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ABSTRACT
Objective: This study aimed to investigate the modulatory function of microRNA-1246 (miR-1246) in the 
odontogenic differentiation of human dental pulp stem cells (hDPSCs) under inflammatory conditions in 
vitro and to elucidate its underlying molecular mechanism.
Methods: An inflammatory state was replicated in vitro by treating hDPSCs with lipopolysaccharide 
(LPS). miR-1246 expression was modulated via transfection with its mimics or inhibitors. Cell proliferation, 
movement, and apoptosis were assessed. Odontogenic differentiation capacity was assessed via alkaline 
phosphatase (ALP) activity, Alizarin Red S (ARS) staining, and transcript levels by quantitative real-time 
quantitative real-time polymerase chain reaction (qRT-PCR), along with Western blotting. To validate the 
direct interaction between miR-1246 and AXIN2, a dual-luciferase reporter assay was employed. All exper-
iments were performed in three independent biological replicates. 
Results: miR-1246 overexpression significantly reduced inflammatory cytokine levels (IL-1β, P < 0.05; IL-6, 
P < 0.05; TNF-α, P < 0.001) and partially restored hDPSC proliferation (P < 0.01), migration (P < 0.001), and 
survival (reduced apoptosis rate, P < 0.001). It also significantly increased ALP activity (P < 0.001), min-
eralized nodule formation (P < 0.001), and the expression of odontogenic markers (NRP1, DSPP, DMP1). 
Mechanistically, miR-1246 directly targeted AXIN2, preventing AXIN2-mediated β-catenin degradation 
and promoting the Wnt/β-catenin pathway, elevating downstream factors such as Cyclin D1 and c-Myc. 
AXIN2 knockdown reproduced the differentiation-promoting effects of miR-1246, whereas AXIN2 overex-
pression diminished them.
Conclusion: miR-1246 promotes the odontogenic differentiation of hDPSCs and partially counteracts the 
detrimental effects of inflammation in vitro by directly targeting and inhibiting AXIN2 expression, thereby 
stimulating the Wnt/β-catenin signaling cascade. 
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Introduction

The dental pulp, the sole soft tissue within the tooth, is housed 
in the pulp chamber and surrounded by dense dentin. It plays 
an irreplaceable role in maintaining tooth physiology, including 
nutrient supply, sensory perception, and immune defense [1, 2]. 
Following pulp tissue injury, resident odontoblasts synthesize 
and secrete a dentin-matrix to initiate repair. If these cells are 
lost, undifferentiated mesenchymal stem cells within the pulp 
can differentiate into new odontoblasts, forming an ‘odonto-
blast bridge’ to facilitate regeneration [3–5]. This endogenous 
repair mechanism is crucial for maintaining tooth integrity.

Clinically, deep carious lesions allow bacteria and their 
metabolic byproducts to invade the pulp via dentinal tubules, 
triggering inflammatory responses of varying degrees [5–7]. In 
the early stages, a moderate inflammatory response may 
promote repair by modulating the cytokine microenvironment. 
However, persistent or excessive inflammation leads to the 
destruction of pulp tissue architecture, impaired blood supply, 
and cell necrosis, culminating in irreversible pulpitis or pulp 
necrosis [5]. Current mainstream treatments for irreversible 

pulpitis, root canal therapy and tooth extraction, can eliminate 
infection and control symptoms but compromise the tooth’s 
structure and function, leading to adverse outcomes such as 
increased fragility, discoloration, and secondary infection [1]. 
Therefore, exploring strategies to inhibit detrimental reactions 
during early inflammation and promote pulp repair is vital for 
preserving pulp vitality and achieving functional regeneration.

Human dental pulp stem cells (hDPSCs), a neural crest-derived 
population of mesenchymal stem cells, possess high self-renewal 
capacity and multidirectional differentiation potential, including 
into odontoblasts, osteoblasts, neurons, and adipocytes [8, 9]. In 
pulp injury repair, hDPSCs are the core cell population for 
odontogenic regeneration. However, the abundance of pro-
inflammatory factors (e.g. TNF-α, IL-1β) in the inflammatory 
microenvironment significantly impairs the biological 
characteristics of hDPSCs, leading to restricted proliferation, 
increased apoptosis, and diminished odontogenic differentiation 
capacity, thereby weakening their regenerative potential [10 –14]. 
This presents a challenge for the clinical application of hDPSCs in 
pulp regeneration and underscores the need to identify molecular 
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pathways that protect or enhance hDPSC function under 
inflammatory conditions.

In recent years, non-coding RNAs, particularly microRNAs 
(miRNAs), have drawn considerable interest due to their crucial 
functions in intercellular communication and cell fate 
regulation [15, 16]. Research has demonstrated that miR-1246 
expression is markedly elevated within exosomes derived from 
hDPSCs under odontogenic induction compared to those from 
conventionally cultured cells [17]. miR-1246 is a highly 
conserved small RNA molecule that modulates the expression 
of target genes through interaction with the 3’-untranslated 
region (3’-UTR) of corresponding mRNAs. Furthermore, 
database predictions suggest that miR-1246 may induce 
odontogenic development of dental pulp stem cells through 
its interaction with AXIN2 [17]. As a crucial negative regulator 
within the Wnt/β-catenin signaling cascade, AXIN2 promotes 
β-catenin degradation and thereby suppresses the 
transcription of downstream target genes [18]. This signaling 
pathway is considered a critical signaling axis for promoting 
odontoblast differentiation and mineralization during pulp 
and the formation of dentin [19]. Therefore, it is plausible that 
miR-1246 relieves the inhibition of this signaling pathway by 
targeting and suppressing AXIN2, leading to the nuclear 
translocation of β-catenin and the subsequent activation of 
odontogenic differentiation-related genes.

Despite clues suggesting a potential link between miR-1246 
and odontogenic differentiation, its specific effects on hDPSC 
function and the associated molecular regulatory mechanisms 
within the complex inflammatory microenvironment of pulpitis 
remain unclear. In the present study, we aimed to investigate the 
modulatory function of miR-1246 in the odontogenic 
differentiation of hDPSCs under inflammatory conditions in vitro 
and to elucidate its underlying molecular mechanism, specifically 
focusing on whether miR-1246 exerts its effects by targeting 
AXIN2 to activate the Wnt/β-catenin signaling cascade. These 
results should offer a solid theoretical foundation for developing 
novel pulp regeneration therapies targeting miR-1246.

Methods

Cell culture and inflammatory model establishment

HDPSCs were acquired from ScienCell Research Laboratories 
(Carlsbad, CA, USA). These cells were maintained in α-MEM 
medium (Gibco, USA) fortif﻿ied with 10% fetal bovine serum (FBS; 
Gibco, USA), in addition to 100 U/mL penicillin and 100 μg/mL 
streptomycin (Beyotime, China). All cells were kept at 37°C 
within a humidified chamber containing 5% CO₂. To simulate an 
inflammatory microenvironment in vitro, hDPSCs were treated 
for 24 h with a culture medium including 1 μ g/mL LPS (Sigma-
Aldrich, St. Louis, MO, USA) from Escherichia coli. This concentra-
tion was selected based on its established efficacy in inducing a 
robust and reproducible inflammatory response in hDPSCs 
without causing excessive cytotoxicity, consistent with previous 
in vitro pulpitis models [12, 20]. A set of non-treated cells was 
used for the control experiment.

Cell transfection and grouping

For functional studies of miR-1246, hDPSCs were assigned to the 
following groups: (1) Control groups: untreated cells; (2) Model 
groups: cells treated with 1 μg/mL LPS for 24 h; (3) miR-1246-OE 
groups: cells were subjected to LPS treatment followed by trans-
fection with miR-1246 mimics; (4) miR-1246-OE-NC groups: cells 
were subjected to LPS treatment followed by transfection with 
negative control mimic; (5) miR-1246-KD groups: cells were sub-
jected to LPS treatment followed by transfection with miR-1246 
inhibitor; (6) miR-1246-KD-NC groups: cells were subjected to 
LPS treatment followed by transfection with negative control 
inhibitor. GenePharma (Shanghai, China) was the source for all 
mimics, inhibitors, and their corresponding negative controls.

For functional studies of AXIN2, hDPSCs were assigned to the 
following groups: (1) Control groups: untreated cells; (2) Model 
groups: cells treated with 1 μg/mL LPS for 24 h; (3) AXIN2-OE 
groups: cells were subjected to LPS treatment followed by 
transfection with the pcDNA3.1-AXIN2 plasmid; (4) AXIN2-OE-
NC groups: cells were subjected to LPS treatment followed by 
transfection with the empty pcDNA3.1 vector; (5) AXIN2-KD 
groups: cells were subjected to LPS treatment followed by 
transfection with a small interfering RNA that targets AXIN2 
(si-AXIN2); (6) AXIN2-KD-NC groups: cells were subjected to LPS 
treatment followed by transfection with a negative control 
siRNA (si-NC). The pcDNA3.1-AXIN2 overexpression plasmid and 
the corresponding empty vector (pcDNA3.1) were procured 
from YouBio (Changsha, China). The design and synthesis of si-
AXIN2 and si-NC were carried out by GenePharma.

The transfection procedures were executed with 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), adhering to 
the instructions provided by the manufacturer. Transfection 
efficiency was confirmed by quantitative real-time PCR 
(qRT-PCR) 48 h post-transfection.

Cell counting Kit-8 (CCK-8) assay

The evaluation of cell proliferation was conducted with the 
CCK-8 (Dojindo, Kumamoto, Japan). For this procedure, cells 
were first placed into 96-well plates at a concentration of 2 × 10³ 
cells for each well. After a 24 h, every well received an addition of 
10 μL of the CCK-8 solution, which was succeeded by a 2 h incu-
bation. The optical density was subsequently recorded at a 
wavelength of 450 nm utilizing a microplate reader (Bio-Rad, 
Hercules, CA, USA). 

Cell migration assay

The migratory ability of cells was assessed with 24-well Transwell 
chambers (Corning, NY, USA). Specifically, a suspension of 5 × 
10⁴ cells in serum-free medium was introduced into the top 
compartment. The bottom compartment contained medium 
supplemented with 20% FBS, acting as the chemotactic agent. 
After incubating for 24 h, non-migratory cells persisting on the 
upper surface of the membrane were meticulously removed 
with a cotton applicator. Cells that had traversed to the bottom 
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surface were fixed with 4% paraformaldehyde (PA) for a duration 
of 30 min and subsequently stained using 0.1% crystal violet for 
another 20 min. For quantification, images from five randomly 
selected areas were captured and the cells were enumerated 
using a microscope.

Apoptosis assay

To evaluate apoptosis, the Annexin V-FITC/PI Apoptosis Detection 
Kit (Abcam, Cambridge, UK) was utilized. For this assay, cells were 
gathered, rinsed twice using cold PBS, and subsequently resus-
pended within 1× binding buffer. Subsequently, a staining solu-
tion composed of 5 μL of Annexin V-FITC and 5 μL of PI was added 
to the cell suspension. The mixture was then maintained for a 
15-min incubation period at ambient temperature while pro-
tected from light. The analysis was conducted on a FACSCalibur 
flow cytometer (BD Biosciences, San Jose, CA, USA), and all 
acquired data were processed using FlowJo software.

Odontogenic differentiation

Following 48 h of culturing, hDPSCs were harvested, resus-
pended, and then seeded into 24-well plates (2.5 × 10⁵ cells/
well). Once approximately 80% confluence was achieved, the 
existing culture medium was replaced with an odontogenic 
induction medium. This induction medium consisted of α-MEM 
fortified with 15% FBS, 50 μmol/L L-ascorbic acid, 10 mmol/L 
β-glycerophosphate, 10– 8 mol/L dexamethasone, 100 U/mL 
penicillin, and 100 μg/mL streptomycin. The medium was 
refreshed every 48 h. 

Alkaline phosphatase activity assay

After 7 days of induction, cells were lysed with an inhibitor-free 
cell lysis buffer. The collected lysate was assayed for alkaline 
phosphatase (ALP) activity using an ALP quantitative assay kit 
(Beyotime, China). The overall protein content, which was quan-
tified via the BCA assay, served as the basis for normalization. 

Alizarin Red S staining

Following a 15-day induction, the cells were subjected to fixa-
tion with 4% PA for a duration of 30 min, followed by staining 

with a 1% Alizarin Red S (ARS) solution (pH 4.2; Sigma-Aldrich, 
St. Louis, MO, USA) for 10 min. After removing the excess stain by 
washing with deionized water, the presence of mineralized 
deposits was visually inspected and documented through pho-
tography. For quantification, the stain was eluted by adding 
10% cetylpyridinium chloride (Sigma-Aldrich, St. Louis, MO, 
USA) to each well, and the optical density of the resulting solu-
tion was determined at a wavelength of 562 nm.

qRT-PCR

The extraction of total cellular RNA was accomplished using the 
TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Inc.). For miRNA 
analysis, reverse transcription was carried out with the Mir-X miRNA 
First-Strand Synthesis Kit (Takara, Dalian, China). Following this, 
qRT-PCR was executed on a CFX96 Real-Time PCR Detection System 
(Bio-Rad, Hercules, CA, USA), with U6 serving as the endogenous 
reference for miRNA quantification. The sequences of the specific 
primers employed in this research are detailed below: miR-1246 
mimic, 5’-AAUGGAUUUUUGGAGCAGG-3’; mimic negative control, 
5’-UUCUCCGAACGUGUCACGUTT-3’; miR-1246 inhibitor, 5’-CCUG 
CUCCAAAAAUCCAUU-3’; inhibitor negative control, 5’-CAGUACU 
UUUGUGUAGUACAA-3’ (GenePharma, Shanghai, China).

For the analysis of mRNA, the synthesis of cDNA from RNA 
was performed utilizing the PrimeScript RT Reagent Kit. 
Following this, qPCR was conducted with the SYBR Premix Ex 
Taq II (Takara, Dalian, China). The protocol for thermal cycling 
involved an initial step at 95°C for 10 s, which was succeeded by 
35 cycles of 95°C for 5 s and 60°C for 30 s. For data normalization, 
GAPDH was employed as the endogenous control. Relative 
gene expression levels were calculated using the 2-ΔΔCt formula. 
All primer sequences can be found in Table 1.

Western Blot

Total proteins were extracted from cells using a RIPA lysis buffer 
(Beyotime, China), and its concentration determined with the 
BCA assay (Beyotime, China). Following this, the protein lysates 
were separated by SDS-PAGE and then transferred onto a PVDF 
membrane (Millipore, USA). To prevent non-specific binding, the 
membrane was treated with 5% non-fat milk for 1 h at ambient 
temperature, followed by an overnight incubation at 4°C with a 
panel of primary antibodies: NRP1 (1:1000, Abcam), DSPP 

Table 1.  Primer sequences used in the qRT-PCR experiments.
Gene Forward primer (5’–3’) Reverse primer (3’–5’)

AXIN2 CAAACTTTCGCCAACCGTGGTTG GGTGCAAAGACATAGCCAGAACC
DSPP GGGATGTTGGCGATGCA CCAGCTACTTGAGGTCCATCTTC
DMP1 AGCAGTGAGTCCAGCCAAGAGG AGTTGTGGGGTCGGGGTTATCTC
NRP1 TGAGCAGAAGAAGCCATTGC CAGCTTCTGCTTGGTGATGG
GSK-3β GGAACTCCAACAAGGGAGCA TTCGGGGTCGGAAGACCTTA
β-catenin TCCGAATGTCTGAGGACAAGC CCAAGATCAGCAGTCTCATTCCA
Cyclin D1 GAAGATCGTCGCCACCTG TCGACATGGAGTCCCAGGA
c-Myc GCTGCTTAGACGCTGGATTT CACCGAGTCGTAGTCGAGGT
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
GAPDH CAACGTGTCAGTGGTGGACCTG GTGTCGCTGTTGAAGTCAGAGGAG



638  S. WU ET AL.

(1:1000, Abcam), DMP1 (1:1000, Abcam), AXIN2 (1:1000, Cell 
Signaling Technology, USA), GSK-3β (1:1000, CST), p-GSK-3β 
(1:1000, CST), β-catenin (1:1000, CST), Cyclin D1 (1:1000, CST), 
c-Myc (1:1000, CST), and GAPDH (1:5000, CST). On the next day, 
the membrane underwent washing with TBST and was probed 
with an HRP-labeled secondary antibody (1:5000, CST) for 1 h at 
ambient temperature. The protein signals were visualized utiliz-
ing an ECL chemiluminescence detection kit (Millipore, USA), 
and the intensity of the bands was analyzed using ImageJ 
software.

Enzyme-linked immunosorbent assay 

Following the collection of cell culture supernatants, the con-
centrations of TNF-α, IL-1β, and IL-6 were measured using 
enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, 
Minneapolis, MN, USA), in strict accordance with the manufac-
turer’s instructions. The absorbance values were subsequently 
determined at 450 nm; the final concentrations were calculated 
based on a standard curve.

Immunofluorescence staining

Cells were initially placed onto confocal dishes. Following treat-
ment, they underwent fixation with 4% PA for a duration of 20 
min. Subsequently, permeabilization was carried out using 0.5% 
Triton X-100 for a duration of 10 min. After a 1-h blocking step, 
the cells were blocked with 5% BSA and then kept overnight at 
4°C with the designated primary antibodies (AXIN2, 1:200, CST; 
GSK-3β, 1:200, CST; p-GSK-3β,1:200, CST; β-catenin, 1:200, CST; 
Cyclin D1,1:200, CST, c-Myc,1:200, CST). On the following day, 
the cells were then incubated in the dark at room temperature 
for 1 h with fluorescent secondary antibodies (Alexa Fluor 488 or 
594, 1:500, Invitrogen). DAPI (Beyotime, China) was employed 
for nuclear counterstaining. A laser confocal microscope (Leica, 
Wetzlar, Germany) was utilized to capture the images.

Dual-luciferase reporter assay

DNA fragments that encompassed either the wild-type (WT) or 
a mutant (MUT) version of the 3’-UTR of AXIN2 were inserted 
into the pmirGLO Dual-Luciferase Reporter Vector (Promega, 
Madison, WI, USA). The generated reporter vectors were then 
jointly introduced into HEK293T cells along with either the miR-
1246 mimic or a mimic-NC. Forty-eight hours later, firefly and 
Renilla luciferase activities were measured by a dual-luciferase 
reporter detection system (Promega, Madison, WI, USA). For 
normalization purposes, Renilla luciferase activity functioned as 
the endogenous control.

Statistical analysis

All data processing was conducted with GraphPad Prism 8.0, 
and the results are displayed as the mean ± standard deviation 
(SD). All experiments were performed in three independent 

biological replicates. Student’s t-test was applied for compari-
sons between two groups. For evaluating differences among 
multiple groups, one-way analysis of variance (ANOVA) was uti-
lized, followed by Tukey’s post hoc test for multiple compari-
sons. P-value < 0.05 was deemed to be statistically significant.

Results

miR-1246 attenuates inflammatory response and pro-
motes proliferation in an LPS-induced hDPSCs model

To investigate the role of miR-1246 in pulpitis, an in vitro inflam-
matory model was established by treating hDPSCs with 1 µg/mL 
LPS. We then modulated miR-1246 levels via transfection. qRT-
PCR confirmed that miR-1246 expression markedly elevated in 
the miR-1246-OE group relative to the miR-1246-OE-NC group 
(P < 0.001) and notably reduced in the miR-1246-KD group ver-
sus the miR-1246-KD-NC group (P < 0.05) (Figure 1A). 
Furthermore, the Model group (LPS-treated, without transfec-
tion) showed significantly decreased miR-1246 expression com-
pared to the Control group (P < 0.05) (Figure 1B). A CCK-8 assay 
revealed that LPS treatment (Model group) resulted in a signifi-
cant reduction in hDPSC viability when relative to the non-
treated control (P < 0.001). In the inflammatory model, miR-1246 
overexpression partially reversed this inhibitory effect, signifi-
cantly restoring cell viability (P < 0.01), whereas miR-1246 knock-
down further exacerbated the decline in viability (P < 0.01) 
(Figure 1C).

The ELISA analysis revealed that LPS treatment markedly 
enhanced the secretion of pro-inflammatory mediators IL-1β, IL-
6, and TNF-α, which validated the creation of the inflammatory 
model. Nevertheless, in cells exposed to LPS, an elevation in 
miR-1246 expression produced a notable reduction in the 
amounts of these mediators (P < 0.05, P < 0.05, P < 0.001, 
correspondingly). In contrast, reducing miR-1246 levels led to an 
additional rise in their release (P < 0.01, P < 0.05, P < 0.01, 
respectively) (Figure 1D). These data indicate that miR-1246 
protects the proliferative capacity of hDPSCs and partially 
suppresses the inflammatory response in an LPS-induced 
inflammatory environment.

miR-1246 regulates migration and apoptosis of LPS-treat-
ed hDPSCs

To further investigate the biological functions of miR-1246, we 
conducted Transwell migration and flow cytometry apoptosis 
assays. The Transwell assay showed that LPS treatment (Model 
group) markedly suppressed the migratory capacity of hDPSCs 
(P < 0.001). Under LPS stimulation, miR-1246 overexpression sig-
nificantly restored cell migration (P < 0.001), while its knock-
down further impaired it (P < 0.01) (Figure 2A, B).

Flow cytometry analysis revealed that LPS treatment 
significantly induced hDPSC apoptosis (P < 0.001). In the 
inflammatory model, miR-1246 overexpression effectively 
reduced the apoptosis rate (P < 0.001). Conversely, miR-1246 
knockdown resulted in a further significant increase in apoptosis 
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(P < 0.001) relative to the respective negative control (Figure 2C, 
D). These findings indicate that miR-1246 enhances the 
migratory capacity and inhibits the apoptosis of hDPSCs in an 
inflammatory setting.

miR-1246 promotes odontogenic differentiation of hDP-
SCs in an inflammatory microenvironment

To investigate miR-1246’s function in modulating odontogenic 
differentiation of hDPSCs during inflammatory conditions, we 
evaluated their differentiation and mineralization capacity in 
our LPS-induced model. ARS staining and subsequent quantifi-
cation revealed that LPS treatment significantly inhibited 

mineralized nodule formation relative to the control group  (P < 
0.001). Notably, miR-1246 overexpression (miR-1246-OE) effec-
tively attenuated this inhibition, with a significant recovery in 
mineralization levels relative to the negative control group (miR-
1246-OE-NC) (P < 0.001). Conversely, miR-1246 knockdown 
(miR-1246-KD) further exacerbated the decline in mineralization 
(P < 0.01) (Figure 3A, B).

Consistent with these findings, the activity of ALP, an early 
marker of odontogenic differentiation, was significantly reduced 
following LPS treatment (P < 0.05). Overexpression of miR-1246 
substantially increased ALP activity (P < 0.001), whereas its 
knockdown led to further inhibition (P < 0.01) (Figure 3C). These 
data indicate that miR-1246 effectively promotes odontogenic 

Figure 1.  Effects of miR-1246 on LPS-induced proliferation and inflammatory response in hDPSCs. (A) The relative expression levels of miR-1246 in different 
groups of cells were detected by qRT-PCR. (C) The relative viability of cells in different groups was measured using the CCK-8 assay. (D) The concentrations of 
inflammatory cytokines IL-1β, IL-6, and TNF-α in the cell culture supernatants of different groups were determined by ELISA. Data are presented as the mean 
± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. ns indicates no significant difference.
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differentiation and matrix mineralization in hDPSCs, thereby 
partially counteracting the inhibitory effects of the inflammatory 
microenvironment.

To further validate the pro-differentiative role of miR-1246, 
we assessed the expression of key odontogenic markers, 
including DSPP, DMP1, and NRP1. Both Western blot and qRT-
PCR analyses demonstrated that the expression of these three 
proteins was markedly suppressed at both protein and mRNA 
levels in the LPS-induced inflammatory model. However, their 
expression was significantly upregulated following miR-1246 
overexpression. Conversely, miR-1246 knockdown resulted in 
further downregulation of these markers (Figure 4A–C). 

Collectively, these results confirm the crucial role of miR-1246 
for facilitating odontogenic differentiation of hDPSCs under 
inflammatory environment.

AXIN2 is a direct target of miR-1246 in regulating 
odontogenic differentiation

Previous studies have indicated that AXIN2 is a target of miR-
1246 and that this interaction may induce hDPSCs differentia-
tion. To test this hypothesis, we first conducted a dual-luciferase 
reporter assay. Co-transfection of miR-1246 mimics with a 
reporter construct harboring the wild-type AXIN2 3’-UTR 

Figure 2.  Effects of miR-1246 on LPS-induced migration and apoptosis in hDPSCs. (A) Representative images of the Transwell migration assay (crystal violet 
staining, scale bar = 50 μm). (B) Quantitative statistics of the number of migrated cells in the Transwell assay. (C) Representative flow cytometry scatter plots 
of cell apoptosis detected by Annexin V-FITC/PI double staining. (D) Quantitative analysis of the apoptosis rate in different groups of cells detected by flow 
cytometry. Data are presented as the mean ± SD from three independent experiments. **P < 0.01, ***P < 0.001. ns indicates no significant difference.
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(AXIN2 WT) markedly suppressed luciferase activity relative to 
the control (P < 0.01). This inhibition was not observed with a 
reporter containing a mutated AXIN2 3’-UTR (AXIN2 mut) 
(Figure 5A), confirming that AXIN2 is a direct target of 
miR-1246.

Next, we investigated the levels of proteins involved in the 
Wnt/β-catenin pathway. Western blot and qRT-PCR analyses 
revealed that both protein and mRNA abundance of AXIN2 
were markedly elevated in the LPS-induced inflammatory 
model. Overexpression of miR-1246 effectively suppressed 
AXIN2 expression, while its knockdown had the opposite 
effect (Figures 5B–D and 6A, B). As a negative regulator of the 
Wnt pathway, the downregulation of AXIN2 is expected to 
activate it. Indeed, in cells overexpressing miR-1246, we 
observed a significant increase in the p-GSK-3β (Ser9) and a 
corresponding accumulation of total β-catenin protein. 
Furthermore, the expression of downstream target genes 
Cyclin D1 and c-Myc was also significantly upregulated. 
Conversely, knockdown of miR-1246 resulted in decreased 
p-GSK-3β levels and suppressed abundance for β-catenin, 
Cyclin D1, and c-Myc (Figures 5B–D and 6A, B). These results 
strongly suggest that miR-1246 promotes the Wnt/β-catenin 
signaling cascade through direct binding and repression of 

AXIN2, thereby disrupting its role in the β-catenin degradation 
complex.

To further confirm miR-1246’s impact regarding expression 
and localization of key proteins within the AXIN2 and Wnt/β-
catenin signaling pathway, we conducted immunofluorescence 
staining experiments. As demonstrated via Figure 7A–F, relative 
to the control group, the fluorescence intensity of AXIN2 was 
markedly increased in the LPS-treated model group, while the 
β-catenin fluorescence signal was mainly distributed in the 
cytoplasm with weak nuclear signals. In the LPS-induced 
inflammation model, overexpression of miR-1246 (miR-1246-
OE group) significantly inhibited the expression of AXIN2 and 
resulted in a marked β-catenin nuclear enrichment as 
evidenced by the increased nuclear fluorescence intensity. 
Additionally, the fluorescence intensity of p-GSK-3β, Cyclin D1, 
and c-Myc was correspondingly upregulated. Conversely, 
knockdown of miR-1246 (miR-1246-KD group) led to further 
enhancement of AXIN2 expression and blocked nuclear 
translocation of β-catenin as well as abundance for p-GSK-3β, 
Cyclin D1, and c-Myc. The quantitative fluorescence analysis of 
protein expression in each group (Figure 8A, B) confirmed the 
trends seen in the Western Blot results (Figure 5B–D), further 
confirming that miR-1246 facilitates nuclear enrichment 

Figure 3.  miR-1246 promotes the mineralization and odontogenic differentiation of hDPSCs in an in vitro inflammation model. (A) ARS staining shows the 
formation of mineralized nodules in different groups of hDPSCs after 15 days of odontogenic induction culture. Scale bar = 100 μm. (B) Quantitative analysis 
of ARS staining using 10% cetylpyridinium chloride. (C) Quantitative detection of ALP concentration in different groups of cells after 7 days of odontogenic 
induction culture using an ALP activity assay kit. Data are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 
0.001. ns indicates no significant difference.
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β-catenin and promotes the Wnt/β-catenin signaling pathway 
by targeting and inhibiting AXIN2.

AXIN2 negatively regulates cell viability and inflammatory 
response in the hDPSCs inflammatory model

To elucidate the role of AXIN2 in the inflammatory microen-
vironment of hDPSCs, we modulated its expression using 
plasmid transfection and siRNA transfection in our LPS-
induced model. qRT-PCR confirmed successful transfection, 
showing significantly increased AXIN2 mRNA levels in the 
AXIN2-OE group (P < 0.001) and significantly decreased lev-
els in the AXIN2-KD group (P < 0.05) relative to their respec-
tive controls (Figure 9A). CCK-8 assays revealed that AXIN2 
overexpression exacerbated the LPS-induced inhibition of 
cell viability, while AXIN2 knockdown partially restored it 
(Figure 9B). Furthermore, ELISA results showed that the LPS-
induced increase in IL-1β, IL-6, and TNF-α secretion (P < 
0.001) was enhanced by AXIN2 overexpression and signifi-
cantly attenuated by its knockdown (Figure 9C). These find-
ings indicate that AXIN2 negatively regulates cell viability 

and inflammatory responses in the LPS-induced inflamma-
tory microenvironment of hDPSCs.

AXIN2 knockdown promotes migration and inhibits apop-
tosis of hDPSCs in an inflammatory microenvironment

We next assessed the impact of AXIN2 on hDPSC migration and 
apoptosis under LPS stimulation. Transwell assays confirmed 
that LPS treatment impaired hDPSC migration. Consistent with 
our previous observations, AXIN2 overexpression further inhib-
ited cell migration, whereas its knockdown significantly restored 
migratory potential (Figure 10A, B).

An analysis via flow cytometry using Annexin V-FITC/PI 
staining revealed a notable rise in apoptosis within the model 
group exposed to LPS treatment relative to the control group (P 
< 0.001). This pro-apoptotic effect was amplified in the AXIN2-
OE group. In contrast, silencing AXIN2 significantly reduced the 
apoptosis rate of LPS-treated hDPSCs (Figure 10C, D). These 
results indicate that, in an inflammatory context, AXIN2 
negatively impacts the regenerative functions of hDPSCs by 
inhibiting migration and promoting apoptosis.

Figure 4.  miR-1246 regulates the expression of odontogenic differentiation-related proteins in hDPSCs. (A) Western blot analysis of the expression levels 
of DMP1, DSPP, and NRP1 proteins in different groups of cells, with GAPDH used as the internal control. (B) Quantitative analysis of the Western blot bands 
by densitometry. (C) qRT-PCR analysis of the relative mRNA expression levels of DMP1, DSPP, and NRP1 in different groups of cells. Data are presented as the 
mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. ns indicates no significant difference.
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AXIN2 attenuates odontogenic differentiation of hDPSCs 
under inflammatory conditions

To determine AXIN2’s function in hDPSC odontogenic differenti-
ation capacity, we induced differentiation in the presence of 
LPS. ARS staining after 15 days showed that LPS treatment sig-
nificantly reduced mineralized nodule formation. AXIN2 knock-
down markedly reversed this inhibition, leading to a significant 
increase in mineral deposition, whereas AXIN2 overexpression 
further suppressed mineralization (Figure 11A, B). Similarly, ALP 
activity, an early marker of differentiation, was reduced in the 
model group after 7 days of induction. AXIN2 knockdown effec-
tively restored ALP activity, while its overexpression caused a 
further decline (Figure 11C). To further validate these results, we 
assessed the expression levels of crucial odontogenic markers. 
Analyses using both Western blot and qRT-PCR indicated that 
the expression of DMP1, DSPP, and NRP1 was diminished in the 
group treated with LPS. AXIN2 knockdown rescued the expres-
sion of these markers at both protein and mRNA levels, whereas 
AXIN2 overexpression had the opposite effect (Figure 12A–C). 
Taken together, this evidence suggests that AXIN2 functions as a 

negative modulator of hDPSC odontogenic differentiation 
within an inflammatory context.

AXIN2 regulates odontogenic differentiation of hDPSCs 
via the Wnt/β-catenin signaling pathway

Given that AXIN2 is a key negative regulator of the Wnt/β-
catenin pathway, we investigated its involvement in the 
observed effects. Western blot analysis confirmed that, con-
sistent with mRNA levels, AXIN2 protein levels were elevated in 
the LPS-induced model group. AXIN2 silencing resulted in a 
marked elevation of p-GSK-3β (Ser9), indicating GSK-3β inacti-
vation, which in turn reduced β-catenin phosphorylation and 
degradation, leading to β-catenin accumulation and upregula-
tion of its downstream targets, including c-Myc as well as 
Cyclin D1 (Figure 13A–C). Correspondingly, qRT-PCR findings 
indicated that AXIN2 knockdown markedly elevated the mRNA 
levels of β-catenin, c-Myc, and Cyclin D1 in LPS-treated cells, 
whereas AXIN2 overexpression significantly reduced these lev-
els (Figure 14A, B). 

Figure 5.  AXIN2 is a Direct Target of miR-1246 in Regulating Odontogenic Differentiation. (A) Dual-luciferase reporter assay confirming the targeting rela-
tionship between miR-1246 and the 3’-UTR of AXIN2. HEK293T cells were co-transfected with luciferase reporter plasmids containing either wild-type (WT) 
or mutated (mut) AXIN2 3’-UTR, along with miR-1246 mimics or miR-NC mimics. (B) Western blot analysis of the expression levels of Wnt/β-catenin path-
way-related proteins (AXIN2, GSK-3β, p-GSK-3β, β-catenin, Cyclin D1, c-Myc) in different groups of cells, with GAPDH used as the internal control. (C-D) 
Quantitative analysis of the Western blot bands for AXIN2, GSK-3β, p-GSK-3β, β-catenin, Cyclin D1, and c-Myc proteins. Data are presented as the mean ± SD 
from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. ns indicates no significant difference.
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Additionally, immunofluorescence was employed to 
observe alterations in the levels of pathway-related proteins 
following AXIN2 overexpression or knockdown. Figure 15A–F 
illustrates that within the LPS-stimulated model, elevated 
AXIN2 expression (AXIN2-OE group) resulted in significantly 
lower fluorescence intensities of p-GSK-3β, β-catenin, Cyclin 
D1, and c-Myc compared to the negative control group 
(AXIN2-OE-NC group), with β-catenin primarily localized in 
the cytoplasm. Conversely, knockdown of AXIN2 (AXIN2-KD 
group) significantly upregulated the expression of p-GSK-3β, 
β-catenin, Cyclin D1, and c-Myc, and clearly demonstrated 
the translocation of β-catenin from the cytoplasm to the 
nucleus. The quantitative fluorescence analysis results of 

protein expression in each group (Figure 16A, B) were highly 
consistent with the Western Blot results (Figure 13A–C). These 
findings visually demonstrate the role of AXIN2 as an 
inhibitory modulator within the Wnt/β-catenin signaling 
cascade under inflammatory conditions, with its 
downregulation being a critical step for promoting this 
pathway and facilitating β-catenin nuclear translocation. The 
data strongly indicate that AXIN2 exerts its suppressive 
influence on hDPSC odontogenic differentiation under 
inflammatory conditions through inhibition of the Wnt/β-
catenin signaling cascade. Knockdown of AXIN2 alleviates 
this suppression, thereby promoting the pathway and 
promoting differentiation.

Figure 6.  miR-1246 directly targets AXIN2 and regulates the transcription of Wnt pathway-related genes. (A) qRT-PCR analysis of the relative mRNA expres-
sion levels of AXIN2, GSK-3β, and β-catenin in different groups of cells. (B) qRT-PCR analysis of the relative mRNA expression levels of Wnt pathway down-
stream target genes Cyclin D1, and c-Myc. Data are presented as the mean ±SD from three independent experiments. *P < 0.05, ***P < 0.001. ns indicates 
no significant difference.
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Discussion

Pulp regeneration is a current research hotspot in endodon-
tics. The key to this process is the mobilization of endoge-
nous or exogenous DPSCs to differentiate into odontoblasts 
within an inflammatory microenvironment, form reparative 
dentin, and reconstruct the pulp-dentin complex [21, 22]. 
However, the influence of the inflammatory microenviron-
ment on DPSC proliferation, migration, and differentiation is 
complex, with the potential for both inhibition and promo-
tion of their regenerative capacity, and the precise mecha-
nisms are not fully understood [23, 24]. This research sought 
to examine AXIN2’s function regarding miR-1246 within an 
LPS-induced inflammatory model and its molecular mecha-
nism, to provide new targets and a theoretical basis for pulp 
regeneration therapy.

This study first confirmed that in an LPS-induced hDPSC 
inflammatory model, upregulation of miR-1246 markedly 
enhances cellular proliferation and migratory capabilities, 
inhibits apoptosis, and reduces pro-inflammatory mediator 
levels (IL-1β, IL-6, TNF-α). This indicates that miR-1246 plays 
an important protective and anti-inflammatory role in the 
pulp’s inflammatory microenvironment. This is consistent 
with previous studies showing that miR-1246 has anti-
inflammatory and tissue-protective functions in various 

disease models. For instance, one study showed that 
exosomes from mesenchymal stem cells can modulate their 
Th17/Treg cell balance by transferring miR-1246, thereby 
ameliorating periodontitis [25]. Our results further reveal a 
direct protective effect of miR-1246 in local pulp tissue 
inflammation. It improves hDPSC survival and regenerative 
ability by suppressing the inflammatory reaction. 
Consequently, this establishes a conducive setting for 
subsequent odontogenic differentiation.

More importantly, this study found that miR-1246 can 
effectively counteract the suppressive impact of LPS on the 
odontogenic development of hDPSCs. Under LPS-induced 
inflammatory conditions, miR-1246 overexpression markedly 
elevated the levels of crucial markers for odontogenic 
differentiation (DMP1, DSPP, NRP1) and promoted mineralized 
nodule formation. This suggests that miR-1246 is a key 
regulator for promoting odontogenic differentiation of 
hDPSCs. Inflammation’s impact on odontogenic differentiation 
is still debated. Some studies propose that severe inflammation 
inhibits differentiation; for example, Sonmez Kaplan et al. 
revealed that elevated of TNF-α, IL-1β, and IL-6 suppress the 
capacity for multidirectional differentiation in DPSCs [10]. 
Other studies propose that moderate inflammatory stimuli 
may actually promote reparative dentin formation. For 

Figure 7.  Immunofluorescence staining for AXIN2 and Wnt/β-catenin pathway-related proteins in hDPSCs with modulated miR-1246 expression under 
inflammatory conditions. Representative immunofluorescence images showing the expression and localization of AXIN2, GSK-3β, p-GSK-3β, β-catenin, 
Cyclin D1, and c-Myc in the Control, Model, miR-1246-OE, miR-1246-OE-NC, miR-1246-KD, and miR-1246-KD-NC groups. Nuclei were counterstained with 
DAPI (blue). Scale bar = 20 μm.
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Figure 9.  Effects of AXIN2 on cell viability and inflammatory response in LPS-induced hDPSCs. (A) The relative expression levels of AXIN2 in different groups 
of cells were detected by qRT-PCR. (B) Cell viability assessed by CCK-8 assay in different groups. (C) Concentrations of inflammatory cytokines IL-1β, IL-6, 
and TNF-α in the cell culture supernatant measured by ELISA. Data are presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01,  
***P < 0.001, ****P < 0.001. ns indicates no significant difference.

Figure 8.  Quantitative analysis of immunofluorescence intensity for Wnt/β-catenin pathway-related proteins following miR-1246 modulation.  
(A-B) Quantification of the integrated optical density (IOD) of AXIN2, GSK3β, p-GSK3β, β-catenin, CyclinD1, and cMyc protein expression. Data are presented 
as mean ± SD (n = 3). *P < 0.05, *P < 0.05, **P < 0.01, ***P < 0.001. ns indicates no significant difference.
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example, Kim et al. found that LPS-induced inflammation can 
enhance DPSC odontogenic differentiation via the C5aR/p38 
pathway [26], while Yu et al. also showed that the inflammatory 
milieu associated with moderate pulpitis boosts the 
differentiation potential of DPSCs [27]. Our findings support 
the latter view and suggest that miR-1246 may be a key 
molecule mediating this ‘pro-reparative’ inflammatory 
response. In early inflammation, the upregulation of miR-1246 
may act as an endogenous protective mechanism, initiating 
cellular repair and differentiation programs while suppressing 

excessive inflammation. It should be noted, however, that the 
present study was conducted exclusively in an in vitro LPS-
induced model, which cannot fully recapitulate the complex 
multicellular inflammatory microenvironment of pulpitis in 
vivo. Whether miR-1246 exerts similar pro-differentiative 
effects under the dynamic interactions of immune cells, the 
vascular system, and neural networks in vivo warrants further 
investigation.

To explore this molecular mechanism, our research verified 
through a dual-luciferase reporter analysis, which confirmed 

Figure 10.  Effects of AXIN2 on cell migration and apoptosis in LPS-induced hDPSCs. (A-B) Representative images and quantitative analysis of hDPSC migra-
tion assessed by Transwell assay (crystal violet staining, scale bar = 50 μm). (C-D) Representative flow cytometry plots and quantitative analysis of apoptosis 
using Annexin V-FITC/PI staining. Data are presented as mean ± SD from three independent experiments. **P < 0.01, ***P < 0.001. ns indicates no significant 
difference.
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Figure 11.  The effect of AXIN2 on the mineralization 
capacity of LPS-induced hDPSCs. (A-B) Representative 
images and corresponding quantitative analysis of ARS 
staining for mineralized nodule formation after 15 days 
of odontogenic induction. Scale bar = 100 μm. (C) Quan-
titative analysis of ALP activity after 7 days of induction. 
Data are presented as the mean ± standard deviation from 
three independent experiments. *P < 0.05, **P < 0.01, 
***P < 0.001. ns indicates no significant difference.

Figure 12.  Effects of AXIN2 on the expression of odontoblastic differentiation markers in LPS-induced hDPSCs. (A) Western Blot analysis of DMP1, DSPP, and 
NRP1 protein expression. GAPDH was used as a loading control. (B) Densitometric quantification of the protein bands from (A). (C) qRT-PCR analysis of DMP1, 
DSPP, and NRP1 mRNA expression. Data are presented as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. ns indicates 
no significant difference.
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AXIN2 as a direct molecular target for miR-1246. AXIN2 
functions as a negative regulator within the Wnt/β-catenin 
signaling cascade, inhibiting it actively through promoting 
the phosphorylation and degradation of β-catenin [28]. Our 
study found that in LPS-induced hDPSCs, miR-1246 
overexpression significantly downregulates AXIN2 
expression, which in turn leads to phosphorylation and 
activation for β-catenin and activation of its downstream 
target genes (Cyclin D1, c-Myc), ultimately activating the 
Wnt/β-catenin signaling pathway. Conversely, miR-1246 
knockdown produced the opposite effect. This finding is 
similar to that of Xie et al., who found that within ischemia-
reperfusion injury model, exosome-derived miR-1246 also 
activates Wnt/β-catenin signaling through targeting GSK3β 
(another key member of β-catenin’s degradation complex) 
[29]. This suggests that the miR-1246-Wnt/β-catenin axis may 
be a conserved regulatory pathway in the repair of various 
tissue injuries.

The Wnt/β-catenin signaling cascade plays a crucial role 
within tooth development and pulp regeneration [30, 31]. 
Activation of this pathway is widely confirmed for promoting 
odontogenic differentiation within DPSCs [32]. This study 
further confirmed the importance of the miR-1246/AXIN2/Wnt 

axis through functional rescue experiments. We found that in 
the LPS-induced inflammatory model, knocking down AXIN2 
expression alone could mimic the effects of miR-1246 
overexpression, namely, promoting hDPSC proliferation, 
migration, and odontogenic differentiation, while inhibiting 
the inflammatory response and apoptosis. This strongly 
demonstrates that AXIN2 is the primary downstream effector 
molecule through which miR-1246 exerts its biological 
functions. Notably, some studies have shown that during tooth 
injury repair, the AXIN2-expressing cell population itself serves 
as a progenitor for reparative odontoblasts, which differentiate 
via autocrine Wnt signaling [33]. Our study reveals an upstream 
regulator of this cell population’s activity – miR-1246 – 
providing a new avenue for more precise targeted regulation 
of pulp regeneration. 

In summary, this study systematically elucidates the key 
role and molecular mechanism of miR-1246 in an LPS-induced 
hDPSC inflammatory model. We have demonstrated the 
important role of the ‘miR-1246-AXIN2-Wnt/β-catenin’ 
signaling axis in regulating the response of dental pulp stem 
cells to inflammatory stimuli and initiating the process of 
odontogenic differentiation in vitro. These results not only 
enhance our comprehension regarding mechanisms of pulpitis 

Figure 13.  AXIN2 modulates the Wnt/β-catenin signaling pathway at the protein level. (A) Western Blot analysis for the expression of AXIN2, GSK-3β, 
p-GSK-3β, β-catenin, c-Myc, and Cyclin D1. GAPDH served as the loading control. (B, C) Densitometric quantification of the protein bands. Data are presented 
as mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. ns indicates no significant difference.
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and repair but also provide a significant experimental basis for 
developing new pulp regeneration strategies based on miR-
1246. From a translational perspective, local delivery of miR-
1246 or its agonists could be incorporated into vital pulp 
therapy protocols or direct pulp capping materials to enhance 
the regenerative capacity of inflamed dental pulp, potentially 
improving clinical outcomes of pulp preservation strategies 
[34, 35].

However, our research has specific constraints. First, all 
experiments were conducted in vitro using an LPS-induced 
model. While LPS treatment is a well-established approach 
for simulating bacterial infection-induced inflammation, it 
cannot fully recapitulate the complex, multicellular 

microenvironment of pulpitis in vivo, which involves 
dynamic interactions among immune cells, the vascular 
system, and neural networks. Future in vivo studies using 
animal models of pulpitis are therefore warranted to 
validate the translational relevance of these findings. 
Second, while we have clearly elucidated the miR-1246/
AXIN2/Wnt pathway, we have not excluded the possibility 
that miR-1246 may act synergistically by targeting other 
genes or pathways. Future research should focus on 
validating the therapeutic efficacy of miR-1246 in an in vivo 
animal model of pulpitis. Additionally, exploring the 
upstream mechanisms that regulate miR-1246 expression 
during inflammation is another valuable research direction.

Figure 14.  AXIN2 modulates the Wnt/β-catenin signaling pathway at the mRNA level. (A) qRT-PCR analysis of the mRNA expression of AXIN2, GSK-3β, and 
β-catenin. (B) qRT-PCR analysis of the mRNA expression of downstream targets Cyclin D1, and c-Myc. Data are presented as mean ± SD from three indepen-
dent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. ns indicates no significant difference.
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Conclusion

Our research demonstrates the molecular mechanism by 
which miR-1246 promotes the odontogenic differentiation of 
hDPSCs and partially counteracts the detrimental effects of 
inflammation in an LPS-induced inflammatory model in vitro. 
It achieves this by targeting and inhibiting AXIN2, which in 
turn activates the Wnt/β-catenin signaling pathway. Our 
results suggest that miR-1246 is a key regulatory factor for ini-
tiating endogenous repair and regeneration programs in pulp 
tissue within an inflammatory microenvironment. While these 
in vitro findings provide a new perspective for understanding 
the regulatory network of pulp inflammation and repair, fur-
ther in vivo studies are required to confirm the therapeutic 
potential of targeting the miR-1246/AXIN2/Wnt signaling axis 
for future pulp vitality preservation and regeneration 
therapies.
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