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Purpose: This study examines the effects and mechanisms of catalpol (CAT) on the proliferation and osteogenic differentiation of 
cultured human periodontal ligament stem cells (hPDLSCs) in vitro and assesses the impact of CAT on periodontal remodeling in vivo 
using an orthodontic tooth movement (OTM) model in rats.
Methods: hPDLSCs were cultured in a laboratory setting, and their proliferation and osteogenic differentiation were assessed using 
the Cell-counting Kit-8 (CCK-8), Alizarin Red Staining (ARS), quantitative calcium assay, alkaline phosphatase (ALP) staining and 
activity assay, and immunofluorescence assay. Additionally, the expression of collagen type 1 (COL-1), ALP, and runt-related 
transcription factor-2 (RUNX-2) was evaluated through qRT-PCR and Western blot analysis. To verify the function of the estrogen 
receptor-α (ER-α)-mediated phosphatidylinositol-3-kinase-protein kinase B (PI3K/AKT) pathway in this mechanism, LY294002 (a 
PI3K signaling pathway inhibitor) and the ER-α specific inhibitor methyl-piperidine-pyrazole (MPP) were used. The osteogenic 
markers ER-α, AKT, and p-AKT (phosphoprotein kinase B) were identified through Western blot analysis. Eighteen male Sprague- 
Dawley rats were assigned to two groups randomly: a CAT group receiving CAT and a control group receiving an equivalent volume 
of saline. Micro-computed tomography (micro-CT) analysis was employed to evaluate tooth movement and changes in alveolar bone 
structure. Morphological changes in the periodontal tissues between the roots were investigated using hematoxylin and eosin (HE) 
staining and tartaric-resistant acid phosphatase (TRAP) staining. The expression of COL-1, RUNX-2, and nuclear factor-κB (NF-κB) 
ligand (RANKL) was assessed through immunohistochemical staining (IHC) to evaluate periodontal tissue remodeling. Tests were 
analyzed using GraphPad Prism 8 software. Differences among more than two groups were analyzed by one-way or two-way analysis 
of variance (ANOVA) followed by the Tukey’s test. Values of p < 0.05 were regarded as statistically significant.
Results: In vitro experiments demonstrated that 10 μM CAT significantly promoted the proliferation, ALP activity, and calcium 
nodule formation of hPDLSCs, with a notable increase in the expression of COL-1, ALP, RUNX-2, ER-α, and p-AKT. The PI3K/AKT 
pathway was inhibited by LY294002, and further analysis using MPP suggested that ER-α mediated this effect. In vivo, experiments 
indicated that CAT enhanced the expression of COL-1 and RUNX-2 on the tension side of rat tooth roots, reduced the number of 
osteoclasts on the compression side, inhibited RANKL expression, and suppressed OTM.
Conclusion: CAT can promote hPDLSCs proliferation and osteogenic differentiation in vitro through the ER-α/PI3K/AKT pathway 
and enhance periodontal tissue remodeling in vivo using OTM models. These findings suggest the potential for the clinical application 
of catalpol in preventing relapse following OTM.
Keywords: catalpol, dentistry, orthodontic tooth movement, relapse, human periodontal stem cells, osteogenic differentiation, ER-α/ 
PI3K/AKT pathway
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Introduction
People’s pursuit of beauty gradually increases with the improvement of material living standards.1 The treatment of 
malocclusion through orthodontics has also become a popular choice for achieving aesthetic goals. Orthodontic tooth 
movement (OTM)2–4 refers to the response of periodontal tissue to orthodontic forces, resulting in compression ischemia- 
induced resorption on the pressure side and bone formation, as well as the activation of osteogenic activity on the tension 
side at the microscopic level. This process leads to both old bone resorption and new bone formation occurring bilaterally 
along the root, ultimately facilitating macroscopic tooth movement.2,5,6 At the end of OTM, teeth tend to return to their 
original position or deviate, producing a new malocclusion known as relapse.7 Many factors influence relapse, but the 
exact cause remains unclear.8 It is believed that the biological mechanism of relapse9,10 after OTM is a process of 
periodontal tissue remodeling, similar to OTM. Ensuring the stability of well-aligned teeth is challenging if the new bone 
is not formed effectively and rapidly on the original tension side. Additionally, studies have shown that the relapse rate 
after OTM is about 70–90%,11 and true relapse may occur relatively soon after OTM.12 To prevent relapse, some 
orthodontists recommend that patients wear retainers for as long as possible, or even for life, placing a high demand on 
patient compliance.13 Therefore, promoting periodontal tissue remodeling, reducing retention time, and preventing post- 
orthodontic relapse have become critical issues of concern for orthodontists.11,14

The periodontal ligament (PDL)15 is a supportive tissue that anchors the teeth in the jawbone, playing a vital role in 
tooth stability, physiological mobility, and OTM.16 The PDL exhibits dynamic stretching properties and forms the 
biological basis of OTM.2 The PDL contains a significant number of mesenchymal stromal cells (MSCs). hPDLSCs were 
first isolated in 2004.17 These cells can differentiate in multiple directions, including osteogenic, adipogenic, and 
chondrogenic pathways. Seed cells constitute one of the three essential components of tissue engineering technology, 
with hPDLSCs being an ideal source of seed cells.18,19

CAT20 is primarily derived from the tuberous roots of Rehmanniae radix Praeparata (RR), a cyclic allyl ether 
glucoside. RR21 exhibits antidiabetic, cardiovascular protective, neuroprotective, anticancer, hepatoprotective, anti- 
inflammatory, and antioxidant effects. RR has been widely used for centuries as a traditional herbal medicine for treating 
bone loss induced by estrogen deficiency and is the first choice for improving bone loss in animals with osteoporosis.22 

Estrogen23 is a crucial steroid hormone that plays an essential role in preventing osteoporosis within the human body. 
CAT, the sole isolated active compound from RR tested in osteoporotic animals and osteoblast models,24–26 exhibits 
estrogen-like effects with a reduced risk of adverse events.27,28

The cellular effect of estrogen is mainly mediated by two estrogen receptors, ER-α and ER-β.29,30 ER-α plays 
a crucial regulatory role in estrogen-dependent genes and bone protection.31,32 Estrogen can mediate non-genomic 
signals, including activating protein/lipid kinases (eg, PI3-K, AKT, Src family kinases, MAPK family members).31,33 

The PI3K/AKT pathway34 is a commonly encountered signaling cascade that governs various cellular biological 
processes, including energy metabolism, cell biosynthesis, proliferation, and differentiation. Several research 
investigations35,36 have demonstrated that activating the PI3K/AKT pathway promotes the osteogenic differentiation of 
hPDLSCs.

Therefore, it was postulated that CAT exerts estrogen-like effects and enhances the proliferation and osteogenic 
differentiation of hPDLSCs in vitro via the ER-α-mediated PI3K/AKT pathway, which promotes periodontal tissue 
remodeling to slow down relapse after OTM. Additionally, we developed the OTM model in rats to examine the impact 
of CAT on periodontal remodeling in vivo.

Materials and Methods
Cultivation and Characterization of hPDLSCs
This research was undertaken in compliance with the Declaration of Helsinki and received approval from the School of 
Stomatology Ethics Committee at Shandong University. (No. 20,221,006). Legal guardians comprehended the study’s 
objectives and consented to their children’s participation. Premolars without dental caries or periodontal disease were 
collected from individuals aged 14–22 undergoing orthodontic extraction after signing informed consent forms. Extracted 
premolar teeth were immediately placed in α-minimum essential medium (α-MEM; Yuanpei, Shanghai, China, 
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containing L-glutamine, nucleosides, and deoxynucleosides) supplemented with Penicillin-Streptomycin-Gentamicin 
Solution (100×; Biosharp, Guangzhou, China) that was pre-cooled in advance to 4°C, and quickly transferred to the 
laboratory using an ice box. The solution was aspirated, and the roots were gently rinsed with phosphate-buffered saline 
(PBS; Solarbio, Beijing, China), which contains a 5% concentration of penicillin-streptomycin-gentamicin solution. 
Under sterile conditions, the periodontal ligament from the root’s central region was carefully scraped off. Once the 
tissue blocks were affixed to the bottom of the culture flask, they were supplemented with α-MEM containing 20% (v/v) 
fetal bovine serum (FBS; Yeasen, Shanghai, China) and 1% (v/v) Penicillin-Streptomycin-Gentamicin Solution, followed 
by incubation at 37°C with 5% CO2. After approximately one week, fusiform hPDLSCs started to migrate away from the 
periphery of the tissue blocks. Once the cells covered about 70–80% of the lower surface of the culture flask, 2 mL of 
trypsin solution (Biosharp, Guangzhou, China) was added to dissociate and isolate the adherent cells. Subsequent 
microscopic examination revealed hPDLSCs floating and forming spherical structures. An equivalent volume of α- 
MEM with 10% FBS was promptly added to terminate the enzymatic digestion process. A limited dilution technique was 
employed to isolate and purify hPDLSCs to acquire single-cell colonies. All single-cell clones were collected for the 
purified hPDLSCs, and hPDLSCs between passage 3 (P3) and passage 5 (P5) were selected for a series of experiments.

Flow Cytometry
Resuspend the hPDLSCs in PBS and standardize the cell density to 1×107. Subsequently, 100 μL of the cell suspension 
was apportioned into five 1.5 mL tubes. For the control group, an equivalent volume of PBS was added to one tube, while 
the remaining four tubes were respectively incubated with CD34, CD44, CD45, and CD105 antibodies (Elabscience, 
Houston, TX, USA). All tubes were shielded from light during the incubation period. After incubating on ice for 
20 minutes, the cells were washed. The flow cytometry was utilized for detection, and data analysis was conducted using 
FlowJo software (version 10, BD Biosciences, USA).

CCK-8 Assay
Standardize the cell density to 2×103 in each well of the 96-well plate. Once the cells adhered, α-MEM with CAT (purity 
≥98%; Solarbio, Beijing, China) concentrations of 0, 0.1, 1, 10, 50, and 100 μM were added, with five duplicate wells set 
up for each concentration. After 1, 3, and 5 days of cultivation, the CCK-8 (Biosharp, Guangzhou, China) was used to 
measure the proliferation of hPDLSCs. Add 100 μL of α-MEM to each well containing the CCK-8 solution at a 10:1 
ratio, then incubate at 37°C for 45 minutes. Measure optical density values at 450 nm with a spectrophotometer (BMG 
Labtech, Ortenberg, Germany).

ARS and Calcium Quantification
Standardize the cell density to 1×105 in each well of the 6-well plate. Once the cells adhered, they were stimulated to 
undergo osteogenic differentiation using an osteogenesis-inducing medium containing α-MEM with 10% FBS, 50 μg/mL 
ascorbic acid, 10 mm β-glycerophosphoric acid, and 0.01 μM dexamethasone. Following a 28-day induction period, the 
cells were rinsed thrice with PBS and then fixed with 95% ethanol. The fixative was discarded, and mineralized nodules 
were stained using an ARS solution (Beyotime, Shanghai, China). The nodules were examined and photographed under 
a microscope (Olympus Corporation, Tokyo, Japan).

For quantitative analysis of ARS, introduce a 10% (w/v) cetylpyridinium chloride (CPC) eluent and incubate for 
15 minutes to achieve complete elution of alizarin red bound to the cells. Subsequently, determine the absorbance value 
of the eluate at OD562 nm.

Oil Red O Staining
This process employed the same cell culture technique as the previous one. An adipogenic induction medium (α-MEM 
with 10% FBS, 0.5 M hydrocortisone, 500 mm isobutyl methylxanthine, 60 mm indomethacin, and 10 mm insulin) was 
supplemented. After a 21-day induction period, the cells were washed with PBS. Following fixation with 4% formalde-
hyde, a drop of Oil Red O staining solution (Solarbio, Beijing, China) was added to the cell plate. The cells were 
examined and imaged using a microscope.
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ALP Staining and ALP Activity Assay
Standardize the cell density to 5×104 per well in a 12-well plate. Once the cells adhered, the medium was exchanged for 
an osteogenesis-inducing medium. After incubating for 14 days, the cells were rinsed with PBS. Following fixation with 
4% formaldehyde, a drop of BCIP/NBT Alkaline Phosphatase Colorimetric Assay Kit (Beyotime, Shanghai, China) was 
added to the cell plate. A darker blue color signifies increased ALP activity.

Following 14-day osteogenic induction, rinse the hPDLSCs with ice-cold PBS. The cells were treated with RIPA lysis 
buffer (Beyotime, Shanghai, China) containing phosphatase and protease inhibitors. The lysates were incubated at 4°C 
for 15 minutes, collected and centrifuged. The supernatant was then extracted for protein analysis. ALP activity was 
measured using the alkaline phosphatase assay kit (Solarbio, Beijing, China).

The protein concentration in the supernatant was quantified using the BCA Protein Assay Kit (Solarbio, Beijing, 
China). The protein solution was mixed with SDS-PAGE loading buffer (Beyotime, Shanghai, China) at a 5x concentra-
tion and heated at 100°C for 5 minutes to induce denaturation.

RNA Extraction and qRT-PCR Analysis
Following 14 days of osteogenic induction, total RNA was obtained using the Trizol method.37 Subsequently, RNA was 
reverse-transcribed into complementary DNA (cDNA) through a two-step process utilizing the Strand cDNA Synthesis 
Kit (Yeasen, Shanghai, China). Each reaction system included five replicate wells. The primers used in this experiment 
were designed and analyzed as follows:

- COL-1: 5ʹ-TAAAGGGTCACCGTGGCTTC-3ʹ and 5ʹ-GGGAGACCGTTGAGTCCATC-3ʹ
- ALP: 5ʹ-GGCGGTGAACGAGAGAATGT-3ʹ and 5ʹ-GGACGTAGTTCTGCTCGTGG-3ʹ
- RUNX-2: 5ʹ-GGAGTGGACGAGGCAAGAGT-3ʹ and 5ʹ-AGGCGGTCAGAGAACAAACT-3ʹ
- GAPDH: 5ʹ-GCACCGTCAAGGCTGAGAAC-3ʹ and 5ʹ-TGGTGAAGACGCCAGTGGA-3ʹ
To quantitatively evaluate relative gene expression, the data were analyzed using the 2−ΔΔCt method.38 All samples 

were performed in triplicate, and each experiment was repeated five times.

Western Blot Analysis
Equal protein samples (20 μg/lane) separated by SDS-PAGE gels were transferred to PVDF membranes (Millipore, 
Merck, USA). The samples were blocked for 15 minutes at room temperature using a rapid blocking solution 
(Servicebio, Wuhan, China). After determining the appropriate primary antibody incubation sites based on the molecular 
weights of COL-1 (Proteintech, Hubei, China), ALP (Proteintech, Hubei, China), RUNX-2 (ImmunoWay, Plano, TX, 
USA), GAPDH (Proteintech, Hubei, China), ER-α (Abways, Shanghai, China), AKT (Abways, Shanghai, China) and 
p-AKT (Abways, Shanghai, China), the incubation chamber was maintained at 4°C throughout the night. The membranes 
were then rinsed three times with Tris-buffered saline containing 0.1% Tween 20 (TBST) (Beyotime, Shanghai, China) 
for 10 minutes each. The selection of secondary antibodies was based on the species of the primary antibody. After 
incubation, a chemiluminescent substrate (Yeasen, Shanghai, China) was used with the Chemiluminescence Imaging 
System (Amersham Imager 600; GE Healthcare, Little Chalfont, UK). Each experiment was repeated five times.

Immunofluorescence Assay
The treated cells were fixed at 20–25°C for 30 minutes with 4% paraformaldehyde and exposed to 0.1% Triton X-100 
(Solarbio, Beijing, China) for 12 minutes. Subsequently, the cells were blocked with 5% bovine serum albumin (BSA-V; 
Solarbio, Beijing, China) for 1 hour and then exposed to the primary antibody for COL-1 (1:50) at 4°C throughout the 
night. After removing the primary antibody, the cells were incubated with the fluorescein (FITC)-conjugated affinity pure 
goat anti-rabbit IgG (H + L) (1:200, SA00013-2) at room temperature for 1 hour in the dark. Subsequently, the cell nuclei 
were stained with 4,6-diamidino-2-phenylindole (DAPI; Solarbio, Beijing, China). Observation and image capture were 
employed with a fluorescence microscope (Leica, Wetzlar, Germany). The fluorescence intensity was analyzed using 
ImageJ software (National Institutes of Health, Bethesda, MD, USA).
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LY294002 and MPP Treatments
LY29400239 is a broad-spectrum PI3K inhibitor that blocks the PI3K/AKT pathway. The cells were divided into four 
groups: (1) Control group: Treated with osteogenic induction medium only. (2) LY294002 group: Treated with 
osteogenic induction medium + 10 μM LY294002 (Soluabio, Shanghai, China). (3) CAT group: Treated with osteogenic 
induction medium + 10 μM CAT. (4) CAT + LY294002 group: Treated with osteogenic induction medium + 10 μM CAT 
+ 10 μM LY294002. Upon 14 days of induction, ALP staining and Western blot analysis were executed to evaluate the 
expression of related proteins, whereas ARS was conducted after 28 days of induction.

MPP40 is a selective ER-α inhibitor. The cells were divided into four groups:(1) Control group: Treated with 
osteogenic induction medium only. (2) MPP group: Treated with osteogenic induction medium + 10 μM MPP 
(Selleck, Houston, TX, USA). (3) CAT group: Treated with osteogenic induction medium + 10 μM CAT. (4) CAT + 
MPP group: Treated with osteogenic induction medium + 10 μM CAT + 10 μM MPP. The Western blot analysis assessed 
the protein expression following 14 days of induction.

Establishment of the OTM Model
Eighteen male SD rats (7 weeks old, mean weight 180±5 g, procured from Shanghai Model Organisms Ltd.) were 
maintained in specific pathogen-free (SPF) conditions, with a controlled temperature (20–25°C), humidity (65–70%), and 
a 12-hour light-dark cycle. The required experimental animal size was calculated according to the resource equation 
method.41 Detailed methodology can be found in Supplementary Data 1. All experiments involving the rats adhered to 
the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the 
Institutional Animal Care and Use Committee of Shandong University (No. 20220345).

Rats were anesthetized with the inhalational anesthetic isoflurane (Yipin Pharmaceutical Co., Ltd, Hebei, China), 
followed by an intraperitoneal (IP) administration of pentobarbital sodium (40 mg/kg). The orthodontic device included 
a nickel-titanium tension spring, stainless steel orthodontic wire (0.20 mm; Aosu, Hangzhou, China), and polymers 
(Charisma; Heraeus Kulzer, Germany). The right maxillary first molar was connected to the middle incisor tooth by 
a spring, ensuring the maxillary first molar moved towards the midline with a force of 50 g using an orthodontic 
dynamometer (XIHUBIOM, Hangzhou, China). After inserting the OTM device into the oral cavities of 18 rats, 9 rats 
were randomly allocated to the control group, receiving daily injections of an equal volume of physiological saline for 
the same period. In comparison, the remaining 9 rats were assigned to the CAT group and received CAT with a 10mg/kg/ 
day dosage.

Micro-CT
The anesthetized rats were injected with 4% paraformaldehyde from the left ventricle for systemic perfusion to fix the 
maxillary bone tissue, specifically the right maxillary first molars. Subsequently, the samples underwent fixation in a 4% 
paraformaldehyde solution for 1 day at 4°C. The desiccated specimens were then affixed onto the specimen table and 
subjected to micro-CT scanning (Quantum GX2, PerkinElmer, USA) at 90 kV, 88 μA, each layer measuring 36 μm in 
thickness. The scanning region encompassed three right maxillary molars and their contiguous alveolar bone. Each 
specimen required approximately 15 minutes for the scanning process. Micro-CT imaging data were imported into 
RadiAnt Viewer software (Medixant, Poznan, Poland) in DICOM format to facilitate 3D reconstruction, with correction 
of each axis direction. The OTM distance was determined by measuring the shortest interproximal span between the first 
molar’s distal surface and the second molar’s mesial surface on the right maxillary.42 The CTAn (CT analysis software; 
Skyscan NV) was used to compute microstructure parameters of the region of interest (ROI), including bone volume/total 
volume (BV/TV), trabecular thickness (Tb.Th) and trabecular separation/spacing (Tb.Sp).43

HE and TRAP Staining
The specimens underwent 12 weeks of decalcification in a 10% EDTA solution (pH 7.2). Decalcified specimens were 
subjected to progressive ethanol dehydration and embedded specimens in paraffin wax. Specimens were cut from 
proximal to distal direction, and the thickness of each paraffin section was 4 μm. The slides were subjected to HE 
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staining to observe the morphological changes in periodontal tissue. The sections performed TRAP staining with a TRAP 
staining kit (Solarbio, Beijing, China) to observe TRAP-positive (TRAP+) cells (osteoclasts).44 TRAP+ cells were 
counted using ImageJ software.

IHC Staining
Place the slide in citrate buffer to perform high-temperature antigen retrieval. Subsequently, block non-specific binding 
sites with 5% goat serum for 40 minutes. Immerse the slide in a solution containing specific primary antibodies such as 
polyclonal anti-rabbit RUNX2 (1:200; ImmunoWay, Plano, TX, USA), COL-1 (1:300; Proteintech, Hubei, China), and 
RANKL (1:300; Solarbio, Beijing, China) antibodies and incubate overnight at 4°C. Incubate the biotin-labeled 
secondary antibody (goat anti-mouse/rabbit IgG) for a minimum of 30 minutes. Upon completion of the washing 
process, treat the slices using the SP reagent kit (Solarbio, Beijing, China). Following hematoxylin counterstaining, 
a microscopic examination of the section was performed. Use ImageJ software to determine the average optical density 
(AOD) value.

Data Analysis
The group assignments were concealed from the measurement personnel to ensure blinding and consistency, and the 
same individual conducted five repetitions for all measurements. All analyses were based on five separate experiments. 
Due to the small sample size per group, bootstrap was employed. The average was considered the final result. The data 
obtained were represented as mean ± standard deviation (mean ± SD), and one-way or two-way analysis of variance 
(ANOVA) was conducted using GraphPad Prism software (version 8, MacKiev Software, Boston, MA, USA). The 
Shapiro–Wilk test was used to evaluate the normality of the data, and the F-test was used to evaluate the homogeneity of 
the variance. The Tukey’s test was used for post hoc analysis. P < 0.05 was considered statistically significant.

Results
Culture and Identification of hPDLSCs
At approximately 1 week of culture, spindle, and stellate cells were observed migrating out of the tissue block 
(Figure 1A). Individual cells were expanded in vitro for approximately 6 days to form colonies (Figure 1B), and by 
two weeks, the cells were uniform and spindle-shaped (Figure 1C). Lipid droplets and calcified nodules were individually 
observed using Oil Red O staining (Figure 1D) and ARS experimentation (Figure 1E). These results indicated that 
hPDLSCs can differentiate in multiple directions. Flow cytometric analysis indicated that the surface markers CD44 and 
CD105 (Figure 1H and J) were expressed by the MSCs associated with hPDLSCs. In contrast, the hematopoietic-related 
markers CD34 and CD45 (Figure 1G and I) exhibited minimal expression levels. It proved that the hPDLSCs are MSCs 
free from contamination by hematopoietic stem cells or endothelial cells.

Effect of CAT on Cell Proliferation
CCK-8 experiments showed that CAT (Figure 1F) at various concentrations (0, 0.1, 1, 10, 50, and 100 μM) had no 
significant effect on hPDLSCs on the first and third days (Figure 2). However, CAT at these concentrations stimulated the 
proliferation of hPDLSCs on the fifth day. Notably, CAT at various 1, 10, 50, and 100 μM concentrations significantly 
promoted cell proliferation (P < 0.0001).

Effect of CAT on ALP Activity and Calcified Nodules
ALP activity assay showed that the ALP activity of hPDLSCs induced with various concentrations of CAT (0.1, 1, 10, 
50, 100 μM) was increased relative to the control group (P < 0.0001) (Figure 3B). According to the above results, 1, 10, 
and 100μM CAT were selected as low, medium, and high concentrations for follow-up experiments. ALP staining 
showed that the plate of 10 μM CAT was dark blue (Figure 3A). ARS showed more and darker calcified nodules in the 
CAT group, and the 10μM CAT group was the most apparent (Figure 3C). The calcium quantitative experiment showed 
the same trend as the alizarin red staining experiment (P < 0.0001) (Figure 3D).
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Figure 1 Cultivation and Characterization of hPDLSCs. (A) Stellate-shaped cells migrated out from tissue blocks. Scale bar: 500 μm. (B) After approximately 6 days, 
individual hPDLSCs formed colonies. Scale bar: 200 μm. (C) After about 2 weeks, hPDLSCs were arranged in a spiral pattern and exhibited a spindle-shaped morphology. 
Scale bar: 200 μm. (D) After osteogenic induction, hPDLSCs exhibited dark brown calcified nodules following Alizarin Red staining. Scale bar: 500 μm. (E) After adipogenic 
induction, hPDLSCs exhibited lipid droplets of different sizes when stained with Oil Red O. Scale bar: 500 μm. (F) The molecular structure of catalpol (CAT; C15H22O10). 
(G–J) Analysis of hPDLSCs surface marker expression by flow cytometry. The expression of CD34 (G) and CD45 (I) was negative, while CD44 (H) and CD105 (J) were 
highly expressed.

Figure 2 Effects of CAT on the proliferation of hPDLSCs. (A and B) CCK-8 analysis for the proliferation of hPDLSCs treated with CAT (0, 0.1, 1, 10, 50, 100 μM) on days 1, 
3, and 5. On day 5, 10 μM CAT showed the highest proliferative activity (two-way ANOVA). Error bars stand for mean ± SD. ****P < 0.0001. Each experiment was repeated 
five times.
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Effect of CAT on the Expression Levels of COL-1, ALP, RUNX-2, p-AKT, and ER-α
qRT-PCR showed that 1, 10, and 100 μM CAT promoted the expression of osteogenesis-related genes COL-1 
(Figure 4C), ALP (Figure 4D) and RUNX-2 (Figure 4E) (P < 0.0001). Western blot assay (Figure 4A and B) showed 
that 1, 10, and 100 μM CAT promoted the expression of proteins related to osteogenesis, including COL-1 (Figure 4F), 
ALP (Figure 4G), RUNX-2 (Figure 4H), p-AKT (Figure 4I) (P < 0.0001) and ER-α (P < 0.001) (Figure 4J). The results 
aligned with the trend observed in qRT-PCR, where 10 μM CAT contributed the most. Based on these experiments, 
10 μM CAT was selected as the optimal concentration for immunofluorescence staining (Figure 3E). The evidence 
suggested that 10 μM CAT could stimulate the expression of COL-1, and the fluorescence intensity exhibited a significant 
increase compared to the control group (P < 0.01) (Figure 3F).

Figure 3 CAT promoted the osteogenic differentiation of hPDLSCs. (A) ALP staining of the plates with CAT (0, 1, 10, 100 μM). The deepest blue was observed at 10 μM 
CAT. Scale bar: 200 μm. (B) ALP activity quantification of hPDLSCs stimulated with CAT (0, 0.1, 1, 10, 50, 100 μM) for 14 days. The most significant effects were observed 
with 1 μM and 10 μM CAT (one-way ANOVA). Error bars stand for mean ± SD. ****P < 0.0001. (C) ARS of hPDLSCs with CAT (0, 1, 10, 100 μM) after 28 days of 
osteogenic induction. The deepest red was observed at 10 μM CAT with the highest number and darkest color of calcified nodules. Scale bar: 500 μm. (D) Quantitative 
determination of ARS (one-way ANOVA). Error bars stand for mean ± SD. ****P < 0.0001. (E) Immunofluorescence detection of the expression of COL-1. 10 μM CAT was 
observed with the strongest immunofluorescence intensity. Scale bar: 100 μm. (F) Quantitative detection of COL-1 immunofluorescence intensity (one-way ANOVA). Error 
bars stand for mean ± SD. **P < 0.01. Each experiment was repeated five times.
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CAT Stimulates Osteogenic Differentiation by Activating the PI3K/AKT Pathway
To further investigate the mechanism of CAT on the osteogenic differentiation of hPDLSCs, the cells were exposed 
to 10 μM CAT with or without LY294002. After the addition of LY294002, ALP activity (Figure 5B) was decreased 
(P < 0.0001), ALP staining (Figure 5A) and ARS (Figure 5C) became light, and calcium nodules were reduced 
(Figure 5D) (P < 0.0001). Western blot analysis (Figure 6A and B) unveiled the levels of expression for p-AKT 
(Figure 6F), and osteogenic-related proteins COL-1 (Figure 6C), ALP (Figure 6D), and RUNX-2 (Figure 6E) were 
down-regulated (P < 0.01, P < 0.001, P < 0.0001), indicating that the PI3K/Akt pathway was inhibited. The original 
osteogenic effect was also inhibited. Interestingly, however, the increased expression of ER-α (Figure 6G) due to 
CAT was not reversed.

Figure 4 CAT promotes the expression of osteogenic differentiation markers in hPDLSCs. (A) The protein levels of COL1, ALP, and RUNX2 with CAT (0, 1, 10, 100 μM) 
after osteogenic induction for 14 days. (B) The protein levels of p-AKT and ER-α with CAT (0, 1, 10, 100 μM) after osteogenic induction for 14 days. (C–E) The mRNA levels 
of COL1, ALP, and RUNX2 with CAT (0, 1, 10, 100 μM) after osteogenic induction for 14 days (one-way ANOVA). Error bars stand for mean ± SD. ****P < 0.0001. (F–J) 
Relative quantification of COL1 (F), ALP (G), RUNX2 (H), p-AKT (I), and ER-α (J) protein levels with CAT (0, 1, 10, 100 μM) after osteogenic induction for 14 days (one- 
way ANOVA). Error bars stand for mean ± SD. ***P < 0.001, ****P < 0.0001. Each experiment was repeated five times.
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ER-α Mediates Stimulation of the PI3K/AKT Pathway by CAT
Western blot analysis (Figure 7A and B) indicated that treatment of hPDLSCs with 10 μM CAT with/without MPP led to 
a reduction in ER-α expression (P < 0.0001) (Figure 7G) upon the addition of MPP. This reduction was accompanied by 
the down-regulation of p-AKT (Figure 7F) and the osteogenesis-associated proteins COL-1 (Figure 7C), ALP 
(Figure 7D), and RUNX-2 (Figure 7E) (P < 0.01, P < 0.001, P < 0.0001). It demonstrated that both the ER-α and 
PI3K/AKT pathways were inhibited, with ER-α upstream of the PI3K/AKT pathway, suggesting that ER-α plays an 
essential role in activating the PI3K/AKT pathway.

OTM Model and Micro-CT Analysis
The OTM model was established in rats, as shown in Figure 8A. During the experiment, the rats were in good health, and 
the CAT group showed no significant weight changes compared to the control group (Figure 8B), as elaborated in 
Supplementary Table 1. The right maxillary first molar was moved mesially after 50 g traction for 14 days, and the 
movement distance (Figure 8C and D) was reduced in the CAT group (10 mg/kg/day CAT) compared to the control group 
(saline) (P < 0.05). The data on each rat’s tooth travel distance is shown in Supplementary Table 2. During the same 
period, a decrease in the speed of OTM was observed in the CAT group. On the tension side of the distal mesial buccal 
root of the first molar, BV/TV, Tb.Sp and Tb.Th showed an increase in the CAT group relative to the control group (P < 
0.05, P < 0.01). On the pressure side, BV/TV, Tb.Sp and Tb.Th also experienced a minor increase in the CAT group; 
however, the disparity lacked statistical significance (Figure 8E–H).

Figure 5 CAT promoted osteogenic differentiation of hPDLSCs through the PI3K/AKT pathway. LY294002 successfully reversed the promotion of ALP activity and calcium 
nodule formation by CAT. (A) ALP staining images following osteogenic induction for 14 days of the control and CAT groups (10 μM) with or without LY294002 were 
added. (B) ALP activity quantification of hPDLSCs following osteogenic induction for 14 days of the control and CAT groups (10 μM) with or without LY294002 added (one- 
way ANOVA). Error bars stand for mean ± SD. ****P < 0.0001. (C) Representative images of ARS after osteogenic induction for 28 days of the control group and CAT group 
(10 μM) with or without LY294002 added. (D) Quantitative determination of ARS after osteogenic induction for 28 days of the control group and CAT group (10 μM) with 
or without LY294002 added (one-way ANOVA). Error bars stand for mean ± SD. ****P < 0.0001. Each experiment was repeated five times.
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HE and TRAP Staining Observation
HE staining (Figure 9A) showed that the PDL of the maxillary first molar became narrower on the pressure side, while 
the PDL became wider on the tension side, and the cells exhibited a long spindle shape. The cellular arrangement of the 
control group was disturbed, whereas the cells of the CAT group were arranged in a relatively continuous and dense 
pattern. TRAP staining (Figure 9B) revealed positive multinucleated cells (osteoclasts) distributed on the tooth root and 
alveolar bone surface, with bone resorption pits surrounding the cells. Compared to the control group, the number of 
osteoclasts (Figure 9C) on the compressive side of the root in the CAT group decreased (P < 0.05).

IHC Staining Analysis
IHC staining (Figure 9D–I) was conducted to assess the immunoreactivity of COL-1, RUNX-2, and RANKL in the PDL. 
In the CAT group, compared to the control group, COL-1, and RUNX-2 expression increased on the tension side (P < 
0.05, P < 0.01), while RANKL expression decreased on the pressure side (P < 0.05).

Discussion
hPDLSCs are regarded as the primary and reliable cells for periodontal tissue regeneration, forming the foundation for 
filling periodontal tissue defects through cell and gene therapy.45,46 Among the available stem cells, hPDLSCs are easily 
obtained and less invasive to the donor.17 This investigation achieved the successful isolation and cultivation of 
hPDLSCs. Flow cytometry analysis confirmed that hPDLSCs are ectomesenchymal stem cells, free from contamination 
by hematopoietic stem cells and endothelial cells. In vitro induction of hPDLSCs resulted in lipid droplets and calcified 
nodules forming, demonstrating their multi-directional differentiation capacity. Studies have shown that hUCMSC- 

Figure 6 CAT promoted osteogenic differentiation of hPDLSCs through the PI3K/AKT pathway. LY294002 successfully reversed the expression of osteogenic differentiation 
markers by CAT. (A and B) The protein levels of COL1, ALP, RUNX2, p-AKT, and ER-α following osteogenic induction for 14 days of the control group and CAT group 
(10 μM) with or without LY294002 added. (C–G) Relative quantification of COL1 (C), ALP (D), RUNX2 (E), p-AKT (F), and ER-α (G) protein levels following osteogenic 
induction for 14 days of the control group and CAT group (10 μM) with or without LY294002 added (one-way ANOVA). Error bars stand for mean ± SD. **P < 0.01, ***P < 
0.001, ****P < 0.0001. Each experiment was repeated five times.
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exosomes activated the PI3K/AKT pathway to facilitate osteogenic differentiation in hPDLSCs under hyperglycemic 
conditions.47 Han et al revealed that Ipriflavone stimulates osteogenic differentiation of hPDLSCs through the GPR30/ 
PI3K/AKT pathway.48 hPDLSCs represent a real potential for regenerating periodontal tissues, both for the orthodontic 
treatment of patients with periodontitis and for the retention phase after OTM.

Estrogen stimulates osteogenic differentiation of hPDLSCs, inhibits osteoclastic differentiation, promotes apoptosis, 
and regulates periodontal tissue remodeling in OTM.30 Phytoestrogens, such as CAT, have minimal adverse reactions, in 
contrast to the rare but significant side effects associated with estrogen use for preventing osteoporosis in postmenopausal 
women, which include jawbone necrosis, atypical fractures, breast cancer, and thromboembolism.49,50 On January 25, 
2017, “Catalpol Tablet”,21 a traditional Chinese medicinal product, received clinical research approval from the State 
Food and Drug Administration (SFDA). Following systematic pharmacological mechanism and pharmacokinetics 
studies, CAT has been identified as a compound of significant medicinal value. CAT was found to promote osteogenic- 
angiogenic coupling and was validated in a rat model of cranial bone defects in osteoporosis.51 Additionally, CAT 
ameliorates dexamethasone-induced osteoporosis by promoting osteogenic differentiation of BMSCs by activating the 
PKD1 promoter.26 Therefore, CAT has excellent biological safety as a phytoestrogen involved in bone metabolism.

hPDLSCs increased levels of osteogenesis-related gene expression, such as COL-1, ALP and RUNX-2, at 14 and 21 
days in an osteogenic medium.52 In the present study, the upregulation of COL-1, ALP, and RUNX-2 expression was 
significant at 14 days of osteogenic induction in hPDLSCs, consistent with the above results. ALP53 is one of the earliest 
functional genes in the calcification mechanism and a marker of osteoblast maturation. The 10 μM CAT group exhibited 
the highest ALP activity and darkest blue ALP staining. COL-1 serves as an indicator for osteogenesis and collagen 
formation. Mutations in the COL-1 gene can lead to osteogenesis imperfecta (OI).54 Immunofluorescence assay of COL- 
1 in the 10 μM CAT group revealed a significant enhancement of fluorescence intensity. RUNX-255 is an essential 

Figure 7 CAT activated the PI3K/AKT pathway mediated by ER-α to promote the osteogenic differentiation of hPDLSCs. MPP successfully reversed the expression of 
osteogenic differentiation and pathway-related markers by CAT. (A and B) The protein levels of COL1, ALP, RUNX2, p-AKT, and ER-α following osteogenic induction for 14 
days of the control group and CAT group (10 μM) with or without MPP added. (C–G) Relative quantification of COL1 (C), ALP (D), RUNX2 (E), p-AKT (F), and ER-α (G) 
protein levels following osteogenic induction for 14 days of the control group and CAT group (10 μM) with or without MPP added (one-way ANOVA). Error bars stand for 
mean ± SD. **P < 0.01, ***P < 0.001, ****P < 0.0001. Each experiment was repeated five times.
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osteogenesis marker activating the osteoblast differentiation gene. RUNX-2 regulates ALP and COL-1 by binding to cis- 
acting elements (OSE2 in the OC promoter region), a mechanism that emphasizes the importance of RUNX-2 in studying 
skeletal development.56 The occurrence of calcium nodules is a manifestation of osteogenic differentiation and matura-
tion, reflecting the ability of late osteogenic differentiation. The results of these osteogenesis-related metrics indicated 
that appropriate concentrations of CAT promoted the osteogenic differentiation of hPDLSCs, with 10 μM of CAT 
achieving the maximum stimulation response. This finding is consistent with previous reports57 that hPDLSCs have 
a hormone dose response similar to stem cells.

The PI3K/AKT pathway significantly regulates osteoblast and osteoclast function by affecting their formation, 
proliferation, differentiation, and apoptosis.58 AKT activation is highly correlated with osteogenesis, as evidenced by 
an increase in osteogenic markers, including COL-1 and RUNX-2, which trigger the maturation of stem cells into 
functional osteoblasts.36 RUNX-2 and the PI3K/AKT/mTOR pathways form a feedback loop that positively regulates the 
differentiation of osteoblasts.59 It has been demonstrated that AKT activity is required at all stages of osteoblast 
differentiation and function, and the PI3K/AKT pathway represents a crucial element within the intricate osteogenic 
pathway network.60 Previous studies28 have found that CAT exerts antidiabetic, cardioprotective, vasoprotective, and 
antitumor effects closely related to the PI3K/AKT pathway. LY29400261 is a potent inhibitor of PI3K/AKT, which 
reduces the expression of phosphorylated AKT (Ser473). In this study, LY294002 successfully inhibited the PI3K/AKT 
pathway, leading to the reversal of the estrogen-like effect produced by CAT on hPDLSCs. The decrease in ALP activity, 
lightening of ALP staining, reduction in calcium nodules, and decreased expression of relevant osteogenic markers all 
indicate that CAT stimulates the osteogenic differentiation of hPDLSCs by triggering the PI3K/AKT pathway.

Figure 8 The establishment of the orthodontic tooth movement model and three-dimensional reconstruction analysis of sample data. (A) Orthodontic tooth movement 
model in rats. (B) Weight changes of rats in the control and 10mg/kg/day CAT groups at day 14 (one-way ANOVA). Error bars stand for mean ± SD (n=9). (C) Measurement 
of the mesial movement distance of the first molar on the right maxillary. Illustration of the comparison between the control (a) and 10mg/kg/day CAT (b) groups in 
measuring the mesial movement distance of the first molar on the right maxillary. Abbreviations: 1st, first molar; 2nd, second molar. (D) Quantitative analysis of the mesial 
displacement of the first molar on the right maxillary in the control group and 10mg/kg/day CAT group (one-way ANOVA). Error bars stand for mean ± SD (n=9). *P < 0.05. 
(E) Region of interest (ROI) of bone analysis marked with a white box. a, vertical view; b, horizontal view. Abbreviations: 1st, first molar; 2nd, second molar. (F–H) 
Evaluation of trabecular bone on day 14. Bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) of the control group and 10mg/ 
kg/day CAT group on the compression side and tension side (one-way ANOVA). Error bars stand for mean ± SD (n=9). *P < 0.05, **P < 0.01.
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Studies62,63 have suggested the involvement of both ER-α and ER-β of hPDLSCs in osteogenic differentiation. Given 
this perspective, we selectively inhibited ER-α in hPDLSCs using MPP, which reduced the expression of ER-α, p-AKT, 
and related osteogenic markers. It indicates that not only do hPDLSCs express ER-α, but ER-α also regulates the 
osteogenic differentiation process of hPDLSCs by mediating the PI3K/AKT pathway. Wu et al64 suggested that the 
phytoestrogen Genistein could improve bone healing by triggering ER-α-mediated expression of osteogenesis-related 
genes and subsequent osteoblast maturation. Additionally, mechanical forces can activate ER-α in hPDLSCs and affect 
osteogenesis and differentiation of osteoblasts;30 therefore, activation of ER-α is essential in regulating OTM and relapse. 
Furthermore, it was found that regulation of ER-α expression in osteoclast precursor cells induced osteoclast apoptosis 
and reduced osteoclast activity and proliferation.65 This demonstrates that ER-α is an essential regulator of bone 
homeostasis.

This investigation focused on exploring the impact of CAT on periodontal tissue remodeling in vivo by establishing 
an animal model.42,43 Micro-CT analysis showed that BV/TV, Tb.Sp and Tb.Th increased on the tension side, suggesting 

Figure 9 Results of HE, TRAP, and IHC staining. Abbreviations: AB, alveolar bone; PDL, periodontal ligament; R, root. (A) HE staining on the compression side of 
periodontal tissue in both the control group (a) and 10 mg/kg/day CAT group (b) and on the tension side of periodontal tissue in both the control group (c) and 
10 mg/kg/day CAT group (d). Scale bar: 50 μm. (B) TRAP staining on the compression side of periodontal tissue in both the control group (a) and 10 mg/kg/day CAT 
group (b). TRAP-positive cells were marked by black arrows. Scale bar: 50 μm. (C) The number of TRAP-positive cells in the 10 mg/kg/day CAT group (a) decreased 
relative to the control group (b) (one-way ANOVA). Error bars stand for mean ± SD (n=9). *P < 0.05. (D–I) The immunoreactivity of COL-1 (D), RUNX-2 (F), and 
RANKL (H) in the control group (a) and 10 mg/kg/day CAT group (b) was detected after 14-day OTM, and their AOD values (E, G and I) were measured (one-way 
ANOVA). The expression of COL-1 (D) and RUNX-2 (F) could be observed on the tension side, while RANKL (H) was mainly expressed on the compression side. 
Scale bar: 20 μm. Error bars stand for mean ± SD (n=9). *P < 0.05, **P < 0.01.
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that CAT can enhance osteogenic differentiation compared to the control group. IHC staining for COL-1 and RUNX-2 
also confirmed that CAT may promote osteogenic differentiation on the tension side. No significant statistical variances 
were noted in BV/TV, Tb.Sp and Tb.Th when compared with the control group. However, these parameters were 
elevated on the compression side. TRAP staining experiments demonstrated a reduction in osteoclasts on the pressure 
side in the CAT group compared with the control group. Thus, we inferred that CAT inhibited osteoclastic activity on the 
pressure side. Activating RANKL/RANK signaling stimulates osteoclast formation and differentiation, promoting bone 
resorption.66 Previous research67 has indicated that CAT suppresses osteoclastogenesis by inhibiting RANKL and the 
expression of osteoclast-specific genes. CAT promotes osteoclast apoptosis through the Sirt6-ER-α-FasL axis to alleviate 
osteoporosis in ovariectomized rats.32 In this study, the expression of RANKL on the root pressure side of rats in the CAT 
group was decreased, indicating that CAT was implicated in the modulation of osteoclasts during bone remodeling, which 
was the same as the results of previous studies.68 Under mechanical forces within the biological system, bone resorption 
occurs on the compressed side, while osteogenesis occurs on the tension side, achieving a dynamic equilibrium and 
enabling OTM. In vivo experiments demonstrated that CAT promotes osteogenic differentiation of periodontal tissues on 
the tension side and suppresses bone resorption on the compression side, ultimately reducing tooth movement distance. 
This provides a reference for post-orthodontic retention, tooth relapse, and displacement prevention.

Based on the above-discussed findings, we propose that 10 μM CAT effectively promotes the proliferation and 
osteogenic differentiation of human periodontal ligament stem cells (hPDLSCs) via the ER-α-mediated activation of the 
PI3K/Akt pathway. Furthermore, the administration of 10 mg/kg/day CAT exhibited significant effects on the tension side 
of the moving root by promoting osteogenic differentiation and simultaneously inhibiting bone resorption on the 
compression side, thereby positively preventing relapse after orthodontic tooth movement (OTM). Consequently, CAT 
holds great potential as a natural therapeutic agent for periodontal tissue regeneration and for delaying relapse 
after OTM.

In the context of the existing literature, our findings align with previous studies that emphasize the significance of the 
PI3K/Akt pathway in osteogenic differentiation and periodontal regeneration. For instance, recent research47,48 has 
demonstrated that activating this pathway can enhance the regenerative capacity of various stem cells in different 
scenarios, supporting the notion that CAT’s mechanism of action is consistent with broader evidence in regenerative 
medicine. Moreover, exploring the potential synergistic effects of CAT in combination with other adjunctive treatments, 
such as ozone therapy,69 photobiomodulation,70 and para probiotics,71 would be of considerable value. Understanding 
these interactions could offer insights into optimizing periodontal treatment protocols and improving clinical outcomes.

However, we must admit certain limitations in our study. The results obtained from rat models might only partially 
apply to human applications due to differences in bone structure, drug dosage, force magnitude, and treatment duration. 
Additionally, the long-term effects of CAT on periodontal tissues and the potential side effects remain ambiguous, 
requiring further investigation. Future research should address these gaps, particularly regarding the specific dosage and 
treatment regimens that apply to human patients. Furthermore, the mechanisms by which CAT regulates osteoclast 
activity and its broader implications in bone remodeling need to be clarified. Investigating these aspects will be crucial 
for understanding the full therapeutic potential of CAT in periodontal therapy.

Conclusion
We demonstrated that catalpol promoted hPDLSCs proliferation and osteogenic differentiation in vitro through the ER-α/ 
PI3K/AKT pathway and enhanced periodontal tissue remodeling in vivo using OTM models. Our research may serve as 
an experimental paradigm for the appropriate clinical utilization of catalpol to slow down relapse after OTM.
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