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ABSTRACT: Background: Human dental pulp stem cells (hDPSCs) are promising for dental tissue regeneration.
Dioscin (Dio), a natural compound, has various biological activities, but its effects on hDPSCs are unclear. This
study aims to systematically elucidate the effects of Dio on promoting the osteogenic differentiation of hDPSCs
and the underlying molecular mechanisms. Methods: Characterized hDPSCs were treated with Dio. Cell viability,
proliferation, osteogenic differentiation (alkaline phosphatase (ALP) activity, Alizarin Red S (ARS)), and migration
(Transwell) were assessed. Mitophagy (fluorescence, Western blot for PTEN-induced kinase 1 (PINK1), parkin RBR
E3 ubiquitin-protein ligase (PRKN), microtubule-associated protein 1 light chain 3-II/I (LC3II/I), sequestosome 1
(p62)) and cell cycle (flow cytometry, cyclin D1 (Cyclin-D1), cellular myelocytomatosis oncogene (c-Myc)) were
evaluated. The phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 and runt-related transcription factor 2 (Runx2)
overexpression were used to investigate the PI3K/protein kinase B (AKT)/Runx2 pathway. Results: hDPSCs displayed
mesenchymal stem cell characteristics. Dio treatment enhanced hDPSC viability, significantly increased ALP activity
and ARS staining intensity, and promoted cell migration. It also increased mitophagy (increased colocalization of
mitochondria and lysosomes, upregulated protein expression of PINK1 and PRKN, an increased LC3II/I ratio) and
promoted cell cycle progression (increased S-phase cells, Cyclin-D1, c-Myc). Dio activated the PI3K/AKT pathway,
upregulating Runx2. LY294002 reversed Dio’s effects, while Runx2 overexpression enhanced them. Conclusion: Dio
is associated with enhanced hDPSC proliferation, osteogenesis, migration, mitophagy, and cell cycle progression,
partly through activation of the PI3K/AKT pathway and upregulation of Runx2. These findings support the potential
application of Dio in dental pulp regeneration and bone tissue engineering.
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1 Introduction

Dental pulp stem cells (DPSCs) are a type of mesenchymal stem cell residing in dental pulp tissue,
possessing self-renewal capacity andmultipotent differentiation potential [1]. They are considered ideal seed
cells for pulp tissue repair, dentin regeneration, and stem cell-based tissue engineering therapies [2]. One of
the core biological functions of DPSCs is their ability to differentiate into odontoblast-like cells and secrete
extracellular matrix (ECM), ultimately forming mineralized dentin structures [3]. The Phosphatidylinositol
3-kinase/Protein Kinase B (PI3K/AKT) signaling pathway has been extensively studied due to its pivotal role
in regulating cell survival, proliferation, metabolism, and differentiation, making it a key focus in research
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on DPSC differentiation among numerous related pathways [4–6]. The activation of the PI3K/AKT pathway
has been demonstrated to significantly enhance the differentiation potential of mesenchymal stem cells
(MSCs) toward osteoblastic and odontoblastic lineages [7,8]. A key downstream effector of this pathway is
runt-related transcription factor 2 (Runx2) [9]. Runx2, which serves as an indispensable molecular switch,
governs the differentiation and mineralization of DPSCs; its knockout impairs odontoblast differentiation
in early dentinogenesis [10]. However, how the PI3K/AKT pathway regulates the activity and expression of
Runx2 during DPSC differentiation and mineralization, and the interplay between this signaling axis and
other key cellular events, remains an area requiring further investigation.

The determinants of cellular differentiation extend beyond the PI3K/AKT pathway to include the cell’s
energy metabolism and proliferation cycle. Research indicates that moderate mitophagy is not merely a
clearance mechanism but also participates in regulating cell differentiation by modulating reactive oxygen
species (ROS) levels, thereby indirectly influencing the expression of differentiation-related genes [11,12].
Concurrently, the fate decisions of stem cells are closely associated with the progression of their cell
cycle. Stem cells typically need to exit the cell cycle (entering G0/G1 arrest) to initiate differentiation
programs [13]. Evidence suggests that changes in the expression of cell cycle proteins, such as cyclins and
cyclin-dependent kinases, can affect stem cell proliferation and differentiation [14,15]. How changes in the
PI3K/AKT pathway, a major pro-proliferative signal, coordinate mitophagy, the cell cycle, and the initiation
of differentiation programs, particularly in DPSCs, still warrant further investigation.

In recent years, active compounds extracted from natural plants have received widespread attention
due to their excellent biocompatibility and fewer side effects. Dioscin (Dio), a steroidal saponin isolated
from plants of the Dioscorea genus, possesses antioxidant, anti-inflammatory, and lipid-lowering effects [16].
In the context of periodontitis, Dio has been found to elevate the levels of key osteogenic markers in
human periodontal ligament stem cells (hPDLSCs) and potentiate their ability to undergo osteogenic
differentiation [17]. In bone-related studies, it has been reported that Dio can promote the osteogenic
differentiation of rat bone marrow mesenchymal stem cells (BMSCs) by activating the AMPK signaling
pathway [18]. Nevertheless, the potential influence of Dio on the differentiation and mineralization of
hDPSCs, along with its underlying molecular mechanisms, is yet to be elucidated and demands thorough
investigation. The present study was designed to systematically investigate the novel function of Dio in
stimulating the odonto/osteogenic differentiation of hDPSCs. Our findings are expected to provide fresh
theoretical perspectives on the regulatory network governing DPSC differentiation and to establish an
experimental basis for future therapeutic strategies utilizing Dio to regenerate the dentin-pulp complex.

2 Materials and Methods

2.1 Cell Culture and Treatment

hDPSCs (PT-5025) were purchased from LONZA (Walkersville, MD, USA). The cells were cultured in
DMEM medium (Gibco, 11965092, Grand Island, NY, USA) supplemented with 10% FBS (Gibco, A5670701),
50 U/mL penicillin, and 50 µg/mL streptomycin (ABclonal, BR00080, Wuhan, China). Cells were cultured in
an incubator at 37◦C with 5% CO2, and the culture medium was replaced every 3 days. When cell confluence
reached 80–90%, they were passaged, and cells at passages 3–8 were used for subsequent experiments.
All cells were authenticated by the supplier using short tandem repeat (STR) profiling and were routinely
tested for mycoplasma contamination during the experimental period using a PCR-based mycoplasma
detection kit (Beyotime, C0301, Shanghai, China); all results were negative.

Upon plating at 3 × 104 cells/well in 6-well plates, hDPSCs were cultured in osteogenic or chondrogenic
induction media for a 21-day course. Differentiation was monitored and characterized via specific cell
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staining methods at predetermined intervals during the induction. The osteogenic induction medium
consisted of DMEM supplemented with 10% FBS, 50 U/mL penicillin, 50 µg/mL streptomycin, 0.1 mM
dexamethasone (Sigma, 265005, St. Louis, MO, USA), 10 mM β-glycerophosphate (MCE, HY-126304,
Monmouth Junction, NJ, USA), and 50 µg/mL ascorbic acid (Sigma, 1043003). The chondrogenic induction
medium was composed of DMEM supplemented with 5% FBS, 0.1 mM dexamethasone, 10 ng/mL TGF-β3
(MCE, HY-P7120), 50 µg/mL ascorbic acid, 1% sodium pyruvate (Aladdin, 113-24-6, Shanghai, China), and
50 mg/mL insulin transferrin selenium (ITS) premix (Corning, CLS354350, Corning, NY, USA).

To investigate the function of Runx2, hDPSCs overexpressing Runx2 (OE-Runx2 group) were constructed
using Lipofectamine 2000 transfection reagent (Invitrogen, 11668019, Carlsbad, CA, USA), with a corresponding
empty vector control group (OE-NC group). For plasmid transfection, 4 µL of Lipofectamine 2000 and 4 µg
of the pcDNA-RUNX2 construct (RiboBio, Guangzhou, China) were added to each well and transfected
into the cell line. The pcDNA-Runx2 plasmid was constructed as follows: total RNA was extracted from
cells and reverse-transcribed into cDNA. The target fragment was amplified by PCR using the primers
(forward: 5′-GCTAGCATGGACTACAAAGACGATGACGACAAGGTGATGCGTATTCCCGTAGATCCGAG-3′;
reverse: 5′-CTCGAGATATGGTCGCCAAACAGATTCATCC-3′). The PCR product was then digested with
NheI-XhoI and cloned into the pcDNA3.1 vector to generate the pcDNA-Runx2 plasmid.

To investigate the impact of Dio on DPSC differentiation and mineralization, hDPSCs were exposed to
a concentration gradient of Dio (MCE, HY-N0124) ranging (0, 0.5, 1, 2, 4, 8, 16 µM) for a period of 7 days.
Based on cell viability assays, Dio concentrations of 1, 2, and 4 µMwere selected for subsequent experiments.
Investigation into Dio’s regulatory role in the PI3K/AKT/Runx2 cascade, additional groups were established:
Dio+LY294002, Dio+LY294002+OE-NC, and Dio+LY294002+OE-Runx2. In the Dio+LY294002 group, cells
were co-cultured with 10 µM LY294002 (a PI3K inhibitor; MCE, HY-10108) and Dio for 7 days. In the
Dio+LY294002+OE-NC and Dio+LY294002+OE-Runx2 groups, after being transfected with the empty vector
or Runx2 overexpression vector, cells were then exposed to a combined treatment of LY294002 and Dio.
In addition, to further evaluate the effects of Dio on autophagic flux and mitophagy in hDPSCs, Bafilomycin
A1 (Baf A1, a late-stage autophagy inhibitor, HY-100558, MCE) was used to interfere with autophagic flux.
First, the cytotoxicity of Baf A1 to hDPSCs was assessed using the CCK-8 assay. Cells were seeded into
96-well plates and treated with Baf A1 at final concentrations of 0, 5, 10, 20, 40, 80, and 160 nM for 24 h.
Based on the Western blot results, 20 nM was determined as the Baf A1 concentration for subsequent
experiments. Four experimental groups were then established: control group, 2 µM Dio group, 20 nM Baf
A1 group, and 2 µM Dio + 20 nM Baf A1 co-treatment group. Baf A1 was added to the culture medium at a
final concentration of 20 nM during the last 4–6 h of Dio treatment to block the fusion of autophagosomes
with lysosomes.

2.2 Toluidine Blue Staining

After the 8-day induction period, cells (initially seeded at 100 cells/well in 6-well plates) were fixed
with 10% formalin (Aladdin, 50-00-0) for 30 min and stained with 0.1% toluidine blue (Aladdin, 6586-04-5)
for 30 min. The plates were then washed with PBS (pH 7.2, 0.01 M) and ready for microscopic (CKX53,
Olympus, Tokyo, Japan) evaluation.

2.3 Oil Red O Staining

Cells were seeded into 24-well plates at a density of 5 × 104 cells per well and then switched to
adipogenic induction medium (Solarbio, D3514, Beijing, China) for induction for 21 days. Cells were fixed
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with 4% paraformaldehyde (PFA) for 30 min and stained with Oil Red O staining solution (Beyotime, C0157) for
30 min. After washing with PBS, images were captured under a microscope (Eclipse Ti-S, Nikon, Tokyo, Japan).

2.4 Alizarin Red S (ARS) Staining

Upon plating in 24-well plates (5 × 104 cells/well), cells underwent a 21-day osteogenic induction. After
fixation with 95% absolute ethanol (Aladdin, 64-17-5), stained with ARS staining solution (30 min; Beyotime,
C0148). After staining, 10% acetic acid solution was added to dissolve the calcium deposits, and the optical
density (OD) was measured at 490 nm using a microplate reader (Bio-Rad, Benchmark™ Plus, Hercules, CA,
USA). Quantitative analysis was performed using SPSS 26.0 (IBM Corp., Armonk, NY, USA).

2.5 Alcian Blue Staining

Cells (2 × 105) were harvested in a 15 mL tube and incubated in chondrogenic induction medium for
21 days. When cell pellets formed, the tubes were gently agitated to suspend the spheroids in the medium.
Following induction, with medium changes every 2–3 days, the cell pellets were fixed (4% PFA, 30 min),
paraffin-embedded, and sectioned at 5 µm. The resulting sections were stained with Alcian blue (Aladdin,
33864-99-2) for 1 h prior to observation.

2.6 Flow Cytometry

When the cells reached approximately 80% confluence, they were digested with 0.25% trypsin for 3 min,
and the enzymatic reaction was terminated by adding an equal volume of complete medium containing
10% FBS. The cell suspension was then collected and centrifuged. After resuspension, the cell density was
adjusted to 1 × 107 cells/mL and incubated with the following antibodies (1:20 dilution) at 4◦C for 30 min:
CD34 (571801), CD45 (772353), CD44 (749713), CD73 (772799), and CD90 (774385), purchased from BD
Biosciences (San Jose, CA, USA). Samples were analyzed for fluorescence using a flow cytometer (FACSCanto
II, BD Biosciences), and the data were subsequently processed with FlowJo software (version 7.6.1).

For cell cycle analysis, collected cells were fixed in 70% ethanol (−20◦C, 4 h). After ethanol fixation,
cells were resuspended in cold PBS (pH 7.2, 0.01 M) and stained with PI stain solution (Beyotime, C1052)
in the dark (37◦C, 30 min). Samples were then analyzed on a flow cytometer, and the resulting data were
processed with FlowJo software’s cell cycle module for phase quantification (G1, S, G2).

2.7 Cell Viability Assay

To determine cell viability, hDPSCs were plated in 96-well plates at 5 × 103 cells/well and exposed to a
gradient of Dio concentrations (0, 0.5, 1, 2, 4, 8, 16 µM) for 7 days. At designated time points (days 1, 3, 7),
10 µL of CCK-8 reagent (ABclonal, RM02823) was added to each well. The plates were incubated for 3 h,
and the OD value was measured at 450 nm.

2.8 Alkaline Phosphatase (ALP) Activity Assay

To evaluate hDPSC differentiation, ALP activity was determined using a specific kit (Beyotime, P0321).
Cells were plated in 6-well plates and treated according to the protocols in Section 2.1. Cells were washed
with PBS (pH 7.2, 0.01 M) and then placed on ice. Subsequently, 100 µL of lysis buffer (Beyotime, P0013J) was
added, followed by centrifugation at 12,000 rpm for 15 min at 4◦C using an Eppendorf 5417R refrigerated
centrifuge (Eppendorf, Hamburg, Germany). The supernatant was collected for analysis. A standard
curve was generated using standard samples. Following a 10-min reaction initiated by the addition of a
chromogenic substrate, the process was terminated with 100 µL of stop solution. The absorbance was then
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measured at 405 nm using a microplate reader (Benchmark Plus, Bio-Rad, Hercules, CA, USA), and ALP
activity for each sample was determined from the standard curve.

2.9 Transwell Assay

Cell migration was evaluated using Transwell chambers (8 µm pore, Corning). Briefly, 200 µL of
serum-free medium containing hDPSCs was added to the upper chamber, while the lower chamber was
filled with DMEM supplemented with 10% FBS as a chemoattractant. After 24 h, non-migrated cells on the
upper surface were removed by swabbing. The migrated cells on the lower membrane were fixed with 4%
PFA for 15 min, stained with 0.1% crystal violet (Sigma, V5265) for 20 min, and counted in five random
microscopic fields. Results are expressed as fold-change relative to the control group (set to 1).

2.10 Colocalization of Mitochondria and Lysosomes

A dual-fluorescence labeling approach was employed to co-stain mitochondria and lysosomes, enabling
the assessment of Dio’s effect on mitophagy. After performing specific treatments on the cells as described
in Section 2.1, hDPSCs in each group were sequentially incubated with 75 nM LysoTracker Red (Beyotime,
Y060275) and 200 nM MitoTracker Green (Beyotime, C1048) for 30 min each. The cells were then stained
with DAPI (Beyotime, C1006) for 5 min and fluorescence microscopy (Olympus, CKX53, Tokyo, Japan).
The level of colocalization was assessed by the Pearson’s correlation coefficient (PCC) in a semi-quantitative
analysis. In this assay, green fluorescence indicated mitochondria, red fluorescence indicated lysosomes,
and the orange signal resulting from their colocalization suggested the potential occurrence of mitophagy.

2.11 Transmission Electron Microscopy (TEM)

After treatment with Dio, the cells were digested and centrifuged at 1000 rpm for 10 min to collect
the cell pellets. The pellets were first fixed overnight at 4◦C with 2.5% glutaraldehyde fixative (Solarbio,
P1126), and then washed twice with 0.1 M sodium dimethylarsenate buffer (Sigma, 1.06277) for 10 min each.
Subsequently, the samples were fixed with 1% osmium acid at 4◦C for 1.5 h and washed twice with distilled
water for 10 min each. After fixation, the samples were dehydrated in a graded ethanol series (30%, 50%,
70%, and 90%) followed by acetone (90% and 100%), with each step lasting 10–15 min. The dehydrated
samples were then infiltrated with Epon812 resin (Electron Microscopy Sciences, 14120, Hatfield, PA, USA)
diluted with acetone, and incubated sequentially in 33%, 66%, and 100% (w/v) resin for approximately 3 h
at each concentration. After resin infiltration, the samples were polymerized in an oven at 37◦C for 12 h,
45◦C for 12 h, and finally at 60◦C for 48 h to obtain embedding blocks. Ultrathin sections of approximately
70 nm were cut from the cured blocks, stained with lead citrate (Macklin, L885990, Shanghai, China), and
examined and photographed using a transmission electron microscope (H-7650, Hitachi, Tokyo, Japan).

2.12 RT-qPCR

Total RNA was extracted from cells using TRIzol reagent (15596026, Invitrogen) according to the
manufacturer’s instructions. RNA (1 µg) was reverse transcribed into cDNA using a reverse transcription
kit (R323-01, Vazyme, Nanjing, China). The reverse transcription reaction system consisted of 4 µL 4×
gDNA wiper Mix, 1 µg total RNA, and RNase-free water added to a final volume of 16 µL, followed by
incubation at 42◦C for 2 min. Then, 4 µL 5× HiScript III qRT SuperMix was added, and the mixture was
incubated at 37◦C for 15 min and heated at 85◦C for 5 s. qPCR amplification was performed on a real-time
PCR instrument (CFX Opus, Bio-Rad) using SYBR Green PCR Master Mix (CN830, Takara, Kyoto, Japan).
The qPCR reaction mixture (per well) contained 10 µL SYBR Premix Ex Taq (2×), 0.4 µL primer (10 µM),
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0.4 µL ROX Reference Dye (50×), 2 µL cDNA template, and ddH2O. The PCR cycling conditions were as
follows: initial denaturation at 95◦C for 30 s, followed by 40 cycles of denaturation at 95◦C for 5 s and
annealing/extension at 60◦C for 34 s. Each sample was run in triplicate, and a melting curve analysis
was performed to verify primer specificity. GAPDH was used as the internal control, and relative gene
expression was calculated using the 2−ΔΔCt method. The primer sequences were as follows: Runx2, forward
5′-GGAGTGGACGAGGCAAGAGTTT-3′ and reverse 5′-AGCTTCTGTCTGTGCCTTCTGG-3′; GAPDH,
forward 5′-CTCTGCTCCTCCTGTTCGACA-3′ and reverse 5′-ACGACCAAATCCGTTGACTC-3′.

2.13 Western Blot

After protein extraction from treated hDPSCs with RIPA buffer (Solarbio, R0010) and concentration
determination by BCA kit (PC0040, Solarbio), equal protein aliquots were resolved by SDS-PAGE and
electroblotted onto PVDF membranes. The membranes were blocked with blocking buffer (Beyotime, P0023)
for 1 h prior to immunoblotting. They were then incubated overnight at 4◦C with primary antibodies against
ALP (1:500, Abbexa, abx271785, Cambridge, UK), Osteocalcin (OCN, 1:500, GeneTex, GTX55255, Irvine, CA,
USA), Dentin Sialophosphoprotein (DSPP, 1:1000, Proteintech, 55396-1-AP, Wuhan, China), Runx2 (1:200,
Proteintech, 20700-1-AP), Sequestosome 1 (p62, 1:10000, Proteintech, 18420-1-AP), PTEN-induced putative
kinase 1 (PINK1, 1:2000, Proteintech, 23274-1-AP), Parkin RBR E3 ubiquitin-protein ligase (PRKN, 1:2000,
Proteintech, 14060-1-AP), Microtubule-associated protein 1A/1B-light chain 3 (LC3I/II, 1:3000, Proteintech,
14600-1-AP), Cyclin-D1 (1:5000, Proteintech, 60186-1-Ig), c-Myc (1:2000, Proteintech, 10828-1-AP), p-PI3K
(1:1000, CST, #4249, Danvers, MA, USA), PI3K (1:200, Proteintech, 20584-1-AP), AKT (1:5000, Proteintech,
10176-2-AP), p-AKT (1:2000, CST, #4060), and β-actin (1:5000, Proteintech, 20536-1-AP). The following day,
after being washed with TBST, the membranes were incubated with an HRP-labeled secondary antibody
(1:5000, #7074, CST) for 1 h. Protein bands were visualized using an ECL kit (Beyotime, P0018). β-actin was
used as the internal control, and the grayscale values of the protein bands were quantified using ImageJ
software (version 1.53c).

2.14 Statistical Analysis

All experimental data are presented as the mean ± standard deviation (Mean ± SD). Cell experiments
were independently repeated six times, with five replicate wells set up in each independent experiment,
and the average value was used for statistical analysis. Before performing parametric tests, data were tested
for normality (Shapiro–Wilk test) and homogeneity of variance. Statistical analyses were conducted using
GraphPad Prism software. Comparisons between two groups were performed using Student’s t-test, while
comparisons among multiple groups were conducted using one-way analysis of variance (ANOVA) followed
by Bonferroni post hoc test. Effect sizes for between-group differences were expressed as fold changes,
defined as the ratio of the mean value in the treatment group to that in the control group. A p value of less
than 0.05 was considered statistically significant.

3 Results

3.1 Characterization of hDPSCs

The characteristics of hDPSCs were investigated through flow cytometry and cell staining.
Immunophenotyping by flow cytometry identified hDPSCs as positive for the MSC markers (CD44, CD73,
CD90) and negative for the hematopoietic markers (CD34, CD45) (Fig. 1A). Furthermore, toluidine blue
staining indicated that hDPSCs were capable of forming dense cell colonies by day 8 (Fig. 1B), suggesting a
strong proliferative capacity. Following 21 days of adipogenic induction, Oil Red O staining demonstrated
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successful lipid droplet formation, confirming adipogenic differentiation capability (Fig. 1C). Concurrently,
ARS staining confirmed that the osteogenic induction of hDPSCs for 21 days resulted in the formation of
mineralized nodules (Fig. 1D), demonstrating a capacity for osteogenic differentiation. Following 21 days of
chondrogenic induction, Alcian Blue staining demonstrated the secretion of acidic mucopolysaccharides by
chondrocytes (Fig. 1E). Collectively, these findings verify that the hDPSCs possess the typical characteristics
and multi-lineage differentiation potential.

Figure 1: Characterization of hDPSCs. (A) Flow cytometric analysis of surface antigen expression on hDPSCs
(CD34, CD45, CD44, CD73, CD90). (B) Toluidine blue staining for the assessment of colony-forming ability. Scale bar:
100 µm. (C) Oil Red O staining following 21-day adipogenic differentiation induction. Scale bar: 100 µm. (D) ARS
staining following 21-day osteogenic differentiation induction. Scale bar: 100 µm. (E) Alcian blue staining following
21-day chondrogenic differentiation induction. Scale bar: 100 µm. n = 6.

3.2 Dio Promotes the Viability, Osteogenesis, and Migration of DPSCs

A CCK-8 assay was used to evaluate the effect of different concentrations of Dio (chemical structure
shown in Fig. 2A) on the viability of hDPSCs. On days 1, 3, and 7, treatment with 8 µM and 16 µM Dio
inhibited cell viability. At the 3- and 7-day time points, Dio significantly promoted hDPSC viability in a
dose-dependent manner (i.e., 1, 2, and 4 µM) (Fig. 2B). Based on these results, concentrations of 1, 2, and
4 µM Dio were chosen for subsequent experiments.

In cellular osteogenic differentiation, ALP functions as a key early marker during osteogenesis [19].
The ALP activity assay results showed that Dio treatment significantly upregulated the ALP activity of
hDPSCs on day 8 post-osteogenic induction (2 µM Dio: 3.21-fold, p < 0.001) (Fig. 2C). Mineralized nodules,
which are deposits formed from the calcification of the ECM secreted by osteoblasts, serve as direct evidence
of successful in vitro osteogenic differentiation [20]. Moreover, Dio treatment increased the formation
of mineralized nodules on day 21 of osteogenic induction (ARS staining, 2 µM Dio: 5.23-fold, p < 0.001;
Fig. 2D,E), indicating that Dio can enhance the mineralization capacity of hDPSCs. OCN is primarily
synthesized and secreted by mature osteoblasts and is a specific marker for the terminal stage of osteoblast
differentiation [21]; DSPP is a specific and highly expressed marker of odontoblasts [22]; and Runx2 is the
earliest and most crucial osteoblast-specific transcription factor [23]. The protein levels of ALP, OCN, DSPP,
and Runx2 were upregulated by Dio treatment at the early (day 3) and middle (day 7) phases of osteogenic
induction (Fig. 2F–J). Regarding cell migration, Dio treatment significantly enhanced the migratory ability
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of hDPSCs (2 µM Dio: 1.88-fold, p < 0.001; Fig. 2K,L). In summary, Dio, at appropriate concentrations,
effectively promotes the viability, osteogenic differentiation, and migration of hDPSCs.

Figure 2: Dio promotes the viability, osteogenesis, and migration of DPSCs. (A) Chemical structure of
Dio. (B) CCK-8 across a range of Dio concentrations and time points. (C) ALP activity measurement on day 8.
(D,E) Mineralization assessment by ARS staining and quantification on day 21. Scale bar: 100 µm. (F–J) Protein
expression analysis of osteogenic markers via Western blot on days 3 and 7. (K,L) Cell migration evaluation by
Transwell assay. Scale bar: 100 µm. The 0 µMDio group was treated with DMSO and served as the vehicle control. n = 6.

3.3 Dio Promotes Mitophagy and Cell Cycle Progression in DPSCs

After 24 h of Dio treatment, the co-localization of mitochondria (green fluorescence) and lysosomes
(red fluorescence) in hDPSCs was significantly increased (Fig. 3A,B), suggesting that Dio promotes the
occurrence of mitophagy. p62 is often used as a marker for mitophagy [24]. Upon mitochondrial damage,
PINK1 accumulates on the outer membrane, where it serves to activate PRKN. This PINK1-PRKN complex
subsequently orchestrates a selective autophagic response, which is crucial for maintaining a healthy
mitochondrial network and proper cellular function [25,26]. LC3-II, produced by the lipidation of LC3-I
with phosphatidylethanolamine, plays an indispensable role in autophagy by enabling the formation of
autophagosomes [27]. Western Blot results further verified that Dio elevated the protein levels of PINK1
(2 µM Dio: 2.79-fold, p < 0.001), PRKN (2 µM Dio: 1.64-fold, p < 0.001), and the LC3-II/I ratio (2 µM Dio:
1.21-fold, p < 0.001), whilst concurrently reducing p62 expression (2 µMDio: 1.69-fold, p < 0.001) (Fig. 3C–G).
TEM results showed that the number of mitochondria engulfed by lysosomes increased with the dose of
Dio (Fig. 3H). In addition, MitoTracker Green staining revealed that mitochondrial fluorescence intensity
gradually decreased as the concentration of Dio increased; in the Dio-treated groups (especially at 2 µM),
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mitochondrial fluorescence intensity markedly declined within 24 h and remained at a relatively low level
for at least 48 h (Fig. 3I).

Regarding the cell cycle, Dio treatment significantly altered the distribution of hDPSCs, increasing the
proportion of cells in the S phase and decreasing the proportion in the G1 phase (Control: G1: 48%, G2: 3.73%;
4 µM Dio: G1: 34.4%, G2: 8.5%) (Fig. 3J,K). This suggests that Dio may promote the proliferative activity
of hDPSCs, driving more cells from the quiescent phase (G1) into the DNA synthesis phase (S), thereby
accelerating cell cycle progression. c-Myc acts as a pivotal transcription factor that stimulates Cyclin D1
expression, either directly or indirectly, to drive cell cycle progression from G1 to S phase and consequently
promote proliferation [28]. Dio treatment promoted cell cycle progression in hDPSCs, as further evidenced
by Western Blot results showing upregulated expression of the key cell cycle proteins Cyclin-D1 (2 µM
Dio: 1.44-fold, p < 0.001) and c-Myc (2 µM Dio: 3.07-fold, p < 0.001) (Fig. 3L–N). Collectively, these results
demonstrate that Dio promotes mitophagy and cell cycle progression in hDPSCs in vitro.

 

Figure 3: Dio promotesmitophagy and the cell cycle in DPSCs. (A,B) Mitochondrial and lysosomal colocalization
assay. Scale bar: 50 µm. (C–G) Protein expression analysis of p62, PINK1, PRKN, and LC3-II/I. (H) Transmission
electron microscopy (TEM) images showed that the number of mitochondria engulfed by lysosomes gradually
increased with the concentration of Dio. Red arrows indicate mitochondria surrounded by lysosomes. (I) MitoTracker
Green staining was used to analyze changes in total mitochondrial mass. (J,K) Cell cycle profiling by flow cytometry.
(L–N) Protein expression analysis of Cyclin D1 and c-Myc. The 0 µM Dio group was treated with DMSO and served
as the vehicle control. n = 6.

3.4 Dio Activates the PI3K/AKT Pathway to Promote Runx2 Expression

Following 7-day Dio treatment, hDPSCs exhibited increases in p-PI3K (2 µM Dio: 2.05-fold, p < 0.001)
and p-AKT (2 µM Dio: 1.77-fold, p < 0.001), but not total PI3K/AKT (Fig. 4A–C), indicating PI3K/AKT
pathway activation. A significant upregulation of Runx2 was also observed (2 µM Dio: 1.52-fold, p < 0.001;
Fig. 4D). To verify the role of the PI3K/AKT signaling pathway in this process, cells were treated with the
PI3K inhibitor LY294002. Compared to the group treated with Dio alone, the expression levels of p-PI3K,
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p-AKT, and Runx2 were all significantly decreased in the group treated with Dio in combination with 10 µM
LY294002 (p < 0.001, Fig. 4E–H). This demonstrates that LY294002 can effectively inhibit the Dio-induced
activation of the PI3K/AKT pathway and the upregulation of Runx2. These findings collectively confirm
that Dio promotes Runx2 expression through PI3K/AKT pathway activation.

 
Figure 4: Dio activates the PI3K/AKT pathway to promote Runx2 expression. (A–D) Protein level analysis of
the PI3K/AKT pathway and Runx2 after Dio treatment (1, 2, 4 µM; 7 days). (E–H) Protein level analysis following
pharmacological inhibition of PI3K with LY294002. The 0 µM Dio group was treated with DMSO and served as the
vehicle control.

3.5 Dio Promotes the Proliferation, Osteogenesis, and Migration of DPSCs by Activating Runx2 via
the PI3K/AKT Pathway

To elucidate the roles of the PI3K/AKT signaling pathway and Runx2 in Dio-induced promotion of hDPSC
proliferation, osteogenesis, and migration, PI3K inhibitor LY294002 treatment and Runx2 overexpression
experiments were added in this study. Western blot and qPCR analyses confirmed the effectiveness of the
Runx2 overexpression vector (OE-Runx2), which successfully upregulated Runx2 expression in hDPSCs
(Fig. 5A,B). CCK-8 assay results showed that on days 3 and 7, Dio significantly promoted the proliferation of
hDPSCs, whereas the addition of LY294002 partially reversed this pro-proliferative effect (Fig. 5C). Notably, in
the presence of LY294002, OE-Runx2was able to rescue the pro-proliferative effect of Dio, suggesting a key role
for Runx2. Dio treatment promoted osteogenic differentiation by upregulating the protein expression of ALP,
OCN, DSPP, and Runx2. These effects were significantly inhibited by LY294002 but were rescued by Runx2
overexpression (Fig. 5D–H). During the osteogenic induction process, LY294002 attenuated the enhancing
effect of Dio on ALP activity on day 8 (Fig. 5I), and on day 21, it diminished the promoting effect of Dio on
mineralized nodule formation (Fig. 5J,K). Runx2 overexpression was able to partially reverse these inhibitory
effects. Furthermore, Transwell migration assay results indicated that the ability of Dio to promote hDPSC
migration was inhibited by LY294002 and could be restored by Runx2 overexpression (Fig. 5L,M). Together,
these results demonstrate that Dio promotes the proliferation, osteogenic differentiation, and migration of
hDPSCs, in association with activation of Runx2 via the PI3K/AKT signaling pathway.
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Figure 5: Dio promotes DPSC proliferation, osteogenesis, and migration by activating Runx2 via the
PI3K/AKT pathway. (A,B) Verification of Runx2 overexpression efficiency. (C) Assessment of cell proliferation
using the CCK-8 assay at days 1, 3, and 7. (D–H) Western blot analysis of osteogenesis-related proteins (ALP, OCN,
DSPP, RUNX2). (I) ALP activity assay on day 8 of osteogenic induction. (J,K) ARS staining and quantification after
21 days of osteogenic induction. Scale bar: 100 µm. (L,M) Transwell migration assay. Scale bar: 100 µm. n = 6.

3.6 Dio Promotes Mitophagy and Cell Cycle by Activating Runx2 via the PI3K/AKT Pathway

We further focused on the mechanism by which Dio enhances mitophagy and cell cycle progression,
specifically its action of activating Runx2 by PI3K/AKT pathway activation. After 24 h of Dio treatment,
the co-localization of mitochondria and lysosomes in hDPSCs was significantly increased, indicating that
mitophagy was promoted (Fig. 6A,B). When the PI3K inhibitor LY294002 was added, this co-localization was
significantly inhibited, whereas Runx2 overexpression could partially rescue the Dio-induced mitophagy.
Western Blot results further confirmed that Dio upregulated PINK1, LC3-II/I, and PRKN expression, and
downregulated the expression of p62 (Fig. 6C–G). These effects were inhibited by LY294002 but were rescued
by Runx2 overexpression. The ability of Dio to promote cell cycle progression in hDPSCs was inhibited by
LY294002 and could be restored by Runx2 overexpression (Fig. 6H,I). Western Blot results also indicated that
Dio upregulated c-Myc and Cyclin-D1 expression, and these effects were similarly inhibited by LY294002
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and could be rescued by Runx2 overexpression (Fig. 6J–L). In summary, Dio acts through the PI3K/AKT
pathway to activate Runx2, and this activation is associated with enhanced mitophagy and accelerated
cell-cycle progression in hDPSCs.

Figure 6: Dio promotes mitophagy and the cell cycle by activating Runx2 via the PI3K/AKT pathway. (A,B)
Mitochondria-lysosome colocalization assay. Scale bar: 50 µm. (C–G) Mitophagy marker analysis (p62, PINK1, PRKN,
LC3-II/I). (H,I) Cell cycle profiling. (J–L) Cell cycle protein analysis (Cyclin D1, c-Myc). n = 6.

4 Discussion

The hDPSCs in this study were confirmed to be MSCs, as evidenced by their expression of typical MSC
markers (CD44, CD73, CD90) and absence of hematopoietic markers (CD34, CD45). This immunophenotype
is consistent with that of MSCs, and the cells possess in vitro differentiation potential [29,30]. Cell staining
results confirmed that hDPSCs could differentiate into adipocytes, osteoblasts, and chondrocytes under
specific induction conditions. Furthermore, toluidine blue staining verified that hDPSCs have a strong
colony-forming ability; stem cells with high colony-forming capacity typically possess greater expansion
potential. This comprehensive characterization provided a reliable cell model for an in-depth investigation
into the effects of Dio on the biological behavior of hDPSCs. Cui et al., using single-cell RNA sequencing,
revealed changes in the cellular composition of hDPSCs during in vitro culture and identified a subpopulation
with higher proliferative capacity and multi-lineage differentiation potential [31]. This research highlights
the heterogeneity of hDPSCs and the potential phenotypic changes that may occur after in vitro expansion,
but it also indicates that specific subpopulations can maintain their original stem cell characteristics,
offering more precise guidance for the clinical application of hDPSCs. Through in-depth research on hDPSC
subpopulations, cells with greater therapeutic potential can be screened, thereby improving the efficiency
and specificity of regenerative therapies. Li et al. emphasized that hDPSCs and other dental-derived
MSCs possess extensive differentiation capacity, similar to bone marrow MSCs, giving rise to odontogenic,
osteogenic, chondrogenic, adipogenic, and neurogenic lineages [32]. This broad potential makes them
promising candidates for regenerating dental tissues as well as for repairing bone, cartilage, and nerve defects.

The results of this study clearly indicate that Dio, at appropriate concentrations (1, 2, and 4 µM),
promotes dose-dependent hDPSCs viability. In contrast, higher concentrations (8 and 16 µM) of Dio
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inhibited cell viability, suggesting that the biological effects of Dio are concentration-dependent. In future
clinical applications, precise dose control of Dio will be crucial to avoid potential cytotoxicity and maximize
its therapeutic effects. In terms of osteogenic differentiation, Dio treatment upregulated the ALP activity of
hDPSCs; as an important early marker of osteogenesis, ALP activity is closely related to the mineralization
capacity of the ECM. Subsequently, on day 21 of osteogenic induction, Dio treatment significantly increased
the formation of mineralized nodules, which serve as direct evidence of successful in vitro osteogenic
differentiation and reflect the cell’s ability to secrete and calcify the ECM. Together, these results indicate
that Dio enhances osteogenic differentiation and mineralization in hDPSCs, a key capability for bone
and dental pulp regeneration, as mineralization is indispensable for functional bone tissue formation [33].
Furthermore, Dio treatment resulted in a dose-dependent increase in the expression of osteogenic proteins
across early and late stages, such as ALP, OCN, DSPP, and Runx2. The upregulation of DSPP, a specific
marker for odontoblasts, suggests that Dio may also have a promoting effect on dentin regeneration,
which is of great significance for the repair of the pulp-dentin complex. The elevated expression of these
markers suggests that Dio significantly promotes the osteogenic differentiation of hDPSCs by targeting
multiple stages, spanning from early induction to terminal mineralization [34]. Transwell migration assays
demonstrated that Dio significantly enhanced the migration of hDPSCs. Cell migration is a vital part of
stem cell homing, tissue repair, and regeneration, especially after dental pulp injury, where hDPSCs need to
migrate from surrounding tissues to the site of injury for repair [35]. The ability of Dio to promote hDPSC
migration in vitro suggests a potential role in cellular processes related to dental pulp repair, but its effects
on actual tissue regeneration and healing in vivo require further study. This is crucial for in vivo dental pulp
regeneration, as effective cell homing is a prerequisite for successful regeneration. Additionally, Naringenin
has also been found to stimulate the osteo/odontogenic differentiation and migration of hDPSCs [36], which
further supports the potential of natural products in dental pulp regeneration.

This study further investigated the effects of Dio on mitophagy and the cell cycle in hDPSCs. Following
Dio treatment, the colocalization of mitochondria and lysosomes in hDPSCs was markedly increased,
indicating that Dio promotes the occurrence ofmitophagy. Consistently, the expression ofmitophagy-related
proteins PINK1, PRKN, and LC3-II/I was upregulated, while p62 expression was downregulated. PINK1
and PRKN are key initiating factors of mitophagy [26], and an increased LC3-II/I ratio together with p62
degradation reflects autophagosome formation and activation of autophagic flux [37]. To further verify that
Dio-induced autophagy represents genuine activation of autophagic flux rather than impaired degradation,
the late-stage autophagy inhibitor Baf A1 was introduced for combined assessment. The results showed that
when Dio was co-administered with Baf A1, the accumulation levels of LC3-II and p62 were significantly
higher than those in the Baf A1 alone group (Fig. S1). This further accumulation of autophagy-related
proteins under conditions of terminal blockade strongly demonstrates that Dio enhances the initiation
and formation of autophagosomes, rather than inhibiting their degradation, thereby exhibiting a distinct
feature of “enhanced autophagic flux.” This mechanism suggests that Dio can, to some extent, counteract
the detrimental effects of Baf A1 or other pathological factors on hDPSCs by promoting an intact and
functional mitophagic flux. Therefore, Dio facilitates the timely removal and quality control of damaged
mitochondria by activating PINK1/PRKN-mediated mitophagy. Such optimization of the intracellular
environment not only maintains the health status of hDPSCs under stress conditions but also provides
essential metabolic energy support and homeostatic maintenance for subsequent cell proliferation, cell-cycle
progression, and the exertion of osteogenic differentiation potential. With respect to the cell cycle, the
G1 phase is the period of cell growth and preparation for DNA synthesis, whereas the S phase is the
stage of DNA synthesis [38]. An increased proportion of cells in S phase is generally associated with
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enhanced proliferative activity, thereby providing a sufficient number of cells to support differentiation [39].
Flow cytometry results showed that Dio treatment significantly increased the proportion of hDPSCs in the
S phase and decreased the proportion of cells in the G1 phase, suggesting that Dio promoted the transition
of cells from G1 to S phase and accelerated cell cycle progression. This finding is consistent with recent
reports on hDPSC differentiation, which indicate that BACH1, a factor that drives cell cycle progression, is
upregulated during physiological differentiation, whereas its inhibition leads to G0/G1 arrest and impaired
differentiation [40]. These results imply that, at early stages, an appropriate level of cell cycle activity is an
integral part of the normal differentiation program. This pro-proliferative effect was further supported
by the Dio-induced upregulation of Cyclin-D1 and c-Myc—a key regulator of the G1/S transition and its
upstream transcription factor, respectively [41,42]. These results collectively indicate that Dio can promote
mitochondrial autophagy and cell cycle progression of hDPSCs in vitro, thereby providing a more favorable
intracellular environment for their proliferation and differentiation, suggesting that Dio may have potential
application value in cellular processes related to pulp regeneration.

Healthy mitochondrial function is crucial for stem cells to maintain their stemness and differentiation
capacity. Studies have shown that Dio protects the kidneys from 3-Chloro-1, 2-propanediol (3-MCPD)-induced
injury by regulating autophagy and mitochondrial dynamics [43]. In bone metabolic research, mitophagy
has emerged as a key regulator involved in osteogenic differentiation and mineral deposition. Autophagy is
a necessary process for the in vitro mineralization of osteoblasts; it promotes extracellular mineralization by
facilitating the secretion of apatite crystals from autophagic vacuoles in osteoblasts [44]. The reported role of
the importin subunit beta1-Activating transcription factor 4 (KPNB1-ATF4) axis in promoting odontoblastic
differentiation via mitophagy induction [45] lends theoretical support to our findings that Dio-induced
mitophagy is linked to enhanced osteogenesis in hDPSCs, highlighting mitophagy’s importance in bone
formation. In contrast, disruptions in mitochondrial quality control, such as dysfunction and elevated
ROS, can suppress stem cell functionality [46]. Therefore, by promoting mitophagy to clear damaged
mitochondria, Dio helps maintain mitochondrial health in hDPSCs, thereby supporting their differentiation
and mineralization processes, which are crucial for dental pulp regeneration. Mitophagy and the cell
cycle are tightly coupled biological processes. Studies demonstrate that impaired autophagy triggers
cell cycle arrest, while enhanced autophagic activity supports cell cycle progression [47]. The precise
regulation of the cell cycle ensures that cells can undergo sufficient expansion before differentiation,
providing an adequate cell reserve for tissue repair while avoiding the risk of tumorigenesis from excessive
proliferation [48]. The balance between proliferation and differentiation is crucial for successful stem
cell-based tissue regeneration. Dio effectively promotes this equilibrium by increasing the S-phase cell
population to expand the cell pool, while simultaneously enhancing the differentiation and mineralization
capacity of hDPSCs to meet the requirements of osteogenesis.

The PI3K/AKT pathway is a vital intracellular signaling cascade that regulates diverse processes,
including cell proliferation, differentiation, migration, and survival [49]. Our investigation into themolecular
mechanism of Dio revealed that it activates this pathway in hDPSCs by enhancing the phosphorylation of
PI3K and AKT, while concurrently upregulating the expression of the key transcription factor Runx2. The
key evidence comes from the PI3K inhibitor LY294002, which suppressed Dio-induced phosphorylation
of PI3K/AKT and Runx2 expression, thereby inhibiting Dio’s pro-osteogenic and pro-migratory effects.
The partial rescue by Runx2 overexpression confirms its downstream role. This mechanistic insight is
consistent with prior reports: the IIS/PI3K/AKT/mTOR pathway regulates Runx2 and osteogenesis in
hDPSCs [50]; Dio-activated PI3K/AKT promotes bone formation [51,52]; and this pathway is established as
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a mediator of osteo/odontogenic differentiation [53,54]. Thus, our results are well-corroborated, identifying
the PI3K/AKT/Runx2 axis as central to Dio’s action on hDPSCs.

The present study was mainly based on in vitro experiments and still lacks systematic in vivo evidence.
In the future, it will be necessary to further validate the regenerative effects and safety of Dio in relevant
animal models of pulp injury and bone defects, so as to evaluate its true therapeutic potential in pulp
repair and bone regeneration. Meanwhile, in vivo optimization of the dosing concentration, route of
administration, and dosing frequency of Dio is warranted to achieve the best efficacy while ensuring
safety and minimizing potential side effects. At the mechanistic level, this study primarily focused on
the promotion of osteogenic/odontogenic differentiation by Dio via the PI3K/AKT/Runx2 pathway and
preliminarily suggested its involvement in mitophagy and cell cycle regulation. However, it remains unclear
how this pathway precisely regulates the expression of mitophagy- and cell cycle-related genes, and whether
critical intermediate molecules or transcription factors are involved. Moreover, the observed changes in
autophagy- and cell cycle-related proteins in this study are phenomena associated with Runx2 activity
and PI3K/AKT pathway activation, rather than validated direct transcriptional targets. Future studies
should employ ChIP-qPCR/ChIP-seq and promoter luciferase reporter assays to further determine whether
there is direct binding and transcriptional activation between Runx2 and the promoters of these genes.
In addition, gene-editing strategies (such as CRISPR/Cas9-mediated knockout or overexpression of
key genes), together with interventions using specific pathway inhibitors/agonists, combined with
high-throughput approaches including proteomics, transcriptomics, and metabolomics, could be used
to construct a global molecular network of Dio action and functionally verify key nodes, thereby
clarifying causal relationships and signaling cascades. At present, quantitative evidence for mitochondrial
degradation is still mainly based on MitoTracker Green staining, TEM, and mitochondria–lysosome
colocalization. Subsequent work will further strengthen this line of evidence by assessing mtDNA copy
number, mitochondrial protein levels (e.g., TOM20, VDAC1), and mtROS production.

In addition, previous studies have suggested that Dio can regulate cell proliferation and differentiation
by inhibiting theWnt/β-catenin pathway [55]. In the present study, we focused only on the PI3K/AKT/Runx2
axis and did not systematically investigate the involvement of other signaling pathways; therefore,
the possibility that Dio exerts integrated effects through the coordination of multiple pathways or
interactions with various molecules cannot be excluded. In the future, it will be necessary to further
elucidate the crosstalk between the PI3K/AKT/Runx2 pathway and Wnt/β-catenin, among others, from the
perspective of multi-pathway and multi-target interaction networks, so as to gain a more comprehensive
understanding of the mechanisms of Dio. This will also provide a theoretical basis for the combined
application of Dio with other drugs or bioactive factors, as well as for precise interventions targeting
specific signaling axes.

5 Conclusion

In summary, this study indicates that Dio activates the PI3K/AKT pathway and upregulates Runx2,
which in turn contributes to enhanced proliferation, osteogenic differentiation, migration, mitophagy, and
cell cycle progression of hDPSCs. Our findings not only support the considerable promise of Dio in dental
pulp regeneration and bone tissue engineering but also suggest its multifaceted molecular mechanisms.
This work provides an experimental and theoretical basis for the potential application of Dio, a natural
bioactive compound, in promoting the differentiation and mineralization of DPSCs.
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Abbreviations Full name
DPSCs Dental Pulp Stem Cells
PI3K/AKT Phosphoinositide 3-kinase/Protein Kinase B
Runx2 Runt-related transcription factor 2
Dio Dioscin
hPDLSCs Human Periodontal Ligament Stem Cells
ARS Alizarin Red S
ALP Alkaline Phosphatase
PCC Pearson’s correlation coefficient
OCN Osteocalcin
DSPP Dentin Sialophosphoprotein
p62 Sequestosome 1
PINK1 PTEN-induced putative kinase 1
PRKN Parkin RBR E3 ubiquitin-protein ligase
LC3II/I Microtubule-associated protein 1A/1B-light chain 3
MSCs Mesenchymal Stem Cells
ECM Extracellular Matrix
3-MCPD 3-Chloro-1, 2-propanediol
KPNB1-ATF4 Importin subunit beta1-Activating transcription factor 4
ROS Reactive Oxygen Species
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