are rich in bioactive agents 
capable of enhancing cell function, promoting neuro-
vascular regeneration, and facilitating PDL regeneration. 
Despite their promise, current research on EVs has pri-
marily focused on alveolar bone regeneration rather than 
PDL, likely due to the difficulty in quantifying and com-
paring PDL as a microstructure in animal models.

The ECM, a complex mixture of proteins, cytokines, 
GFs, enzymes, and even EVs, also exhibits significant 
regenerative potential. Compared to DSC-EVs, DSC-
ECM has been more extensively studied for PDL regen-
eration, as ECM is rich in bioactive molecules and more 
easily accessible. ECM derived from PDLSCs and GMSCs 
has demonstrated outstanding regenerative outcomes, 
including the formation of new PDL [28, 29]. As previ-
ously mentioned, APTG-CM co-cultured with PDLSCs 
has been shown to enhance PDL regeneration. DPSC-
ECM has also exhibited significant osteo/odonto-induc-
tive capacity [26, 27]. Additionally, a cytokine cocktail 
mimicking MSC-ECM has facilitated PDL regeneration 
by promoting the migration of BMSCs and PDLCs [132]. 
These findings highlight the accessibility and promise 
of DSC-ECM in PDL regeneration, establishing a solid 
foundation for future research in this field.
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In brief, EVs and ECM from DSCs have shown the abil-
ity to enhance PDL regeneration, because they are rich in 
bioactive agents essential for PDL regeneration.

Others
The recognized regenerative potential of exogenous 
DSCs has led to an intensified focus on enhancing their 
efficacy in tissue regeneration. As previously noted, the 
inclusion of specific bioactive elements can significantly 
boost regenerative outcomes. However, GFs applied 
locally are prone to rapid dispersion from the implanta-
tion site due to physical degradation, resulting in a lim-
ited duration of effect. To address this, gene therapy, 
characterized by the prolonged sustainability of specific 
proteins, offers a compelling alternative. Featured as a 
greater sustainability of specific proteins, gene therapy is 
defined as the process of treating disorders by transfer-
ring genetic materials to introduce, suppress, or modu-
late the expression of target genes within cells, thereby 
enabling the production of therapeutic proteins [133].

One example is the introduction of hepatocyte growth 
factor (HGF) into DPSCs, which has been demonstrated 
to induce angiogenesis in vivo as an endothelial growth 
factor [134]. When HGF-DPSCs were transplanted into 
swine periodontal defects, newly formed Sharpey’s 
fibers were observed, embedded within a larger vol-
ume of regenerated mineralized tissue [135], paralleling 
the effects seen with secreted frizzled-related protein 2 
(SFRP2)-modified SCAPs, where Wnt signaling was sup-
pressed [136, 137]. The capacity to maintain the stemness 
and increase the multi-differentiation in SCAPs has been 
also reported before [138, 139].

Similar approaches have been applied to other cell 
types, with significant PDL regeneration observed follow-
ing the use of BMP2-modified BMSCs [140], and BMP7/ 
platelet-derived growth factor (PDGF)-transfected fibro-
blasts [141] in vivo.

In summary, the potential of DSCs in gene therapy 
for PDL regeneration is considerable. Future research is 
expected to explore different DSC subtypes, gene vari-
ants, and optimized delivery mechanisms tailored to var-
ious periodontal defect conditions [142].

Endogenous DSCs
As discussed above, cell therapy based on exogenous 
DSCs demonstrates exceptional regenerative potential, 
yet most strategies have not reached clinical application 
due to high costs and limited accessibility. Therefore, 
altering impaired tissue to enhance self-regeneration 
ability presents an appealing alternative to conventional 
therapeutic interventions, which is referred to as ERT. 
Recent research emphasizes the critical role of stem cell 
niches in determining stem cell fate, which brings about 
a bright approach in periodontal tissue engineering by 

utilizing biochemical factors and suitable materials to 
establish an artificial ECM framework or material niche, 
facilitating cell homing and tissue regeneration.

Regenerative ability
While DSCs present within periodontal defects possess 
the ability to self-renew and differentiate into multiple 
lineages, poor clinical outcomes are frequently observed. 
This is largely due to the dysregulation of bioactive fac-
tors and immune imbalances in pathological conditions, 
which diminish the regenerative potential of DSCs. 
Therefore, a key challenge in ERT is the reactivation of 
the innate regenerative potential of DSCs.

GFs are inherent biological agents that regulate critical 
cellular processes related to tissue regeneration through 
interactions with specific cell receptors. Typically pro-
duced by healthy cells, these factors are often depleted in 
chronic inflammatory environments, necessitating exog-
enous administration to stimulate the targeted cellular 
activities required for tissue repair. Key GFs involved in 
DSC therapies include PDGF, TGF-β, fibroblast growth 
factor (FGF), and vascular endothelial growth factor 
(VEGF) [78, 143], all of which play pivotal roles in the 
proliferation, differentiation, maintenance of stemness, 
and paracrine signaling of DSCs [144–146].

In addition, since periodontitis is featured as the dys-
biotic microbial environment exacerbated by an overac-
tive host immune response, host immunomodulation 
therapies have become increasingly recognized as a key 
factor in the management of tissue regeneration. Pro-
inflammatory cytokines, such as TNF-α and IFN-γ, have 
been demonstrated to impair the regenerative capacity of 
MSCs [147].

Delivering the bioactive cues in need along with their 
stimulators or inhibitors directly to the defect sites 
offers another promising strategy. Conventional tissue-
engineering approaches, such as transplantation with 
or without scaffolds, are commonly used. More cut-
ting-edge techniques like scaffold-releasing agents with 
sustainability, are under investigation [148]. However, 
limitations such as reduced bioactivity over time, chal-
lenges in dosage control, and non-targeted delivery hin-
der their widespread adoption in patient treatment [149]. 
Gene therapy, which enables the delivery of biologically 
active proteins via gene transfer, holds potential to over-
come these challenges.

In clinical practice, regenerative therapies such as plate-
let-rich plasma (PRP) are commonly employed, which 
contains a variety of GFs essential for wound healing, 
including PDGF, TGF-β, and VEGF [78]. Systemic drug 
therapy also offers a more convenient option compared 
to local administration. It was demonstrated that aspirin 
treatment p.o. was able to lower the expression levels of 
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TNF-α and IFN-γ, protecting PDLSCs from osteogenic 
impairment and mitigating inflammatory bone loss [150].

Overall, GFs and anti-inflammatory agents enhance the 
regenerative ability of DSCs by modulating the inflamma-
tory microenvironment. To optimize the efficacy of xeno-
geneic transplantation, advancements in delivery systems 
are essential, including factor-releasing scaffold and gene 
therapy. The latest research has introduced a hydrogel 
capable of slowly releasing ions intraorally, which poten-
tially augmented the therapeutic effects of bioactive fac-
tors through synergy [151]. Ongoing efforts continue to 
explore more efficient and accessible methods to improve 
clinical outcomes in PDL regeneration.

Homing ability
As previously mentioned, the modulation of DSC acti-
vation and suppression is influenced by specific signals 
originating from injured tissues, which play a critical 
role in recruiting and mobilizing resident cells. Given 
that DSCs migrate from the neural crest during embry-
onic development, MSCs from other regions of the body 
can be home to the dental tissues when necessary [152]. 
Therefore, leveraging certain chemokines to attract an 
optimal number of responsive stem cells to defect sites 
has emerged as a key strategy in ERT for facilitating PDL 
regeneration.

The SDF-1/CXCR4 axis, a critical regulator of stem cell 
recruitment, migration, and differentiation [82], has been 
frequently applied in ERT. One study demonstrated that 
the implantation of SDF-1-loaded membranes into peri-
odontal defects in rats enhanced bone formation, hypoth-
esizing through the increased migrative and regenerative 
ability of PDLSCs [86]. Similarly, another animal model 
using SDF-1 showed significantly increased PDL length 
and decreased inflammatory response [153].

The role of FGF signaling in the migration of neural 
crest cells is currently well-established in the scientific 
literature [154]. FGF-2, in particular, has been shown 
to recruit DSCs and activate their mitogenic and angio-
genic properties [155], leading to the formation of PDL-
like structures in furcation class II animal models [156]. 
Recently, advanced delivery techniques have been in pre-
clinical applications, for example, a shell fibrous super-
assembled framework with controlled release of FGF-2 
and BMP-2 have demonstrated greater fibers alignment 
mimicking the mature PDL in vivo, through the recruit-
ment of PDLSCs in vitro [157]. However, some clinical 
trials have not shown significant differences in CAL out-
comes [158], likely due to inappropriate doses, applica-
tion methods, and observation periods.

Combining chemokines with GFs offers a promising 
approach to maximizing regenerative outcomes. It has 
been reported that the SDF-1/BMP complex can sig-
nificantly enhance PDL regeneration [83], particularly 

loaded with a a scaffold designed for precise, sustained 
release [159]. Additionally, as a natural reservoir of vari-
ous GFs, PRP has demonstrated the ability to regenerate 
tooth roots, including PDL, by promoting the homing of 
PDLSCs and BMSCs [160].

In conclusion, chemokine therapies for DSC homing 
hold the potential to diminish the immunogenicity asso-
ciated with allogeneic transplantation, while simultane-
ously enhancing the activation and targeted migration 
of endogenous cells. Furthermore, these therapies can 
be effectively combined with other treatments including 
gene therapy and pharmacological interventions, to aug-
ment the overall efficacy. Future research should focus on 
expanding the repertoire of available cytokines, develop-
ing cutting-edge delivery systems, and establishing stan-
dardized protocols for ERT.

Conclusions
Given the widespread prevalence of periodontitis and 
its threat to maintaining complete dentition, the focus 
has shifted towards microscopic PDL reconstruction 
to enhance the prognosis for the growing population of 
patients with severe periodontitis. This review focuses on 
DSCs that are identified as remarkable multi-lineage dif-
ferentiation and non-immunogenic properties, providing 
a physiological overview as well as elucidating the types 
and formats employed in regenerative therapies. The 
main mechanisms underlying PDL regeneration involve 
repairing impaired collagen turnover, inhibiting tissue 
destruction, promoting the regeneration of other affected 
tissues, and inducing orderly PDL regeneration.

What’s more, this review first provides a comprehen-
sive summary of the application formats and current 
development of DSCs in PDL regeneration, which high-
lights the significance of functional PDL in patients with 
periodontitis. It outlines future research directions in 
periodontal regeneration and establishes a foundational 
framework for preliminary studies in PDL regeneration. 
While there has been notable progress to date, certain 
limitations persist. Several bottlenecks require attention 
and resolution. First, a comprehensive understanding of 
the mechanisms governing DSCs and their associated 
regeneration pathways is still in its infancy. Second, the 
optimal source of DSCs for PDL regeneration continues 
to be debated, necessitating further investigation into 
various DSC types, donor selection criteria, and stan-
dardized protocols for cell acquisition and preservation. 
Third, discrepancies between preclinical and clinical 
regenerative outcomes highlight the need for a thorough 
exploration of the underlying mechanisms, optimiza-
tion of DSC protocols, and the incorporation of cutting-
edge technologies, such as bioactive factor integration, 
sophisticated delivery systems, and targeted functional 
modifications. Finally, it is crucial to explore application 
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methods that are tailored to the different stages of peri-
odontitis, aligning more closely with clinical realities.

In conclusion, DSCs hold significant potential for PDL 
regeneration due to their high efficiency, regeneration 
capacity, and immunomodulatory property. This review 
highlights the significance of functional PDL for patients 
with periodontitis, identifies future research priorities 
in PDL regeneration and provides a framework for the 
foundational studies in PDL regeneration. It aims to offer 
a concise and insightful overview, serving as a valuable 
resource for further research in related fields.
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