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A B S T R A C T   

Treated dentin matrix (TDM) is an ideal scaffold material containing multiple extracellular matrix factors. The 
canonical Wnt signaling pathway is necessary for tooth regeneration. Thus, this study investigated whether the 
TDM can promote the odontogenic differentiation of human dental pulp stem cells (hDPSCs) and determined the 
potential role of Wnt/β-catenin signaling in this process. Different concentrations of TDM promoted the dental 
differentiation of the hDPSCs and meanwhile, the expression of GSK3β was decreased. Of note, the expression of 
the Wnt/β-catenin pathway-related genes changed significantly in the context of TDM induction, as per RNA 
sequencing (RNA seq) data. In addition, the experiment showed that new dentin was visible in rat mandible 
cultured with TDM, and the thickness was significantly thicker than that of the control group. In addition, 
immunohistochemical staining showed lower GSK3β expression in new dentin. Consistently, the GSK3β knock-
down hDPSCs performed enhanced odotogenesis compared with the control groups. However, GSK3β over-
expressing could decrease odotogenesis of TDM-induced hDPSCs. These results were confirmed in 
immunodeficient mice and Wistar rats. These suggest that TDM promotes odontogenic differentiation of hDPSCs 
by directly targeting GSK3β and activating the canonical Wnt/β-catenin signaling pathway and provide a 
theoretical basis for tooth regeneration engineering.   

1. Introduction 

Odontogenic defects or loss caused by caries, trauma, and abrasion 
such as wedge-shaped defects, are highly prevalent in the general pop-
ulation and can be harmful to oral and even overall human health [1]. 
These defects may lead to dentin damage and the consequent pulp 
exposure. The reduced dental support and pulpitis can give rise to pulp 
necrosis, and ultimately to odontogenic fractures and ultimate dental 
loss [2]. Dental pulp is a tissue rich in nerves and blood vessels and 
which provides nutrition to the entire tooth. When subjected to constant 
external stimulation, the internal dental pulp stem cells can differentiate 
into odontoblasts to form the second and third stage dentin to maintain 
the physiological activities of normal teeth [3–5]. Human dental pulp 
mesenchymal stem cells (hDPSCs), with a rapid proliferation potential, 

are able to differentiate into a variety of cells including odontoblasts, 
osteoblasts/osteoclasts, adipocytes, chondrocytes, and nerve cells [6]. 
The odontogenic differentiation not only requires collagen, but also the 
mediation by some specific proteins and minerals ratio to guide the 
differentiation of the hDPSCs along the odontogenic lineage [7]. 

Clinically, the exposed part of the pulp after mechanical or iatrogenic 
trauma must be capped so the vital pulp can be preserved. Such inter-
vention seals the pulp damage in time, promotes pulp healing, and forms 
a restorative dentin bridge; of note, the material used for capping 
comprises calcium hydroxide, mineral trioxide aggregate (MTA), and 
dentin adhesive [8]. However, pulp inflammation, the weakness of 
newly formed dentin-like tissue, and pulp cavity occlusion without a 
dentin-like structure limit long-term success rates of these drugs. As a 
result, they do not meet the ideal requirements of clinical application 
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[9]. Therefore, it is necessary to develop new dental materials. 
The ideal dental materials must meet the biocompatibility standards, 

be easy to produce, and exhibit the appropriate mechanical properties 
and a multi-void structure. In recent years, the application of materials 
in tissue regeneration has attracted widespread attention. Polyisoprene 
(PI) is able to promote the odontogenic differentiation of hDPSCs, and its 
modulus can be optimized by changing the coating thickness or adding 
inorganic particles [10]; Functionalized gelatin is hydrophilic and en-
ables sustained drug release, which can induce the differentiation of 
hDPSCs into dentin-like tissue [11]; Importantly, it is essential to deeply 
understand the materials, to develop strategies that allow their optimi-
zation. For instance, the insertion of RDG or RGD peptide sequences into 
dental materials can change its structure and even induce the activation 
of specific pathways in cells [12,13]. However, the differentiation of 
hDPSCs to form restorative dentin is a complex process that requires 
interactions among multiple factors, and a single material is not ex-
pected to achieve this. 

As an acellular matrix material, treated dentin matrix (TDM) is rich 
in natural proteins and bioactive molecules, which has broad applica-
tion prospects in dentin regeneration [14,15]. Our previous studies have 
exhibited that the liquid extract of TDM contain a variety of bioactive 
odontogenic proteins as well as growth factors such as Decorin、 
Biglycan、TGF-β1、COL-1、DMP-1 and DSPP. Moreover, TDM extract 
were proved to have good biocompatibility [16]. As a natural substance 
extracted from human teeth, TDM has a loose, porous structure and can 
be used to form a paste for pulp capping [16,17]. However, the mech-
anism of odontogenic regeneration induced by TDM remains unclear. 

Dentin regeneration requires accurate regulation of Wnt/β-catenin 
pathway, one of the most important signaling pathways that regulate the 
regenerative process in several systems [18–20]. In the absence of Wnt 
ligands, β-catenin acts as the main effector molecule [21]. Recent studies 
have confirmed that the canonical Wnt/β-catenin pathway (or the Wnt 
signaling pathway), regulates the differentiation of dental cells during 
root formation [22]. This pathway also plays a role in bone formation 
induced by BMP-9 and the odontogenic process of dental papillary stem 
cells [23]. It is also necessary for the formation of dentin [24]. Of note, 
glycogen synthesis kinase (GSK) 3β, a multifunctional serine/threonine 
kinase, is an important negative regulator of the canonical Wnt pathway. 
It continuously phosphorylates β-catenin, resulting in its degradation by 
ubiquitin and proteasomes. In contrast, inhibition of GSK 3β activity via 
Wnt stimulation allows β-catenin to accumulate in the cytoplasm and 
enter the nucleus [25]. 

hDPSCs are an important source of stem cells for tooth regeneration. 
Besides, the canonical Wnt signaling pathway was demonstrated to 
negatively regulate the odontoblast-like differentiation of hDPSCs [1]. 
However, the exact role of the Wnt signaling pathway in odontogenic 
differentiation of hDPSCs induced by TDM remains unclear. Thus, we 
hypothesized that TDM could regulate the odontogenic differentiation 
of the hDPSCs by mediating the expression of GSK3β. 

To address this hypothesis, in this study, we evaluated the effect of 
TDM on the odontogenic differentiation of hDPSCs, with a special focus 
on the expression of GSK3β. 

2. Materials and methods 

2.1. Isolation of hDPSCs 

This study was approved by the Zhengzhou University Hospital 
Medical Ethics Committee. As described previously [27], human dental 
pulp was isolated from extracted healthy permanent teeth (donors aged 
18–25 years) after the informed consent was obtained. Dental pulp tis-
sues were isolated from the teeth, rinsed repeatedly with 
phosphate-buffered saline (PBS), and then digested in 3 mg/mL colla-
genase type I (Solarbio, Zhengzhou, China) for 30 min at 37 ◦C in a 
humidified atmosphere containing 5% CO2. Then, digested cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS) at 37 ◦C with 5% CO2. At 80% 
confluence, the cells were trypsinized and subcultured. 

2.2. Multipotential differentiation 

Passage 3 hDPSCs were seeded into a 6-well plate and respectively 
cultured with adipogenic induction liquid (Solarbio, Zhengzhou, China) 
and osteogenic medium containing 10% FBS, 10 mM β-glycerol phos-
phate, 50 mg/mL ascorbic acid, and 100 nM dexamethasone (Solarbio, 
Zhengzhou, China) for induction. The Oil red O and alizarin red staining 
methods were performed on day 14 and 21, respectively. The cells were 
routinely observed and photographed under a phase-contrast inverted 
microscope (Nikon, Japan). 

2.3. Immunofluorescence cell staining 

Passage 3 hDPSCs were seeded in 24-well plates for routine culture. 
When cells reached approximately 80% confluence, the medium was 
discarded, cells were rinsed and subsequently fixed with 4% of Para-
formaldehyde (Solarbio, Zhengzhou, China) at room temperature. The 
following primary antibodies were added to the cells at the indicated 
dilution: anti-STRO-1 (1:100; R&D Systems, Minneapolis, MN, USA), 
anti-Vimentin (1:500; Abcam, Cambridge, UK), anti-Nestin (1:100; 
Santa Cruz Biotechnology, Houston, TX, USA), anti-c-Kit (1:400; Cell 
Signaling Technology, Danvers, MA, USA), anti-RUNX2 (1:100; Santa 
Cruz Biotechnology), and anti-ALP (1:100; Abcam). After a washing 
step, the cell nuclei were counter-stained with 4′,6-Diamidino-2′-phe-
nylindole (DAPI, Invitrogen, Carlsbad, CA, USA). Cells were analyzed 
under a confocal microscope (LSM800, Zeiss, Oberkochen, Germany) 
and the mean fluorescence intensity was determined using the ZEN 2.4 
software. 

2.4. Flow cytometry 

For identification of specific cell surface molecules, hDPSCs were 
trypsinized and subsequently incubated with anti-CD3 (1:100), anti- 
CD31 (1:100), anti-CD34 (1:100), anti-CD73 (1:100), anti-CD90 
(1:100), and anti-CD105 (1:100) antibodies (all from, BD Biosciences, 
Franklin Lakes, NJ, USA) for 1 h, at 4 ◦C. Cell populations were resolved 
on an Accuri C6 Flow cytometer (BD Biosciences). 

2.5. TDM fabrication 

Periodontal tissues, crowns, pulp and dentin were collected from 
patients in the First Affiliated Hospital of Zhengzhou University. The 
patients and their families gave informed consent, and the experiment 
was approved by the Hospital Ethics Committee. The inclusion criteria 
were as follows: no caries, no root canal treatment, or teeth that needed 
removal for orthodontic reasons. The human dentin matrix was cleaned 
with deionized water and an ultrasonic cleaner, and then soaked in 
ethylene diamine tetra-acetic acid (EDTA) at different concentrations 
(17 mol/L for 10 min, 10 mol/L for 5 min, and 5 mol/L for 10 min). 
Wash the human dentin matrix with sterile water after each EDTA 
demineralization. After freeze-drying, the samples were sterilized using 
Co-60 irradiation. TDM was obtained according to the protocol pro-
posed by the International Standardization Organization (ISO10093). 
DMEM (100 mL) was added to the pulverized TDM (20 g) as previously 
described [19]; the suspension was then placed in an incubator at 37 ◦C 
for 3 days. Samples were filtered using a 0.22 μm filter and stored at 
− 80 ◦C until use. 

2.6. TDM-induced hDPSCs 

hDPSCs were cultured in the absence, or presence of different con-
centrations of TDM (40%, 60%, 80%, 100% ). The medium, DMEM 
containing 10% FBS, was changed every 3 days. Cell proliferation was 
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detected by EdU and CCK-8 (Dojindo Molecular Technologies, Kuma-
moto, Japan) assays. According to the manufacturer’s instructions. 
Quantitative real-time PCR (q RT-PCR) and western blotting assays were 
performed to measure the expression of dentin-related genes and pro-
teins. The experiments were repeated for 3 times. Primer sequences used 
for (q RT-PCR) are listed in Table 1. 

2.7. Lentiviral transduction 

Lentiviral particles purchased from Gene Chem (Shanghai, China) 
were used to establish GSK3β stable knockdown (GSK3β-RNAi) or 
overexpressing cells (Ad-GSK3β). Transduction with lentiviral particles 
encoding scrambled sequences was used as a negative control (Sh-NC or 
Ad-NC). The infection multiplicity (MOI) was 40, and the transfection 
efficiency was over 70%. When cell confluency reached 80%, normal 
cells were used as control and transduced cells were selected with 0.5 
μg/mL puromycin. 

2.8. Cell migration assay 

Passage 3 hDPSCs were placed in the upper chambers of Transwell 
plates. The lower chambers were filled with either 0.5% FBS (negative 
control), 10% FBS (positive control) or TDM. Cells were incubated at 
37 ◦C for 24 h, and then washed with PBS. After fixation with 4% 
paraformaldehyde and staining with 0.1% crystal violet, hDPSCs of each 
filter were counted in six fields under a high-power microscope ( × 200). 
These fields were randomly selected in the context of blind evaluation, 
and the data were processed and analyzed using the ImageJ and 
GraphPad software. 

2.9. RNA isolation and q RT-PCR 

Trizol was used to extract RNA from hDPSCs followed by cDNA 
synthesis using the Prime Script RT kit (Thermo Fischer Scientific, 
Waltham, MA, USA) according to the manufacturer’s instructions. cDNA 
samples were then quantified by q RT-PCR using the SYBR Premix Ex 
Taq™ II kit (Takara, Shiga, Japan). The PCR was performed on a ABI 
7500 PCR system using the following program: 95 ◦C for 30 s, followed 
by 45 cycles at 95 ◦C for 5 s, 55 ◦C for 30 s, and 72 ◦C for 30 s. Changes in 
gene expression were measured using the 2− ΔΔCT method; GAPDH was 
used as the endogenous control. Determinations was repeated at least 
three times. 

2.10. RNA sequencing 

6 samples (from both the Control and TDM groups) were subjected 
to. RNA- sequencing (RNA-seq). Briefly, total RNA was extracted from 
the samples (at least 106 cells) using trizol reversely transcribed into 
double-stranded cDNA using the N6 random primer. Libraries were then 
constructed using the traditional methods [21], and sequenced. 

The sequencing data was filtered with SOAP nuke (v1.5.2) by the 
following steps: (1) reads the adapter sequences were removed; (2) low- 
quality reads (base quality less than or equal to 20) were removed; (3) 
reads with an unknown base (‘N’ base) ratio higher than 5% were also 
removed. Essentially, differentially expressed genes were those with a 

False Discovery Rate (FDR) ≤0.001 and a |Log2Ratio| >1. Additionally, 
GO (http://www.geneontology.org/) and KEGG (https://www.kegg. 
jp/) enrichment analysis were performed using Phyper (https://en.wik 
ipedia.org/wiki/Hypergeometric_distribution) based on the Hypergeo-
metric test. The significant levels of terms and pathways were corrected 
using Q value with a rigorous threshold (Q value ≤ 0.05) as per the 
Bonferroni test. 

2.11. Western blotting assay 

Western blotting assay was performed as previously described [5]. 
An equal amount of total protein (20 μg) from each sample was loaded in 
each well and proteins were separated by 10% SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE). The resolved proteins were subsequently 
transferred to a polyvinylidene fluoride membrane. The membranes 
were blocked with 5% BSA for about 1 h. 

Dentin-related proteins were detected with 1/1000 diluted, primary 
antibodies against DSPP, DMP-1, ALP, β–III–Tubulin, Factor VIII and 
RUNX2. For β-catenin detection, hDPSCs were stimulated with or 
without Wnt3a (100 ng/mL), and then 1/1000 primary antibodies 
against GSK3β, P- GSK3β, β-catenin and Active β-catenin were used. 

After wash with TBST (50 mM Tris-HCl, pH 7.4, 100 mM NaCl and 
0.2% Tween-20), membranes were incubated with secondary antibodies 
(Goat anti-Mouse IgG and Goat anti-rabbit IgG, 1:10,000, Abcam, 
Cambridge, UK). Protein bands were visualized with an enhanced 
chemiluminescence (ECL) system (Invitrogen, Carlsbad, CA, USA). 
Western Blotting assay was repeated 3 times for each marker. The 
expression of odontogenic-related proteins was analyzed using the 
ImageJ software. 

2.12. Pulp-capping in Wistar rats 

To further study the effect of TDM on the ability of hDPSCs to induce 
reparative dentin formation, a paste was prepared with TDM powder 
and its extract in a ratio of 1:1, and 26 Wistar rats were pulp capped. 
After 1 week, the animals were anesthetized via intraperitoneal injection 
of sodium pentobarbital. A quarter-size ball drill was used to drill a hole 
in the center of the first maxillary molar of rats, and the operation was 
terminated when the depth was about 1/4 of the diameter of the ball 
drill. The probe was inserted into the pulp and a sterile cotton ball was 
used to stop pulp bleeding and dry the cavity. Subsequently, the cavity 
was filled with TDM paste or calcium hydroxide (CH). After 10 weeks, 
the rats were sacrificed by cardiac perfusion. The maxilla of the rats was 
extracted and a bone mass containing bilateral first molars was pre-
pared. The bone tissue was placed in 4% paraformaldehyde for 48 h and 
decalcified in 100 g/L EDTA solution (pH 7.4) for 12 weeks. After 
conventional paraffin embedding, proximal and distal sections (5 μm 
thick) were continuously made in parallel with the long axis of the tooth. 
Routine hematoxylin and eosin (H&E) staining was performed to detect 
odontogenesis of cells in vivo. 

2.13. Rat mandible culture 

As described earlier, the mandible of rats was cultured [29] in a 
system set up by Atelocollagen membrane (CM-6, Atelocell®, Japan). 

Table 1 
Sequences of primers used for the q RT-PCR.  

Gene Forward primer Reverse Primer 

Runx2 5′-AACAGCAGCAGCAGCAGCAG 5′-GCACCGAGCACAGGAAGTTGG 
ALP 5′-TAAGGACATCGCCTACCAGCTC 5′-TCTTCCAGGTGTGTCAACGAGGT 
DSPP 5′-CTGTTGGGAAGAGCCAAGATAAG 5′-CCAAGATCATTCCATGTTGTCCT 
DMP-1 5′-AGTTCCAAGCCTCCAACATCATGC 5′-TTTTGAGTGGGAGAGTGTGTGC 
Factor VIII 5′-AGTTCCAAGCCTCCAACATCATGC 5′-GGAAGTCAGTCTGTGCTCCAATGC 
β-III tubulin 5′-AGCAAGGTGCGTGAGGAGTATC 5′-GCATAGGTCTCATCCGTGTTCT 
GAPDH 5′-CTTTGGTATCGTGGAAGGACTC-3ʹ 5′-GTAGAGGCAGGGATGATGTTCT  
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Briefly, 12 rats were anesthetized with isoflurane and sacrificed. The 
mandibles were harvested and placed in 6-well plates with CM-6 and 
cultured in medium containing DMSO or TDM for 10 days. After the 
mandibles were fixed with 4% paraformaldehyde, the expression level 
and location of GSK3β were detected by H&E staining and 
immunohistochemistry. 

2.14. Subcutaneous transplantation in immunodeficient mice 

All immuno-deficient mice were purchased from Beijing Victory. In 
the preliminary experiment, we implanted columnar TDM into the 
dorsal subcutaneous site of 3 immunodeficient mice. After 10 weeks, we 
observed and recorded the results of H&E staining. Then, 24 immuno- 
deficient mice were divided into four groups (6 per group on average) 
namely GSK3β-RNAi group, Sh-NC group, Ad-NC group and Ad-GSK3β 
group. The cells of each group were combined with TDM respectively 

and incubated at 37 ◦C for 3 days. Stent implantation was performed 
under deep anesthesia. After 10 weeks, the samples were removed from 
the mice. Three implants of each group were used to detect the forma-
tion of mineralization by Scanning electron microscopy (SEM) and En-
ergy Dispersive X-ray detection (EDS). Other implants were then fixed in 
4% paraformaldehyde, demineralized with 10% EDTA (pH 8.0), 
embedded in paraffin and sliced. Paraffin sections were subjected to 
H&E, Masson and immunohistochemical stainings. Finally, a digital 
tissue slice scanner was used to collect immunohistochemical images, 
and the results of histochemistry were quantitatively analyzed by Seville 
image analysis system. The following indicators were analyzed: a posi-
tive area ratio (positive area ratio: positive area/tissue area) and His-
tochemistry score (H-SCORE =

∑
(pi × i) = (percentage of weak 

intensity area x 1) + (percentage of moderate intensity area x 2) +
(percentage of strong intensity area x 3), where, pi represents the per-
centage of the positive signal pixel area, and i represents the positive 

Fig. 1. Charactrization of hDPSCs. (A) After pulp tissue culture for 3 days, spindle-shaped cells spread out in the culture flask. P3 generation cells were spindle- 
shaped. Mineralized nodules and lipid droplets were found when hDPSCs were cultured in osteogenic or adipogenic medium respectively. (B) Human dental 
pulp stem cells (hDPSCs) were positive for Vimentin、STRO-1、C-Kit and Nestin and negative for CK14. (C) Flow cytometric analyses showed that hDPSCs were 
positive for CD73 and CD90 and negative for CD3, CD31 and CD34. The experiments were performed in triplicates. 
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Fig. 2. Effect of different concentrations of TDM on hDPSCs. (A) The EdU assay clearly showed that 40% TDM group showed enhanced proliferation of hDPSCs. (B) 
CCK-8 assay corroborated these results. The expression of dentin-related genes and proteins induced by TDM was assessed by (C) q RT-PCR and (D) Western blot 
analysis. (E) Immunofluorescence was also performed in the context of dentin-related proteins.* means p < 0.05 and ** means p < 0.01 compared with the con-
trol group. 
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level. All animal experiments were conducted in accordance with the 
guidelines of the Zhengzhou University Animal Experimental Commit-
tee. The guidelines are also compliant with the National Institutes of 
Health guidelines of Zhengzhou University for laboratory animal care 

and use. 

Fig. 3. Downregulation of the expression of GSK3β during TDM induced odontogenesis. hDPSCs odontogenesis was induced using treated dentin matrix (TDM). (A-B) 
Cell migration was as indicated and detected via the transwell assay. (C-D) The expression levels of p-GSK3β in hDPSCs treated or not with TDM induction was 
detected by Western blotting assay. (E) The differentially expressed genes between control group and TDM TDM-treated cells, as per RNA-seq analysis are shown in 
the heat map. * means p<0.05 and **means p<0.01 compared with the control group. 
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2.15. Statistical analysis 

The SPSS 16.0 statistical software was used to analyze relevant data. 
The independent sample t-test was used for inter-group comparison. The 
Bonferroni correction was also applied, when applicable. Results with p 
< 0.05 were considered statistically significant. 

3. Results 

3.1. Characteristics of isolated hDPSCs 

About 3 days after pulp tissue culture, cells emerged from the tissue 
mass and presented a fibroblast-like morphology corresponding to pri-
mary hDPSCs. About 7 days later, hDPSCs spread out completely in the 
culture flask, and retained the mesenchymal cell morphology during 
passage. hDPSCs were induced in osteogenic medium for 21 days and 
mineralized nodules were observed after alizarin red staining; besides, 
hDPSCs were cultured in adipogenic medium for 14 days, lipid droplets 
were observed by Oil Red O staining, indicating that hDPSCs have the 
potential for osteogenic and adipogenic differentiation (Fig. 1A). 
Further results showed that isolated hDPSCs were positive for Vimentin, 
STRO-1, c-Kit, Nestin, CD90 (95.3%), and CD73 (99.4%), but negative 
for CD31 (0.43%), CD34 (0.53%), epithelial origin marker CK14 and T 
cell marker CD3 (0.41%). Overall, the data indicated that the isolated 
hDPSCs were mesenchymal and had multidifferentiation potential. 

3.2. Effect of TDM on the odontogenic differentiation of hDPSCs 

The effect of different TDM concentrations on the proliferation of 
hDPSCs was evaluated by EdU and CCK-8 assays. EdU assay revealed 
that after 48 h, the proportion of hDPSCs in proliferation phage in 40% 
TDM induced group was significantly higher than that in the control 
group, indicating that the cytotoxicity of 40% TDM was the least 
(Fig. 2A). CCK-8 assay showed that on day 1, the cell proliferation rate of 
each group was similar to that of the control group. However, over the 
next 5 days, the difference in cell proliferation rate increased. At 40%, 
60% and 80% TDM concentrations, the proliferation rate of hDPSCs was 
higher than that of other concentrations. However, on day 7, the 
advantage of high concentration TDM was not significant. Overall, 40% 
and 60% TDM were the most favorable for cell growth (Fig. 2B). 

To explore the effect of TDM on odontogenic differentiation, We 
investigated genes and proteins expression of odontogenic markers, 
including Runx2, ALP, DSPP, DMP-1, Factor VIII, and β-III Tubulin. Of 
note, the groups treated with concentration lower than 40% (10% and 
20%) were excluded from the analysis due to poor ability of tooth for-
mation (Supplement Figure 1). The mRNA expression levels of the above 
mentione increased in TDM groups, with the highest level in 40% TDM 
group (Fig. 2C). Additionally, as per Western blotting assay, the 
expression levels of RUNX2, ALP, Factor VIII, and DSPP significantly 
increased in 40% TDM group (versus control group). Immunofluores-
cence were performed to detect the changes in the protein expression 
levels of several odontogenic markers in hDPSCs. The results showed 
that the expression levels of RUNX2 and ALP in the 40% groups were up- 
regulated significantly (Fig. 2E). As a result, 40% TDM was used in the 
subsequent experiments (TDM for short in the following experiments). 

3.3. TDM-induction downregulates the expression of GSK3β during the 
odontogenic differentiation of hDPSCs 

Migration of hDPSCs after TDM induction was detected by transwell 
assay. In the presence of the TDM, the motility of hDPSCs was similar to 
the positive control group (10% FBS), and significantly higher than the 
negative control group (0.5% FBS). These results suggest that TDM can 
induce cell migration and possibly cell aggregation and differentiation 
(Fig. 3A–B). Next, the gene and protein expression levels of GSK3β in 
these cells were detected by q RT-PCR and western blotting assay. As 

shown in Fig. 3C–D, the expression level of p-GSK3β increased while the 
total expression level of GSK3β remained stable during hDPSCs odon-
togenesis induced by TDM. Since total GSK3β consists of p-GSK3β and 
unphosphorylated GSK3β, our results indicate that the expression of 
unphosphorylated GSK3β decreased. In subsequent experiments, GSK3β 
specifically refers to unphosphorylated GSK3β. These findings suggest 
an correlation between the odontogenic differentiation of hDPSCs 
induced by TDM and the expression level of GSK3β. 

To further study the mechanism of formation of dentin-like tissue 

Table 2 
Important differentially expressed genes (DEGs) between control and TDM- 
treated cells.  

Gene 
symbol 

log2FC Gene 
feature 

Description 

BGN 5.1005 Up Biglycan 
COL8A2 4.7527 Up Collagen type VIII alpha 2 chain 
ADAM19 4.6443 Up ADAM metallopeptidase domain 19 
COL11A1 4.5031 Up Collagen type XI alpha 1 chain 
MEGF10 4.4955 Up Multiple EGF like domains 10 
SERTAD4 4.4933 Up SERTA domain containing 4 
ANKRD1 4.2948 Up Ankyrin repeat domain 1 
KISS1 4.2559 Up KiSS-1 metastasis-suppressor 
COL10A1 4.2336 Up Collagen type X alpha 1 chain 
XYLT1 4.1285 Up Xylosyltransferase 1 
NPTX1 − 8.18 Down Neuronal pentraxin 1 
SLC16A6 − 5.605 Down Solute carrier family 16 member 6 
MMP3 − 4.892 Down Matrix metallopeptidase 3 
TNFRSF1B − 4.784 Down TNF receptor superfamily member 1B 
MTUS1 − 4.629 Down Microtubule associated scaffold protein 1 
PREX1 − 4.49 Down Phosphatidylinositol-3,4,5-trisphosphate 

dependent Rac exchange factor 1 
SNCA − 4.386 Down Synuclein alpha 
HGF − 4.37 Down Hepatocyte growth factor 
CYP2S1 − 4.209 Down Cytochrome P450 family 2 subfamily S 

member 1 
TMEM100 − 4.144 Down Transmembrane protein 100  

Table 3 
Pathways impacted by TDM-treatment, as per KEGG analysis.  

KEGG pathway Count KEGG_ID/KO 

Pathways in cancer 14 hsa:650|hsa:8322|hsa:332|hsa:3082| 
hsa:6387|hsa:1869|hsa:2737| 
hsa:8313|hsa:1870|hsa:51,176| 
hsa:1163|hsa:6932|hsa:2034| 
hsa:2252| 

Basal cell carcinoma 6 hsa:650|hsa:8322|hsa:2737|hsa:8313| 
hsa:51,176|hsa:6932| 

Wnt signaling pathway 7 hsa:8322|hsa:85407|hsa:8313| 
hsa:51176|hsa:27123|hsa:6932| 
hsa:5176| 

Hippo signaling pathway 7 hsa:650|hsa:8322|hsa:85407| 
hsa:8313|hsa:51176|hsa:332| 
hsa:6932| 

ECM-receptor interaction 5 hsa:3690|hsa:1292|hsa:3371| 
hsa:1291|hsa:6382| 

Cytokine-cytokine receptor 
interaction 

8 hsa:3592|hsa:650|hsa:55504| 
hsa:6387|hsa:3082|hsa:27242| 
hsa:7133|hsa:11009| 

Protein digestion and 
absorption 

4 hsa:1292|hsa:4311|hsa:1291| 
hsa:1294| 

Mineral absorption 3 hsa:261,729|hsa:2495|hsa:2495| 
PI3K-Akt signaling pathway 7 hsa:1291|hsa:3082|hsa:1292| 

hsa:3690|hsa:672|hsa:3371|hsa:2252| 
Focal adhesion 5 hsa:3690|hsa:1292|hsa:3371| 

hsa:1291|hsa:3082| 
Arrhythmogenic right 

ventricular cardiomyopathy 
(ARVC) 

3 hsa:3690|hsa:51176|hsa:6932| 

Small cell lung cancer 3 hsa:1870|hsa:1869|hsa:1163| 
Rheumatoid arthritis 3 hsa:6387|hsa:245972|hsa:4314| 
African trypanosomiasis 2 hsa:3592|hsa:2150|  
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induced by TDM, we used RNA seq to detect the gene expression of 
hDPSCs between TDM and control groups. As the result, there were 253 
up-regulated genes and 395 down-regulated genes in the TDM group. 
The significant genes are listed in Table 2 and Fig. 3E. We found that the 
expression of mineralization markers such as BGN, COL11A1, and 
COL10A1 were significantly increased [30–33]. Similarly, the expres-
sion of vascular and neurological differentiation markers such as 
COL8A2 and ANKRD1 also increased to a certain extent [34,35]. 
Furthermore, these results demonstrated that the odontogenesis of 
hDPSCs was promoted by TDM induction. In addition, we used KEGG 
analysis to exhibit the changes of pathways. Specific pathways were 
listed in Table 3, and pathway enrichment was shown in Supplement 
Figure 2. We found that the Wnt/β-catenin signal pathway was one of 
the most significantly altered pathways directly related to osteogenesis. 
Moreover, consistent with our previous results, GSK3β expression was 
down-regulated (Fig. 3C–D). Therefore, we chose the Wnt/β-catenin 
signaling pathway for following research. 

3.4. TDM regulates the odontogenic differentiation of hDPSCs via the 
inhibition of the expression of GSK3β 

In the preliminary experiment of this research, we found activation 
of Wnt/β-catenin signaling pathway can promote odontogenic differ-
entiation of hDPSCs (Supplement figure 3). 

To further investigate the effect of TDM on hDPSCs, the GSK3β 
knockdown and overexpressing cells were generated. The transfection 
efficiency of GSK3β was verified by q RT-PCR (Fig. 4A). Cell migration 
experiments were performed to analyze the migration ability of hDPSCs. 

The results showed that the migration of hDPSCs increased after the 
down-regulation of GSK3β. Conversely, GSK3β overexpression (Ad- 
GSK3β) either decreased cell migration or had no effect compared to that 
on negative control cells (Ad-NC) (Fig. 4B). Hence, these findings 
demonstrate the importance of GSK3β in the TDM-induced odontogenic 
differentiation of hDPSCs. 

Next, q RT-PCR and western blotting assay were used to analyze the 
expression of odontogenic genes and proteins in GSK3β-RNAi and Sh-NC 
hDPSCs. The results of q RT-PCR showed that the expression of DMP-1, 
DSPP and RUNX2 was significantly increased in GSK3β-RNAi versus Sh- 
NC cells. Moreover, western blotting assay revealed that the expression 
levels of dentin-related proteins including DMP-1, DSPP, RUNX2, and 
Factor VIII were significantly increased. Also, as shown in Fig. 5 C, 
GSK3β and Active β-catenin expression changed as we expected. Overall, 
the results above suggest that GSK3β inhibition can activate the Wnt/ 
β-catenin signaling pathway, which promotes the odontogenic differ-
entiation of hDPSCs. 

We also noticed that the expression of GSK3β decreased in hDPSCs 
induced by TDM compared with control cells (Fig. 3C–D). Therefore, Ad- 
GSK3β hDPSCs were cultured with TDM to determine the relationship 
between TDM-induced odontogenic differentiation and GSK3β expres-
sion. As expected, the expression of odontogenic genes and proteins, 
including RUNX2, ALP, DSPP, DMP-1, β-III Tubulin and Factor VIII 
significantly decreased in Ad-GSKβ group compared with control group 
(Fig. 5A–B). Of note, these result is consistent with the immunofluo-
rescence results (Fig. 5 D). Overall, all these results indicate that TDM 
activates the Wnt/β-catenin signaling pathway by inhibiting GSK3β 
expression, thereby promoting dental differentiation of hDPSCs; the 

Fig. 4. Changes in the migration ability of DPSCs after transfection. (A) q RT-PCR verified the transfection efficiency of hDPSCs with GSK3β down-regulated or 
overexpressed. (B) Transwell test showed that the migration ability of hDPSCs changed after transfection. * means p < 0.05 and **means p < 0.01 compared with the 
control group. 
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Fig. 5. TDM regulates the odontogenic differ-
entiation of hDPSCs via inhibition of the 
expression of GSK3β. The expression levels of 
odontogenic genes and proteins significantly 
increased in GSK3β-RNAi group compared with Sh- 
NC, as detected by (A) Western blotting assay and 
(B) q RT-PCR. Also, The expression of the odonto-
genic genes and proteins, including RUNX2, ALP, 
DSPP, DMP-1, β-III Tubulin and Factor VIII signifi-
cantly decreased in Ad-GSKβ group compared with 
control group. (C) The expression of active β-cat-
enin was significantly changed as expected in Ad- 
GSK3β group and GSK3β-RNAi group. (D) Immu-
nofluorescence was also performed in the context of 
dentin-related proteins. * means p<0.05 and 
**means p<0.01 compared with the control group.   
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TDM induction of hDPSCs can be mostly eliminated by the inhibitory 
effect of GSK3β on hDPSCs. 

3.5. Expression of GSK3β during TDM-induced odontogenic 
differentiation of hDPSCs 

To investigate the expression changes of GSK3β during the TDM- 
induced odontogenic differentiation of hDPSCs, the mandibles of two- 
day-old rats were cultured with DMSO or TDM for 10 days (Fig. 6A). 
The results showed that new dentin was visible in the mandibles 
cultured with TDM and much thicker than that of the control group 
(Fig. 6B). In addition, immunohistochemical staining showed decreased 
GSK3β expression in the new dentin (Fig. 6D). 

To confirm the physiological role of TDM, cavities were prepared on 
the molars of rats and CH or TDM were used to cover the pulp. After 10 
weeks, the molars were collected and subjected to H&E analysis. The 
results showed that restorative dentin formed in both groups (Fig. 6C). 
However, in the CH group, a portion of necrotic pulp tissue was observed 
between the restorative dentin and the primary dentin. Thus, our results 
provide evidence that both TDM and CH can be used for direct pulp 
capping, but CH isn’t able to regenerate dentin. 

3.6. Subcutaneous ectopic implantation in immunodeficient mice 

Our previous study found that TDM is a material with good 
biocompatibility, and the extract obtained by soaking contains a variety 
of growth factors [16]; in the preliminary experiment of this research, 
cell-free TDM was implanted subcutaneously into immunodeficient 
mice. After 10 weeks, no inflammatory reaction and restorative dentin 
layers were found around the implants (Supplement Figure 4). There-
fore, next, we implanted TDM in combination with hDPSCs. Of note, 
immunodeficient mice recovered quickly after subcutaneous implanta-
tion of TDM combined with hDPSCs with low or overexpression of 

GSK3β.Moreover, there was no postoperative inflammatory response, 
indicating that TDM has good biocompatibility. H&E staining the 
transplanted cells adhered and proliferated well after TDM induction 
(Fig. 7). In the TDM group loaded with GSK3β-RNAi, restorative dentin 
layers formed, which was shallow and disorderly arranged. SEM and 
EDS confirmed that there were mineralized deposits on TDM surface in 
the GSK3β-RNAi group. The mineralized tissue was mainly composed of 
phosphate and calcium ions (Supplement Figure 5). In addition, after 
hDPSCs loading with TDM, the odontoblast-related proteins such as 
DMP-1, DSPP, RUNX2, and ALP were detected by immunohistology; the 
high expression of these proteins in GSK3β-RNAi group was not detected 
in Ad-GSK3β group. (Fig. 7B–C). The above results indicate that TDM 
may regulate odontogenic differentiation of hDPSCs via GSK3β; TDM 
can induce the odontogenic and neurogenic differentiation of hDPSCs. 

4. Discussion 

Loss of teeth can negatively affect an individual’s oral function and 
facial appearance. In theory, the best way to protect teeth is to preserve 
living pulp with drugs or various dentin-like matrix materials [1]. This 
study evaluated the regeneration potential of treated dentin matrix 
materials and explored the mechanism underlying their actions. 

Specific tissue-derived extracellular matrix can be used as a culture 
substrate, under which cells can proliferate and differentiate into the 
parent tissue [21,38,39]. As an extracellular matrix material, TDM 
extract is rich in growth factors, such as transforming growth factor β, 
DMP-1 and DSPP, which can induce odontogenic differentiation of stem 
cells [8,9,36,37]. To study the TDM-induced odontogenic inducement of 
hDPSCs, we tested a series of TDM concentrations (10%, 20%, 40%, 
60%, 80%, and 100%). All TDM leaching solution concentrations were 
proved to promote odontogenic differentiation of hDPSCs. Moreover, 
the lower TDM concentrations also induced odontogenic differentiation 
of hDPSCs, which may be related to their odontogenic origin [22,40]. 

Fig. 6. TDM is an effective matrix for dentin regeneration. (A)The mandibles of 2-day-old rats were cultured in the presence of DMSO or TDM for 0 day and 10 
days. (B)H&E staining showed the new dentin was visible in the mandible cultured with TDM, much thicker than that of the control group (the arrow). (C)His-
tological analysis showed that restorative dentin formed in both groups. However, in the CH group, a portion of necrotic pulp tissue was observed between the 
restorative dentin and the primary dentin (the arrow). (D) In addition, immunohistochemistrycal staining showed decreased expression of GSK3β in newborn dentin 
(the arrow in D b, versus compared to D a). 
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Nevertheless, only a few studies have explored the pathway modulations 
observed during odontogenic differentiation induced by TDM extract. 
Therefore, to understand the role of GSK3β during osteogenic differen-
tiation of hDPSCs induced by TDM, a lentiviral system was established to 
suppress or overexpress GSK3β in hDPSCs. We observed that the 
expression levels of odontogenic protein and mRNA significantly 
increased in GSK3β-RNAi combined hDPSCs after the induction of TDM 
extract, compared with the control group. On the contrary, overex-
pressed GSK3β combined hDPSCs after the induction of TDM extract led 
to decreased expression levels of RUNX2, ALP, DSPP, and DMP-1. These 
results highlight the importance of the Wnt/β-catenin signaling pathway 
in GSK3β-mediated odontogenic differentiation of hDPSCs. This was 
further confirmed in immunodeficient mice with ectopic odontogenesis. 
Next, we examined the expression of GSK3β in molars of rats. As ex-
pected, GSK3β suppression was observed in the odontoblast cells 10 days 
after TDM culture. This was consistent with the results of normal molar 
development model in rats [23,41], suggesting that GSK3β is involved 
odontogenic differentiation and dentin development of hDPSCs with 
TDM induction. 

Activation of the canonical Wnt/β-catenin pathway requires stabili-
zation and protection of β-catenin by inhibiting GSK3β. This promotes 
the accumulation of β-catenin into the nucleus, where it exerts its effects 
in combination with lymphoid enhancement factors and T cell factor 
(LEF/TCF) [19,20]. Furthermore, we noted that the GSK3β expression 
decreased during odontogenesis of hDPSCs induced by TDM. Therefore, 
the reasonable conclusion is that TDM facilitates osteogenic differenti-
ation of hDPSCs by regulating GSK3β expression. Moreover, our results 
showed that the TDM-induced hDPSCs strongly expressed p-GSK3β and 
active β-catenin, which enhanced their translocation to the nucleus. 
These findings indicate that the TDM extract activates the canonical 
Wnt/β-catenin pathway to exert its effect. Interestingly, the relationship 
between the Wnt/β-catenin signaling pathway and dentin regeneration 

remains controversial. The activation of the Wnt/β-catenin signaling 
pathway inhibits the odontogenic differentiation of stem cells and pro-
motes their proliferation. Scheller et al. demonstrated that the canonical 
Wnt/β-catenin signaling pathway inhibits the expression of 
odontoblast-specific genes during odontogenic differentiation of 
hDPSCs [24,42]. Moreover, Wnt10a, a Wnt agonist, was reported to 
negatively regulate odontoblastic differentiation of hDPSCs [15,25,43]. 
Conversely, other studies have shown that the Wnt/β-catenin signaling 
pathway can promote the odontogenic differentiation of the hDPSCs. 
The importance of β-catenin has been revealed in several studies 
[30–32]. β-catenin is strongly expressed in odontoblasts and is necessary 
for root formation [26,27,44]. Shan et al. demonstrated that lithium 
chloride, the Wnt/β-catenin pathway activator, can promote the pro-
liferation and odontoblast differentiation of hair follicle neural crest 
cells [28–30,45]. In the present study, the expression of GSK3β 
decreased in TDM-induced hDPSCs, compared with the control group. 

The limitation of this study is that we only focused on the effect of 
TDM extract on odontogenic stem cells and therefore, further research is 
warranted to investigate the mechanism underlying of TDM-induced 
differentiation of non-odontogenic cells. In addition, the correlation 
between the proteins, transcriptomic changes and epigenetic regulation 
in the odontogenic differentiation of hDPSCs induced by TDM should be 
further evaluated. 

Ethical approval 

The study was approved by the Medical Ethics Committee of the First 
Affiliated Hospital of Zhengzhou University, and was performed ac-
cording to the institutional guidelines. 

Fig. 7. Subcutaneous ectopic implantation in immunodeficient mice. (A)TDM combined with hDPSCs with low or overexpressed GSK3β were subcutaneously 
implanted in nude mice. (Aa) In the TDM group loaded with GSK3β-RNAi, restorative dentin layers formed, which was shallow and disorderly arranged. There was no 
such structure in other groups. However, some blood vessels newly formed in all groups. (Ab). (B) The odontoblast-related proteins such as DMP-1, DSPP, RUNX2, 
ALP, Nestin and Factor VIII were detected by immunohistology; the high expression of these proteins in GSK3β-RNAi group was not detected in Ad-GSK3β group. 
(C–D) The quantitative histochemical analysis was based the positive area and H-SCORE. 
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