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Abstract 

Background Because of the low regeneration efficiency and unclear underlying molecular mechanism, tooth 
regeneration applications are limited. In this study, we explored the influence of residual periodontal ligament on the 
dentin regeneration potential of dental pulp stem cells (DPSCs) in the jaw.

Methods To establish a tooth regeneration model, the incisors of New Zealand white rabbits were extracted while 
preserving residual periodontal ligament, followed by the implantation of DPSCs. After 3 months, micro-computed 
tomography (micro-CT), stereomicroscopy and scanning electron microscopy (SEM) were used to observe the vol-
ume, morphology and microstructure of regenerated tissue. Histological staining and immunostaining analyses were 
used to observe the morphological characteristics and expression of the dentin-specific proteins DMP1 and DSPP. To 
explore the mechanism, DPSCs and periodontal ligament stem cells (PDLSCs) were cocultured in vitro, and RNA was 
collected from the DPSCs for RNA-seq and bioinformatic analysis.

Results The results of micro-CT and stereomicroscopy showed that the number of sites with regeneration and the 
volume of regenerated tissue in the DPSCs/PDL group (6/8, 1.07 ± 0.93  cm3) were larger than those in the DPSCs 
group (3/8, 0.23 ± 0.41  cm3). The results of SEM showed that the regenerated dentin-like tissue in the DPSCs and 
DPSCs/PDL groups contained dentin tubules. Haematoxylin and eosin staining and immunohistochemical stain-
ing indicated that compared with the DPSCs group, the DPSCs/PDL group showed more regular regenerated tissue 
and higher expression levels of the dentin-specific proteins DMP1 and DSPP (DMP1: P = 0.02, DSPP: P = 0.01). RNA-
seq showed that the coculture of DPSCs with PDLSCs resulted in the DPSCs differentially expressing 427 mRNAs 
(285 upregulated and 142 downregulated), 41 lncRNAs (26 upregulated and 15 downregulated), 411 circRNAs (224 
upregulated and 187 downregulated), and 19 miRNAs (13 upregulated and 5 downregulated). Bioinformatic analysis 
revealed related Gene Ontology function and signalling pathways, including extracellular matrix (ECM), tumour necro-
sis factor (TNF) signalling and chemokine signalling pathways.

Conclusions Residual periodontal ligament in the extraction socket promotes the dentin regeneration potential of 
DPSCs in the jaw. RNA-seq and bioinformatic analysis revealed that ECM, TNF signalling and chemokine signalling 
pathways may represent the key factors and signalling pathways.
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Background
Tooth loss caused by caries, periodontal disease, and 
trauma is a common oral condition. Some progress has 
been made in the prevention and treatment of oral dis-
eases, and the structure and function of missing teeth can 
be restored in many ways; however, tooth loss remains 
an outstanding public health issue [1, 2]. Methods for 
replacing missing teeth include the use of traditional 
fixed bridges, removable partial dentures and implant 
restoration [3]. However, traditional restorations lack 
the periodontal ligament structure and cannot provide 
the same perception or stress buffering capability as 
natural teeth [4, 5]. With the development of stem cell 
biology and tissue engineering technology, researchers 
have attempted to regenerate tooth structures and even 
whole teeth [6, 7]. Regenerated teeth have biomechanical 
properties and periodontal ligament and dentin matrix 
structures similar to those of natural teeth [8–10]. Tooth 
regeneration strategies can be roughly divided into two 
categories. One type is based on an epithelial-mesenchy-
mal bioengineered tooth germ, but this type of method 
is difficult to apply due to the limited cell resource and 
uncontrollable morphology of the regenerated teeth [11]. 
In contrast, another type of biological root regeneration 
strategy is based on the combination of mesenchymal 
stem cells (MSCs) and scaffold materials; this type of 
method is more feasible, and the combination of a pre-
formed root scaffold and MSCs results in the formation 
of a functional tooth root in the alveolar bone [8, 9].

The ultimate goal of tooth regeneration research is 
to regenerate tooth structures similar to those of natu-
ral teeth and thus restore the missing teeth. Generally, 
the method for tooth regeneration in vivo is to prepare 
a cavity in the jawbone and then implant a composite 
consisting of a scaffold and MSCs. In a recent study, 
functional tooth roots were regenerated by implant-
ing a composite comprising a root scaffold material 
and dental pulp stem cells (DPSCs) in the swine jaw-
bone; however, compared with the 100% success rate of 
implant-supported dentures, the 21.7% success rate of 
regenerated biological tooth roots indicates low regen-
eration efficiency [10]. In these studies, an artificially 
prepared cavity was used as the implant bed for MSCs, 
and the bone-derived microenvironment in the cavity 
is more likely to induce the osteogenic differentiation 
of MSCs, resulting in low tooth regeneration efficiency 
in  vivo. However, some studies have found that add-
ing bone morphogenetic protein 2 (BMP2), secreted 

frizzled-related protein 2 (SFRP2) and other factors 
to the MSC microenvironment can improve the effi-
ciency of dentin regeneration [12, 13], which indicates 
that regulation of the microenvironment may have a 
positive impact on the dentinogenic differentiation of 
MSCs.

A large number of studies have confirmed that the 
microenvironment has a very large impact on the phys-
iological functions, pathological changes and thera-
peutic effects of stem cells [14, 15]. Physiologically, the 
microenvironment of MSCs is composed of various 
tissue components, cell populations and soluble fac-
tors, which strictly regulate the behaviour of MSCs [16, 
17]. Under pathological conditions such as osteoporo-
sis and periodontitis, the viability and differentiation 
of MSCs are severely impaired, leading to aggravation 
of the disease and impaired tissue healing [18–20]. In 
addition, in cell therapy and tissue engineering, the 
donor and recipient microenvironments play key roles 
in determining the regenerative efficacy of the trans-
planted MSCs [21, 22]. The extracellular matrix (ECM) 
is an important component of the cellular microenvi-
ronment. ECM obtained by decellularization contains 
a large number of growth factors and can significantly 
promote the proliferation and differentiation of MSCs 
[23]. In summary, these studies further demonstrate 
the key role of cell–microenvironment interactions in 
MSC-mediated tooth regeneration, and it is necessary 
to explore the influence of different microenvironments 
on MSC-mediated tooth regeneration.

Periodontal ligament (PDL) is a natural connective 
tissue between teeth and alveolar bone. Periodontal 
ligament is mainly composed of periodontal ligament 
fibres, cells and ECM [24, 25]. In the clinic, a large num-
ber of teeth are removed for different reasons. After 
a tooth is extracted, some periodontal ligament will 
remain in the extraction socket and maintain an odon-
togenic microenvironment in the extraction socket, 
different from the bone-derived microenvironment cre-
ated by artificial cavity preparation. To clarify whether 
the odontogenic microenvironment maintained by 
residual periodontal ligament in the extraction socket 
can promote the dentin regeneration capability of 
MSCs, in this study, we extracted rabbit incisors while 
retaining the periodontal ligament structure in the 
fresh extraction socket to establish an odontogenic 
microenvironment and then implanted DPSCs. We 
explored the effect of the residual periodontal ligament 
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microenvironment on the dentin regeneration potential 
of DPSCs in the rabbit jaw. The null hypothesis was that 
residual periodontal ligament in the extraction socket 
promotes the dentin regeneration potential of DPSCs 
in the rabbit jaw.

Methods
New Zealand white rabbits were selected as experimen-
tal animals. The right upper and lower incisors were 
extracted, the residual periodontal ligament in the extrac-
tion socket was retained, and DPSCs were implanted to 
establish a tooth regeneration model. The dentin regen-
eration potential of the DPSCs in the residual periodontal 
ligament microenvironment was detected by micro-com-
puted tomography (micro-CT), stereomicroscopy, scan-
ning electron microscopy (SEM), histological staining 
and immunostaining. To explore the underlying mecha-
nism, we cocultured rabbit DPSCs and periodontal liga-
ment stem cells (PDLSCs) in vitro and collected DPSCs 
for RNA-seq and bioinformatic analysis.

Cell culture and identification
The animal research involved in this work was approved 
by the Animal Ethics and Walfare Committee of Beijing 
Stomatological Hospital Affiliated to Capital Medical 
University (Reference number: KQYY-202101-003 and 
KQYY-202111-005). The care and use of animals were 
performed strictly following the regulations on the man-
agement of experimental animals. Rabbit DPSCs and 
PDLSCs were obtained as previously described [26, 27]. 
Incisors were extracted from 3-month-old New Zealand 
white rabbits after oral disinfection. Phosphate-buffered 
saline (PBS) was used to rinse the tooth tissue and then 
collected the pulp and periodontal ligament. The pulp 
and periodontal ligament were cut with scissors and 
digested in 3 mg/ml type I collagenase and 4 mg/ml dis-
pase for 1 h. After centrifugation, the rabbit DPSCs and 
PDLSCs were resuspended in Dulbecco’s modified Eagle’s 
medium containing foetal bovine serum and cultured in a 
cell incubator. The rabbit DPSCs and PDLSCs from pas-
sage 3–5 were used for subsequent research.

Flow cytometry was used to identify the surface mark-
ers of rabbit DPSCs before application. When the cell 
cultures reached 80–90% confluence, a cell suspension 
was obtained by trypsin digestion and aliquoted into 
a few sterile tubes, with each tube containing 1 ×   106 
cells. Then, 5  µl (1:200) of anti- rabbit CD90 (cat no. 
ab225; Abcam, Cambridge, UK), CD105 (cat no. ab11414; 
Abcam), CD34 (cat no. ab81289; Abcam), CD45 (cat no. 
ab10558; Abcam), CD44 (cat no. MA5-28376, Invitro-
gen), and vimentin (cat no. GTX79851, GeneTex) anti-
bodies were added to the samples and incubated at 4 °C 
for 60 min in the dark. After washing 3 times with PBS, 

the samples were incubated with the secondary antibody 
at 4 °C for 60 min, and then flow cytometry was used to 
identify the surface markers.

Cell transplantation into the rabbit jaw
Twelve 3-month-old New Zealand white rabbits were 
randomly divided into three groups, i.e., the blank con-
trol group, the DPSCs group and the DPSCs/PDL group, 
with 4 rabbits in each group. All surgical procedures were 
completed under anaesthesia established with an intra-
muscular injection of 0.25 ml/kg Zoletil 50. After disin-
fecting the oral cavity, the right upper and lower incisors 
of the rabbit were removed. In the blank control group 
and the DPSCs group, each extraction socket was thor-
oughly cleaned to remove the residual periodontal liga-
ment. In the DPSCs/PDL group, the residual periodontal 
ligament was retained in the extraction socket. In the 
blank control group, 150  µl of hydrogel was implanted, 
while in the DPSCs and DPSCs/PDL groups, a mixture 
of 100 µl of DPSCs suspension (1 ×   106 cells) and 50 µl 
of hydrogel was implanted. Absorbable sutures were then 
used to close the wound. Penicillin was injected intra-
muscularly for 3 days to avoid infection.

Micro‑CT, stereomicroscopy and SEM observation
Three months after the model was established, the rab-
bits were sacrificed, and the upper and lower jawbones 
were obtained for examination by micro-CT (80 kV, 2 s, 
Siemens Inveon, Munich, Germany). CTAn software was 
used to reconstruct and calculate the volume of regener-
ated tissue in the blank control, DPSCs and DPSCs/PDL 
groups.

After rabbit jawbones from the blank control, DPSCs 
and DPSCs/PDL groups were cut on the coronal plane, a 
stereomicroscope was used for general observation of the 
regenerated tissue, and SEM (Phenom-World Co., Ltd., 
Netherlands) was used to observe the microstructure.

Histological staining and immunostaining
Rabbit jawbones were decalcified with 10% acetic 
acid buffer (pH 8.0) for 4  months, embedded in par-
affin and then sectioned at 5  µm. The tissue sections 
were routinely deparaffinized and hydrated, incubated 
in sodium citrate solution for tissue antigen retrieval, 
and then incubated with the blocking solution at room 
temperature for 20  min to block endogenous peroxi-
dase activity. The samples were subsequently blocked 
with normal goat serum for 40  min at room tempera-
ture, followed by incubation with primary antibodies 
overnight at 4 °C. Finally, a 3′-diaminobenzidine (DAB) 
kit was used to detect antigen expression in the DPSCs 
and DPSCs/PDL groups. The primary antibodies used 
were as follows: rabbit anti-dentin sialophosphoprotein 
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(DSPP; bs-10316R; Bioss) and rabbit anti-dentin matrix 
acidic phosphoprotein 1 (DMP1; bs-12359R; Bioss). 
Conventional haematoxylin and eosin (H&E) staining 
and microscopy (OLYMPUS BX53) were used for histo-
morphological analysis in the blank control, DPSCs and 
DPSCs/PDL groups.

RNA‑seq and bioinformatic analysis in vitro
We next aimed to explore the mechanism by which resid-
ual periodontal ligament promotes the dentin regenera-
tion potential of DPSCs in the jaw. We cocultured DPSCs 
and PDLSCs in vitro and compared the gene expression 
profiles of DPSCs cocultured with and cultured without 
PDLSCs to identify differentially expressed genes. DPSCs 
and PDLSCs were cocultured in six-well Transwell plates, 
separated by a 0.4-µm pore-size filter membrane. DPSCs 
were collected after a total of 3  days of coculture, and 
TRIzol reagent (Invitrogen) was used to extract total 
RNA. The RNA quantity and quality were determined by 
a multiImager and spectrophotometer (Meriton, China). 
Then, according to the manufacturer’s instructions, a 
library was constructed using TruSeq Stranded Total 
RNA with Ribo-Zero Gold (Illumina). Transcriptome 
sequencing and analysis were performed by OE Biotech 
Co., Ltd. DESeq was used to screen for differentially 
expressed genes according to the conditions of q < 0.05 
and fold change > 2 or fold change < 0.5. After identifying 
the differentially expressed genes, Gene Ontology (GO) 
enrichment analysis was performed to describe their 
functions, and the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database was used to perform a path-
way analysis.

Statistical analysis
All statistical analyses were performed with SPSS 22 sta-
tistical software. The statistical significance of the dif-
ferences was determined by Student’s t-test, including 
for comparison of the volume of dentin-like tissue and 
expression of DMP1 and DSPP in the DPSCs and DPSCs/
PDL groups and the expression of mRNAs in the DPSCs 
and DPSCs/PDLSCs groups. P < 0.05 was considered 
significant.

Results
Expression of surface markers on rabbit DPSCs
Flow cytometry was used to identify the surface markers 
of rabbit DPSCs. The results showed positive expression 
of CD44 and vimentin and negative expression of CD34, 
CD45, CD90, and CD105, indicating rabbit DPSCs 
(Fig. 1).

Residual periodontal ligament promotes the dentin 
regeneration potential of DPSCs in the rabbit jaw
Rabbit jawbones were obtained 3 months after the model 
was established and examined by micro-CT. The results 
showed complete bone-like healing without any high-
density shadows in the blank control group. In the DPSCs 
group, high-density dentin-like tissue was observed at 
a small number of sites (3/8), while in the DPSCs/PDL 
group, more sites (6/8) and larger volumes of high-den-
sity dentin-like tissue were observed. Subsequently, we 
used CTan software to perform three-dimensional recon-
struction of the micro-CT images and volume calculation 
of the high-density regions of regeneration. The volume 
of the high-density regions of regeneration in the DPSCs/
PDL group (1.07 ± 0.93  cm3) was larger than that in the 
DPSCs group (0.23 ± 0.41  cm3), and the difference was 
statistically significant (P = 0.04) (Fig. 2).

The results of stereomicroscope were similar to those 
of micro-CT. The blank control group showed complete 
bone healing without any dentin-like tissue; small areas 
of dentin-like tissue were observed in the DPSCs group; 
and larger areas of dentin-like tissue were observed in the 
DPSCs/PDL group (Fig. 3A). Finally, the microstructure 
of the regenerated dentin-like tissue was observed by 
SEM. These results showed that the regenerated dentin-
like tissue in the DPSCs and DPSCs/PDL groups con-
tained dentin tubules, confirming that the regenerated 
tissue was dentin. We also noticed that compared with 
the regenerated dentin tubules in the DPSCs group, those 
in the DPSCs/PDL group were more regular and had 
clearer structures (Fig. 3B).

H&E staining showed that the regenerated tissue in 
the blank control group was bone tissue, while the den-
tin-like tissue observed in the DPSCs and DPSCs/PDL 
groups were surrounded by odontoblasts. In the DPSCs 
group, the regenerated dentin structure was chaotic, the 
dentin tubules were irregular, and there were fewer sur-
rounding odontoblasts. However, the regenerated dentin 
structure in the DPSCs/PDL group was regular, and the 
dentin tubules were clear in shape, arranged neatly, and 
surrounded by a large number of odontoblasts (Fig.  4). 
To confirm that the regenerated high-density tissue was 
dentin, we used immunohistochemical staining to detect 
dentin-specific proteins in the regenerated tissue. The 
results showed significantly more DMP1- and DSPP-
positive cells in the DPSCs/PDL group than in the DPSCs 
group (DMP1: P = 0.02, DSPP: P = 0.01) (Fig. 5).

Identification of differentially expressed genes in DPSCs 
after coculture with PDLSCs in vitro
Using P < 0.05 and fold change > 2.0 or fold change < 0.5 
as screening criteria, 427 differentially expressed 



Page 5 of 14Luo et al. Stem Cell Research & Therapy           (2023) 14:47  

mRNAs were detected; 285 mRNAs were upregulated, 
and 142 mRNAs were downregulated (see Additional 
file  2). Forty-one differentially expressed lncRNAs were 
detected; 26 lncRNAs were upregulated, and 15 lncR-
NAs were downregulated (see Additional file 3). A total 
of 411 differentially expressed circRNAs were detected; 
224 circRNAs were upregulated, and 187 circRNAs were 
downregulated (see Additional file  4). Nineteen differ-
entially expressed miRNAs were detected, including 13 
upregulated miRNAs and 6 downregulated miRNAs (see 
Additional file  5). Among the differentially expressed 
genes, we selected the 4 genes (CCL2, METTL24, CA9, 
CA12) with the largest fold changes and 4 genes (DKK1, 
FGF11, RPS6KA1, EDAR) related to dentinogenic differ-
entiation pathways to verify the accuracy and credibility 
of the microarray results. The real-time RT–PCR results 
showed that the cocultivation of PDLSCs and DPSCs 

resulted in the downregulation of CCL2, METTL24 and 
RPS6KA1 and the upregulation of CA9, CA12, DKK1, 
FGF11 and EDAR in DPSCs, consistent with the RNA-
seq results (Fig. 6 and Additional file 1).

The GO functional enrichment analysis of differentially 
expressed mRNAs, lncRNAs, circRNAs and miRNA tar-
get mRNAs was used to investigate function in terms of 
three aspects, i.e., biological process, cellular component 
and molecular function. The GO enrichment analysis of 
differentially expressed mRNAs revealed 198 upregu-
lated GO functions and 80 downregulated GO functions 
(see Additional file  6). The upregulated GO functions 
included glycolytic process, myosin filament and inward 
rectifier potassium channel activity (Fig. 7A). The down-
regulated GO functions included cholesterol biosynthetic 
process, extracellular matrix and chemokine activity 
(Fig.  7B). The GO enrichment analysis of differentially 

Fig. 1 Rabbit DPSCs surface marker expression. Rabbit DPSCs negatively expressed A CD105, B CD90, C CD45 and D CD34 and positively expressed 
E CD44 and F vimentin
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expressed lncRNAs revealed 109 upregulated GO func-
tions and 130 downregulated GO functions (see Addi-
tional file  7). The upregulated GO functions included 
biological regulation, cell and binding (see Additional 
file  8). The downregulated GO functions included bio-
logical adhesion, cell and binding (see Additional file 9). 
The GO enrichment analysis of differentially expressed 
circRNAs revealed 111 upregulated GO functions and 
161 downregulated GO functions (see Additional file 10). 
The upregulated GO functions included biological adhe-
sion, cell and binding (see Additional file 11). The down-
regulated GO functions included biological adhesion, cell 
and binding (see Additional file 12). The GO enrichment 
analysis of differentially expressed miRNA target mRNAs 
revealed 3124 differentially regulated GO functions (see 
Additional file 13). The differentially regulated GO func-
tions included biological adhesion, cell and antioxidant 
activity (see Additional file 14).

Pathway analysis of differentially expressed mRNAs, 
lncRNAs, circRNAs and miRNA target mRNAs was 
performed using the KEGG database. Differentially 
expressed mRNAs revealed a total of 118 upregulated 
pathways and 119 downregulated pathways (see Addi-
tional file 15). The upregulated pathways included glyco-
lysis/gluconeogenesis, carbon fixation in photosynthetic 
organisms and carbon metabolism (Fig. 8A). The down-
regulated pathways included the tumour necrosis fac-
tor (TNF) signalling pathway, steroid biosynthesis and 
chemokine signalling pathways (Fig.  8B). Differentially 
expressed lncRNAs revealed a total of 46 upregulated 
pathways and 37 downregulated pathways (see Addi-
tional file 16). The upregulated pathways included galac-
tose metabolism, starch and sucrose metabolism and 
inositol phosphate metabolism (see Additional file  17). 
The downregulated pathways included the AMPK sig-
nalling pathway, the TGF-β signalling pathway and fc 
gamma R-mediated phagocytosis (see Additional file 18). 
Differentially expressed circRNAs revealed a total of 
102 upregulated pathways and 119 downregulated path-
ways (see Additional file  19). The upregulated pathways 
included the apoptosis—fly, HIF-1 signalling and p53 
signalling pathways (see Additional file  20). The down-
regulated pathways included the MAPK signalling path-
way—fly, alanine, aspartate and glutamate metabolism 
and cholinergic synapse (see Additional file  21). Differ-
entially expressed miRNA target mRNAs revealed a total 
of 238 differentially regulated pathways (see Additional 
file  22). The differentially regulated pathways included 
axon guidance, the oestrogen signalling pathway and 
actin cytoskeleton regulation (see Additional file 23).

Discussion
With the development of stem cell tissue engineering 
technology, significant breakthroughs in tooth regen-
eration mediated by odontogenic stem cells have been 
achieved in recent years, but there are still many prob-
lems that need to be resolved in the field of tooth regen-
eration [28, 29]. In this study, we established a tooth 
regeneration model in the rabbit jaw in which residual 
periodontal ligament is retained in the fresh extraction 
socket. The results show that the residual periodontal 
ligament microenvironment in the extraction socket can 
promote the dentin regeneration potential of DPSCs in 
the rabbit jaw.

The cellular microenvironment supports and maintains 
the proliferation, differentiation and regeneration poten-
tial of MSCs. A large number of studies have clarified the 
importance of the MSC microenvironment [30, 31]. The 

Fig. 2 Micro-CT findings. A Micro-CT showed complete bone-like 
healing in the blank control group, a small number of sites of 
high-density dentin-like tissue in the DPSCs group, and larger-volume 
sites of high-density dentin-like tissue in the DPSCs/PDL group. B 
The volume of the regions of regenerated high-density tissue was 
larger in the DPSCs/PDL group than in the DPSCs group. Statistical 
significance was determined by Student’s t-test. SD is represented by 
bars. *P < 0.05
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cellular microenvironment is also an important factor 
that determines cell behaviour and tooth morphogenesis. 
In tooth regeneration research, stem cells, ECM, growth 
factors and multiple interactions among them determine 
the formation, development and eruption of teeth [32, 
33]. Our results show that the residual periodontal liga-
ment microenvironment in the rabbit jaw is conducive to 
dentin regeneration by DPSCs in terms of improving the 
efficiency of DPSCs-mediated dentin regeneration, pro-
ducing regenerated dentin with a more regular structure, 
yielding dentin tubules with a more orderly arrangement, 
and increasing the expression of the dentin-specific pro-
teins DMP1 and DSPP.

Periodontal ligament is a natural connective tissue 
existing between the tooth root and alveolar bone and 
is mainly composed of periodontal fibrous ligament, 
cells and ECM [24, 25]. After a tooth is extracted from 
the jaw, some periodontal ligament tissue will remain on 
the inner wall of the extraction socket [34]. After DPSCs 
are implanted in the extraction socket, the periodontal 
ligament tissue becomes the odontogenic cellular micro-
environment surrounding the implanted MSCs, which 

regulates the regeneration potential and differentiation 
of DPSCs. The ECM is a noncellular component of tissue 
and a highly organized and complex structure composed 
of structural and functional proteins [35]. Each tissue has 
unique ECM characteristics, which provide guiding cues 
for cell differentiation, cell migration, wound healing and 
immune responses. In short, the ECM determines cell 
and tissue function. A recent study found that the ECM 
contains a large number of growth factors and proteins 
related to MSC differentiation, including VEGF, RUNX2, 
and BMP2 [23]. In the RNA-seq results of this study, 
we found 427 differentially expressed protein-coding 
RNAs; 85 mRNAs were upregulated, and 142 mRNAs 
were downregulated (see Additional file  2). According 
to the bioinformatic analysis, we found some of the dif-
ferentially expressed genes, including MMP13, TIMP4, 
FBN2, WISP1, TNXB, and ADAMTS3, are related to 
the ECM. These ECM regulators are widely involved in 
the composition and conversion of ECM [37, 38]. MMPs 
are a class of metal ion-dependent proteolytic enzymes, 
and TIMPs are their inhibitors. The main function of 
MMPs is to degrade the ECM, and they can also activate 

Fig. 3 Stereomicroscopy and SEM findings. A The general morphology of the tissue was observed by stereomicroscopy. Complete bone healing 
without any dentin-like tissue was observed in the blank control group; small areas of dentin-like tissue were observed in the DPSCs group; and 
larger areas of dentin-like tissue were observed in the DPSCs/PDL group. B SEM revealed regenerated dentin-like tissue in the DPSCs group and 
dentin tubules in addition to regenerated dentin-like tissue in the DPSCs/PDL group
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growth factors and adhesion molecule enzymes. The 
MMP/TIMP system is the most important enzyme sys-
tem regulating the dynamic balance of the ECM, and it 
plays an important role in the development of inflamma-
tion in various tissues, the formation of new blood ves-
sels and the regeneration of tissue. Studies have found 
that MMPs/TIMPs participate in tooth movement, tissue 
regeneration and tissue remodelling by maintaining ECM 
homeostasis [36–38]. Fibrillins (FBNs) are structural 
components of the ECM that serve to distribute, concen-
trate and regulate local TGF-β and BMP signals, which 
regulate numerous cellular activities, including ECM for-
mation and remodelling and tissue regeneration [39, 40]. 
TGF-β and BMP have been proven to promote the denti-
nogenic differentiation of DPSCs [41]. A study combining 
TGF-β and BMP into bioscaffold materials demonstrated 
that the combination promoted the regeneration of bio-
logical tooth roots [42]. WISP1 is a connective tissue 
growth factor and a target of the wnt/frizzled pathway 
[43], and the wnt pathway is an important regulatory 
pathway for dentinogenic MSC differentiation. In addi-
tion, the identified ECM-related differentially expressed 
genes include a variety of genes for collagen, TNXB and 

ADAMTS-1, which may also be involved in the beneficial 
effect of residual periodontal ligament on DPSCs differ-
entiation. In conclusion, residual periodontal ligament in 
the extraction socket may be used as a kind of odonto-
genic ECM to regulate the dentinogenic differentiation of 
DPSCs in the jaw through a variety of factors.

To explore the specific mechanism by which residual 
periodontal ligament promotes the dentin regeneration 
potential of DPSCs in the jaw, we cocultured PDLSCs iso-
lated from the periodontal ligament with DPSCs. Then, 
transcriptome sequencing of the DPSCs was performed 
to determine the differentially expressed gene profile, 
and GO enrichment and KEGG pathway analyses of the 
differentially expressed genes were carried out. The GO 
functions related to the influence of PDLSCs on DPSCs 
included glycolytic process, ECM and chemokine activity. 
These findings are consistent with those of our previous 
analysis, indicating that the ECM in residual periodontal 
ligament may be used as a microenvironment to regulate 
the process of DPSCs differentiation.

The differentially regulated pathways are related to 
the influence of PDLSCs on DPSCs. The upregulated 
pathways included glycolysis/gluconeogenesis, carbon 

Fig. 4 H&E staining results. The regenerated tissue in the blank control group was bone tissue. The regenerated tissue in the DPSCs group as 
similar to dentin, with irregular dentin tubules visible. The dentin tubules in the DPSCs/PDL group were arranged regularly and surrounded by 
odontoblast-like cells
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fixation in photosynthetic organisms and carbon metab-
olism, while the downregulated pathways included 
the TNF signalling pathway, steroid biosynthesis and 
chemokine signalling pathways. TNF-α is a cytokine with 
pleiotropic biological effects that can affect the differen-
tiation of MSCs [44–46]. In this study, it was found that 
PDLSCs negatively regulate TNF signalling in DPSCs, 
potentially promoting the dentinogenic differentiation of 
DPSCs. Chemokines are small cytokines or signal pro-
teins secreted by cells. MSCs from different sources have 
the ability to secrete different chemokines and are regu-
lated by chemokines [47]. The differentiation of MSCs is 
the result of the interaction of multiple signalling path-
ways. These differentially regulated signalling pathways 
jointly regulate the dentinogenic differentiation of DPSCs 
in the jaw. However, much research is still needed to fur-
ther explore the possible mechanisms.

The microenvironment is involved in determining the 
differentiation fate of cells. In this study, an odontogenic 
microenvironment was created by retaining residual per-
iodontal ligament tissue in the extraction socket, and this 
odontogenic microenvironment was applied in an ani-
mal model of tooth regeneration. The results show that 
the periodontal ligament microenvironment promotes 
the dentin regeneration potential of DPSCs in the jaw, 
which provides a theoretical basis for the study of tooth 
regeneration. However, because the residual periodontal 
ligament in the extraction socket could not be completely 
separated for in  vitro studies, the in  vivo situation can-
not be completely simulated in vitro. In the future, other 
methods are needed to simulate the periodontal ligament 
microenvironment in  vitro to explore not only poten-
tial mechanisms in more detail but also ways to enhance 
their effects.

Fig. 5 Immunohistochemical staining results. A, B DMP1- and C, D DSPP-positive cells were significantly more abundant in the DPSCs/PDL group 
than in the DPSCs group. Black arrow: DMP1- or DSPP-positive cells. Statistical significance was determined by Student’s t-test. SD is represented by 
bars. *P < 0.05
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Conclusions
In conclusion, our results indicate that residual peri-
odontal ligament can promote the dentin regeneration 
potential of DPSCs in the jaw. RNA-seq and bioinfor-
matic analysis revealed that ECM, TNF signalling and 

chemokine signalling pathways may represent key factors 
and signalling pathways through which residual perio-
dontal ligament promotes the dentin regeneration poten-
tial of DPSCs. These discoveries provide new insights for 
further research on MSC-mediated tooth regeneration.

Fig. 6 Cocultivation with PDLSCs altered DPSCs gene expression levels. A–D Cocultivation of PDLSCs and DPSCs resulted in downregulation of 
CCL2 and METTL24 and upregulation of CA9 and CA12 in DPSCs. E–H Cocultivation of PDLSCs and DPSCs resulted in upregulation of DKK1, FGF11 
and EDAR and downregulation of RPS6KA1 in DPSCs. GAPDH was used as an internal reference. Statistical significance was determined by Student’s 
t test. SD is represented by bars. *P < 0.05



Page 11 of 14Luo et al. Stem Cell Research & Therapy           (2023) 14:47  

Fig. 7 GO functional enrichment analysis of differentially expressed mRNAs. A Top 30 upregulated GO functions of the differentially expressed 
mRNAs. B Top 30 downregulated GO functions of the differentially expressed mRNAs
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Fig. 8 Pathway analysis of differentially expressed mRNAs using the KEGG database. A Top 20 upregulated pathways of the differentially expressed 
mRNAs. B Top 20 downregulated pathways of the differentially expressed mRNAs
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