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Purpose: To investigate the effects of sinomenine on orthodontic tooth movement and root resorption in rats, as well as the effect of
sinomenine on the osteogenesis of periodontal ligament stem cells (PDLSCs).

Methods: Fifty-four male Wistar rats were randomly divided into 3 groups: control group, 20 mg/kg sinomenine group and 40 mg/kg
sinomenine group. Fifty-gram orthodontic force was applied to all groups. Each group was injected intraperitoneally with correspond-
ing concentration of sinomenine every day. After 14 days, all rats were sacrificed. Micro-computed tomography (micro-CT) scan was
used to analyze tooth movement, root resorption and alveolar bone changes. The effect on periodontal tissue was analyzed by Masson,
tartrate-resistant acid phosphatase (TRAP) and immunohistochemical staining. In vitro, PDLSCs were extracted and identified. The
effect of sinomenine on proliferation was determined by cell-counting kit-8. The effect of sinomenine on osteogenesis was investigated
by alkaline phosphatase (ALP) activity and alizarin red staining. qPCR and Western blotting were performed to explore the effects of
sinomenine on the expression levels of ALP, runt-related transcription factor 2 (RUNX2), receptor activator of nuclear factor kappaB
ligand (RANKL) and osteoprotegerin (OPG).

Results: The tooth movement and root resorption of sinomenine groups were reduced. Sinomenine decreased trabecular spacing on
compression side and increased alveolar bone volume and trabecular thickness on tension side. TRAP-positive cells in sinomenine
groups decreased significantly. The expressions of TNF-a. and RANKL were decreased, while the expressions of OPG, RUNX2 and
osteocalcin were up-regulated. In vitro, 0.1 M and 0.5 M sinomenine enhanced ALP activity, mineral deposition and the expression of
ALP, RUNX2 and OPG, and reduced the expression of RANKL.

Conclusion: Sinomenine could inhibit tooth movement, reduce root resorption, and exert a positive effect on bone formation in rats.
Moreover, sinomenine promoted the osteogenesis of PDLSCs.
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Introduction
Orthodontic tooth movement (OTM) during orthodontic treatment is based on the remodeling of periodontal tissue.
Under the action of mechanical force, the dynamic balance between bone formation and resorption of periodontal tissue
is disturbed. Alveolar bone at the tension side undergoes bone formation, and bone resorption occurs at the compression
zone.' The remodeling speed of periodontal tissue is a key factor affecting the speed of OTM. The process involves the
communication and regulation among a variety of cells, among which osteoclast-mediated bone resorption and osteo-
blast-mediated bone formation are tightly coupled processes regulated by various cytokines, chemokines and their
receptors and other inflammatory mediators.

Receptor activator of NF-kappaB (NK-«xB) ligand (RANKL) is a critical cytokine for osteoclastogenesis as
a membrane associated cytokine.” Osteocytes, osteoblasts and stromal cells express RANKL stimulated by bone
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resorption factors. Osteoclast precursor cells express RANK, which is a receptor for RANKL. Binding of RANKL to
RANK initiates multiple downstream signal transduction pathways and then induces osteoclastic differentiation.’* In
addition, osteoblasts and stromal cells produce osteoprotegerin (OPG), which is a decoy receptor for RANKL. OPG can
inhibit the interaction between RANKL and RANK, so as to inhibit osteoclast differentiation and bone resorption.’
Enhancing RANKL gene expression through local RANKL gene transfection can significantly enhance bone resorption,
improve the rate of bone remodeling and promote OTM.® Correspondingly, local OPG gene transfection can inhibit bone
resorption and inhibit OTM.” In contrast, severe RANKL genetic defects can lead to a special form of autosomal
recessive osteopetrosis (ARO), which is characterized by bone resorption failure of osteoclasts, resulting in increased
bone mineral density.® '® OPG-deficient mice have been shown to exhibit severe osteopetrosis and difficulty in tooth
eruption, accompanied by the complete lack of osteoclasts due to the inability of osteoblasts to induce the formation of
osteoclasts.'!

Periodontal ligament is a soft, fibrous connective tissue, which is embedded between cementum and the inner wall of
alveolar bone. Periodontal ligament stem cells (PDLSCs) can be isolated from periodontal ligament tissue.'? They have
high self-renewal ability and multilineage differentiation potential. PDLSCs play a vital role in maintaining periodontal
homeostasis.'> Under appropriate induction conditions, PDLSCs can differentiate into different cell lineages, such as
osteoblast-like cells, cementoblast-like cells, adipocytes and fibroblast-like cells.'*'* In vivo studies have found that
PDLSCs can promote the damaged periodontal tissue to form new alveolar bone tissue, periodontal ligament and
cementum.”> "7 Tt has been reported that PDLSCs are the most promising differentiation source for alveolar bone
regeneration.'® In conclusion, PDLSCs are considered to have a broad application prospects in the field of periodontal
tissue regeneration engineering. In addition, PDLSCs plays an extremely important role in the remodeling of periodontal
ligament and alveolar bone during orthodontic tooth movement.'” Zhang established OTM rat model and tracked the
response of PDLSCs in vivo.?’ The study found that PDLSCs on both compression and tension sides could be reactivated
during orthodontic treatment.”® PDLSCs also participate in the relapse process after orthodontic treatment.”' In vitro
studies found that mechanical stress could promote the osteogenic differentiation and proliferation of PDLSCs.”**
Generally, PDLSCs play an important role in OTM, which may involve a variety of mechanoreceptors and pathways,
such as cytoskeleton, MAPK signal, TGF-B/Smad, Wnt/B-Catenin pathway and RANKL/OPG axis.?*!*323
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Sinomenine (SIN), a natural alkaloid, is the main component of the traditional Chinese medicine sinomenium acutum.
Sinomenine is known for its obvious therapeutic effects, such as anti-inflammatory, immunosuppressive, antioxidant,
antiarrhythmic and anti-cancer.”*>* It is widely used in the clinical treatment of rheumatoid diseases. In addition, some
studies have found that sinomenine has an effect on bone metabolism.**>° It has been reported that sinomenine can
inhibit the differentiation of osteoclasts via RANKL signaling pathways.>® In addition, sinomenine could promote the
differentiation of osteoblasts by regulating the Akt/RUNX2 signaling pathway.** It is reported that sinomenine may
increase the expression of osteogenic markers such as ALP, OCN, type I collagen (COL1A1) and osteopontin in MC3T3-
El cells.*

Based on previous studies, we proposed the hypothesis that sinomenine might inhibit OTM and root resorption in rats
and promote osteogenic differentiation of PDLSCs. To the best of our knowledge, there is no in vivo or in vitro study
related to the effect of sinomenine on OTM and PDLSCs osteogenesis. Therefore, in this study, we explored the effect of
sinomenine on OTM and orthodontic induced root resorption (OIRR) in rats and investigated the effect of sinomenine on
the osteogenesis of PDLSCs. We anticipate that the results of this study will provide a valuable reference for the clinical
effect of sinomenine on orthodontic treatment and the application of sinomenine in periodontal tissue regeneration
engineering.

Materials and Methods

Animal Experiment
Animals and Groups
The animal experiment in this study was approved by the Institutional Animal Ethics Committee of Shandong University
(N0.20220104) and was performed according to the ARRIVE guidelines.?’ Fifty-four 6-week-old male Wistar rats
weighing 180 + 15 g were purchased from SPF biotechnology company (Beijing, China) and maintained in accordance
with the guidelines of the institutional ethics committee of Shandong University. The rats were pair-housed in standard
plastic cages under specific pathogen-free conditions. They were raised under constant environmental conditions of room
temperature (21 = 1 °C), 55 £ 10% relative humidity and a 12-hour light/dark cycle. The interior noise was below 60 dB.
Ensure nutrition through laboratory powder diet and water ad libitum. All animals had been adapted for 1 week before
the experiment began. During the experiment, the general condition and body weight of each animal were monitored.
The rats were randomly divided into 3 groups (n = 18 per group): (1) control group (normal saline); (2) low-dose
sinomenine treatment group (20 mg/kg sinomenine); (3) high-dose sinomenine treatment group (40 mg/kg sinomenine).
Dissolve sinomenine (Solarbio, Beijing, China) in 0.05% dimethyl sulfoxide to prepare the stock solution. The stock
solution was diluted to the required concentrations with an appropriate amount of normal saline immediately before use.
Rats in the low-dose and high-dose groups were intraperitoneally injected with sinomenine at a dose of 20 mg/kg/d and
40 mg/kg/d. Rats in the control group were intraperitoneally injected with normal saline for 14 days.

Animal Model and Study Design
All rats received orthodontic treatment (Figure 1A). After isoflurane (Yipin Pharmaceutical Co., Ltd, Hebei, China)
inhalation anesthesia, 3% phenobarbital sodium was injected intraperitoneally at a dose of 35mg/kg. After anesthesia,
a 0.5 mm groove was prepared around the neck of the two maxillary incisors. A 0.2 mm stainless steel wire (Aosu
Medical Instrument Co., Ltd, Hangzhou, China) was placed on the right maxillary first molar. Then, a nickel-titanium
(Ni-Ti) closed-coil spring (Grimed Medical Co., Ltd, Beijing, China) was inserted between the right maxillary first molar
and incisors producing a 50 g orthodontic force verified by an ergometer (Westlake Biomaterial, Hangzhou, China) to
move the right first molar. The proximal end of the closed-coil spring was fixed on the incisor neck through stainless steel
wire embedded in the groove of the incisor and reinforced with light-curing resin to strengthen anchorage and reduce the
movement of incisors. During the experiment, each rat was checked every day to ensure the integrity of the device.
After 14 days of tooth movement, all rats were injected with sodium pentobarbital intraperitoneally at a dose of
200 mg/kg for anesthesia.®® The rats then perfused fixation by cardiac puncture with 4% paraformaldehyde (pH = 7.4).
The maxilla of the experimental subjects containing the right maxillary molar was dissected and trimmed, and then the
obtained specimens were fixed in 4% paraformaldehyde solution for 24 hours. During this period, the samples were
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Figure | Model of orthodontic treatment and analysis of micro-CT. (A) Rat model of orthodontic treatment. (B) 3D images of the right maxillary first and second molars. a,
occlusal view; b, palatal view; ¢, buccal view. (C) Tooth movement measurement of right maxillary first molar. a, control group; b, high-dose sinomenine group. (D) Region of
interest (ROI) of bone analysis is marked in blue. a, horizontal view; b, vertical view.

Abbreviations: M, mesial root; MB, midbuccal; DB, distobuccal; MP, mesiopalatal; DP, distopalatal.

scanned by micro-computer tomography (micro-CT) scanner. The specimens were then decalcified in 10% ethylenedia-
minetetraacetic acid (EDTA) at 4 °C for two months. The solution was changed 3 times a week. Thereafter, the
specimens were washed by current water, dehydrated by graded ethanol, cleared in xylene and embedded in paraffin.
The sample was cut into 5 um thickness slices by a microtome (Leica, RM 2035, Germany) in a direction parallel to the
long axis of the distopalatal root. The sections then performed Masson staining, Tartrate-resistant acid phosphatase
(TRAP) staining and immunohistochemical analysis.

Micro-Computed Tomography (Micro-CT)

As mentioned above, the specimens on day 14 were scanned with micro-CT scanner (Quantum GX2 micro-CT,
PerKinElmer, USA). The scanning condition was 90 kV, 88 pA. The layer thickness was 36 um, and each scanning
time was 14 min. The raw image was reconstructed and converted into DICOM format using the built-in software. The
3D images of maxillary first and second molars were extracted by Mimics 21.0 (Figure 1B). According to previous study,
the distance between the contact points of the right maxillary first and second molar was measured on a two-dimensional
cross-section as the amount of OTM (Figure 1C).*” Then, the extracted 3D model was imported into Geomagic Studio
2014 software (Geomagic Inc., NC, USA), and the volume of the first molar was measured. After repairing the root
resorption zone by Geomagic Studio to form the smooth continuous state, the volume was remeasured and the difference
between the two volumes was calculated as the root resorption volume. Micro-CT images were analyzed by a CT-
Analyser (CTAn; Skyscan NV). Two regions of interest (ROI, Figure 1D) with the volume of 200 x 400 x 800 um were
selected at the proximal alveolar bone of the distobuccal root and the distal alveolar bone of the mesial root of the first
molars. The following microstructure parameters were measured: bone volume/total volume (BV/TV), trabecular
thickness (Tb.Th) and trabecular separation/spacing (Tb.Sp).

Histological and Immunochemical Analysis
Sections were dried at 60 °C for 2 h and then deparaffinized in xylene for 20 minutes. Then, the slides were hydrolyzed
with a series of gradient ethanol and rinsed in ddH,O. The processed slices were stained as follows. (1) The sections
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were stained with a Masson’s trichrome staining kit (Servicebio, Hubei, China) according to the manufacturer’s
instruction. In Masson’s trichrome staining, collagen fibers and new bone were dyed blue. (2) The sections performed
TRAP staining by a TRAP staining kit (Solarbio, Beijing, China) to identify clastic activity at the mesial side of
distopalatal root of the right maxillary first molar. The polynuclear TRAP-positive cells around the alveolar bone were
considered as osteoclasts, while the positive cells on the root surface were considered as odontoclasts as previously
mentioned.*” The number of TRAP-positive cells at mesial side of distopalatal root was counted. In addition, the
quantitative evaluation of TRAP-positive cells was further performed by analyzing the number of TRAP-positive cells
on the mesial side of the distopalatal root/the distopalatal root area (dentine and pump) within the same slice. (3) For
immunohistochemical staining, the sections were incubated in 3% hydrogen peroxidase in formaldehyde for 15
minutes to reduce the nonspecific staining caused by endogenous peroxidase. Subsequently, slices were incubated on
ice with goat serum for 40 minutes. Polyclonal anti-rabbit TNF-a (1:300; Servicebio, Hubei, China), RANKL (1:300;
Solarbio, Beijing, China), OPG (1:50; Solarbio, Beijing, China), RUNX2 (1:400; Solarbio, Beijing, China) and
osteocalcin (OCN, 1:400; Solarbio, Beijing, China) as primary antibodies were incubated overnight at 4 °C. A rabbit
anti-goat immunoglobulin was applied as secondary antibody and incubated for 30 minutes. After washing, the slides
were processed with biotin-streptavidin horseradish peroxidase (HRP) detection system by an SP Kit (Solarbio,
Beijing, China). The sections were observed under the microscope after slight counterstaining with haematoxylin
solution.

Cell Experiment

Isolation and Cultivation of PDLSCs

The study was conducted in accordance with the Declaration of Helsinki. The collection and usage of PDLSCs were
approved by the Ethics Committee of Shandong University (N0.20220103). The written informed consent of all
patients (or children’s legal guardians) has been obtained. As previously reported, PDLSCs were isolated and
cultured.*' Twenty non-carious premolars completely extracted due to orthodontics (patients’ age: 16-24 years old)
were collected and stored in a precooling a-minimum essential medium (a-MEM; Hyclone, Logan, UT, USA)
containing 5% penicillin/streptomycin antibiotics (Sigma-Aldrich, St. Louis, MO, USA) immediately, and the extrac-
tion of PDLSCs was completed within 4 h. Teeth were rinsed with phosphate buffered saline (PBS) containing 5%
penicillin/streptomycin. Then, the periodontal ligament in the middle third of the root was scraped with a sterile blade
and cut into small pieces. These small tissue blocks were transferred into the bottom of a cell culture flask. After adding
o-MEM containing 20% fetal bovine serum (FBS; Biolnd, Kibbutz, Beit-Haemek, Israel) and 1% antibiotics, the cell
culture flask was erected in 37 °C, 5% CO, incubator and turned over after 4 h. The culture medium was renewed every
three days and replaced with a-MEM supplemented with 10% FBS after the appearance of cells. The spindle shape of
PDLSCs was observed under the microscope. The obtained cells were isolated and purified by limited dilution cloning
method. The primary cells were prepared into a single-cell suspension and diluted to 10 cells/mL. Individual cells were
seeded into 96-well plates. After 12 hours of culture, single-cell wells were marked and the culture was continued. All
single-cell clones were collected to obtain purified PDLSCs. PDLSCs from P3-P5 were used in subsequent
experiments.

Characterization and Multidirectional Differentiation of PDLSCs

The cells were isolated via treatment with 0.25% trypsin-EDTA (Thermo Fisher Scientific Inc., Waltham, MA, USA),
and the dispersed cells were washed with PBS. The expression of cell surface markers CD34, CD45, CD90 and CD105
(eBioscience, San Diego, CA, USA) were analyzed by flow cytometer (Beckman Coulter, Brea, CA, USA). The
multidirectional differentiation ability of PDLSCs was detected by inducing osteogenic and adipogenic differentiation.
The cells were plated in 6-well plates at a density of 1.5 x 10° cells per well. After culturing in the complete medium for
24 h, the medium was replaced with osteogenic induction medium (a-MEM containing 10% FBS, 10 mM B-
glycerophosphate, 50 mg/L ascorbic acid, and 1 uM dexamethasone) or adipogenic inducing medium (a-MEM contain-
ing 10% FBS, 1 uM dexamethasone, 10 pg/mL insulin, 0.2 mM indomethacin and 0.5 mM 3-isobutyl-1-methylxanthine).
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The culture medium was changed every 3 days. After 21 days in dark, PDLSCs were stained with Alizarin Red S and oil
red O (Solarbio, Beijing, China) and observed under the microscope.

Cell Proliferation Was Detected by CCK-8 Kit

The effects of sinomenine on the proliferation of PDLSCs were determined by Cell Counting Kit-8 (CCK-8; Dojindo
Laboratories, Kumamoto, Japan). PDLSCs were plated in 96-well plates at a density of 3 x 10> cells per well. After the cell
cultured in complete medium for 24 h, the medium was replaced by complete medium supplemented with 0, 0.1, 0.2, 0.5, 1.0
or 2.0 M sinomenine (Solarbio, Beijing, China) for 24, 48, and 72 hours. The cell-free group was set as the blank control.
Five replicates were performed for each group. After aspirating the medium, CCK-8 was added according to the instruction
(a-MEM and CCK-8 reagent were mixed at a 9:1 ratio), and the absorbance was measured at 450 nm after incubation at 37
°C in a darkroom for 2 h on a microplate reader (SPECTRAstar Nano, BMG Labtech, Ortenberg, Germany).

Alkaline Phosphatase Activity Assays and Alizarin Red S Staining

The cells were plated in 6-well dishes as above, and the culture medium was changed into osteogenic induction medium
containing 0, 0.1 and 0.5 M sinomenine after 24 h. After 7 days of incubation, whole-cell protein extracts were obtained
using RIPA Lysis Buffer (Beyotime, Shanghai, China) containing 1% PMSF (Beyotime, Shanghai, China). The collected
lysate was centrifuged (4 °C, 12,000 x g, Smin) after ultrasonic lysis, and then the supernatant was collected. The protein
concentration was detected by a BCA protein assay kit (Solarbio, Beijing, China). In order to reduce proteinase activity,
the operation process was carried out on ice. Alkaline phosphatase (ALP) activity was quantitatively analyzed by an
alkaline phosphatase test kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The absorbance of the sample
was measured at a wavelength of 520 nm by a microplate reader.

After 21 days of induction, alizarin red staining was performed and the stained plates were observed and photo-
graphed under the microscope. Thereafter, 10% cetylpyridinium chloride (CPC; Solarbio, Beijing, China) was used to
dissolve mineralized nodules, and the absorbance of the solution at 562 nm wavelength was measured to quantify
mineralized matrix formation.

RNA Isolation and Quantitative Real-Time PCR

After 7 days of culture, total RNA was extracted with Trizol (TaKaRa, Shiga, Japan) and reverse transcribed into cDNA
using a Primer Script® RT Reagent Kit (TaKaRa, Japan). SYBR™ Premix Ex Taq™ (TaKaRa, Japan) and a Roche Light
Cycler™ 96 Sequence Detection System (Roche Diagnostics GmbH, Mannheim, Germany) were used for quantitative
real-time PCR (qQRT-PCR). Relative gene expression was measured by comparative 27** <" method** for ALP, RUNX
Family Transcription Factor 2 (RUNX2), OPG and RANKL. Each sample was assayed in triplicate. The primer
sequences for the qRT-PCR are shown in Supplementary Table 1.

Protein Detection via Western Blot

After 7 days of culture, the cells were lysed, the proteins were collected, and the total protein concentration was detected
by a BCA protein assay kit. The expression levels of ALP, RUNX2, OPG and RANKL were determined by Western blot.
The protein was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred onto polyvinylidene fluoride membranes (PVDF; Millipore, Billerica, MA, USA). The membranes were
blocked with 5% non-fat milk in Tris buffered saline and 0.1% Tween-20 (TBST) at room temperature to reduce
nonspecific bindings of antibodies. The blots were probed with primary antibodies overnight at 4 °C to ALP (Huabio,
Hangzhou, China), RUNX2 (Proteintech, Hubei, China), OPG (Abcam, Cambridge, UK), RANKL and GAPDH
(Proteintech, Hubei, China). After washing in TBST, the membrane was incubated with the corresponding secondary
antibody (Absin, Shanghai, China) at 37 °C for 1 hour. We used an enhanced chemiluminescent substrate kit (Biosharp,
Anhui, China) to visualize the immunoreactive proteins. ImageJ software (NIH, Bethesda, MD, USA) was used to
quantitatively analyze the protein expression.
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Statistical Analysis

All experiments were conducted at least three times. The results were analyzed by GraphPad Prism 8 (GraphPad
Software, Inc., La Jolla, CA, USA) and expressed as mean + standard deviation (mean + SD). Shapiro—Wilk test was
used to evaluate normality, and the differences between each group were analyzed by Student’s unpaired Student’s #-test
and one-way analysis of variance (ANOVA). P-value < 0.05 was considered statistically significant.

Results

Animal Experiment
Animal Condition
All rats survived well in the experiment. Their weight showed an upward trend within 14 days, and there were no

difference in weight among different groups. There were no other adverse events during study period.

Orthodontic Tooth Movement Measurements

The OTM of high-dose group (40 mg/kg) and low-dose group (20 mg/kg) were 0.35mm = 0.04mm and 0.40mm =+
0.03mm, respectively, which was significantly lower than control group (0.47mm =+ 0.04mm). There was a statistical
difference between sinomenine groups and the control group, and the decrease of OTM in high-dose group was more

obvious (Figure 2A).
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Figure 2 Amount of tooth movement and root resorption. (A) After |4 days of orthodontic treatment, the OTM was inhibited by sinomenine. (B) The root resorption
volume of sinomenine-treated groups was significantly lower than control group. (C) Micro-CT reconstructed image showed the root resorption area of the all groups.
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Figure 3 Evaluation of trabecular bone on day 14. Bone volume/total volume (BV/TV), trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp) of control group and
40 mg/kg sinomenine group at the compression side and tension side. Data are expressed as mean = SD (*P<0.05).
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The Volume of Root Resorption

The root resorption area can be observed in all groups, and the resorption volume of sinomenine groups was significantly
lower than that of the control group (Figure 2B and C). Compared with the low-dose group (20 mg/kg), the high-dose
group (40 mg/kg) had the least root resorption.

Evaluation of Trabecular Bone

The evaluation of alveolar bone on day 14 is shown in Figure 3. On the tension side, BV/TV and Tb.Th of 40 mg/kg
sinomenine group increased significantly (P < 0.05), but there was no significant difference in Tb.Sp. On the compression
side, compared with the control group, bone volume/total volume (BV/TV) of 40 mg/kg sinomenine group increased
significantly (P < 0.05). Trabecular thickness (Tb.Th) increased slightly, but there was no significant difference.
Trabecular separation (Tb.Sp) decreased significantly (P < 0.05).

Masson Staining Observation

On the compression side, the periodontal ligament was squeezed, the fibers were arranged disorderly, and resorption
lacunae could be observed on the surface of alveolar bone and root. The resorption lacunae in control group was the
largest, and the resorption area in the sinomenine group decreased in a concentration-dependent manner. Red blood cell
extravasation was observed in the periodontal ligament space. On the tension side, the periodontal ligament width was
enlarged and the fiber bundle was pulled and elongated. The collagen fibers in sinomenine groups were arranged
regularly and tightly. Active osteoblasts forming new bone could be observed near alveolar bone, especially in high
concentration sinomenine group (Figure 4).

TRAP Staining Observation

After 14 days of treatment, red-stained cells were observed on the compression side of the root of the maxillary first
molar, which were TRAP-positive cells (Figure 5). In the control group, a large amount of TRAP-positive osteoclasts and
odontoclasts were observed on the alveolar bone and root surface. The number of TRAP-positive multinuclear cells
around the compression side in sinomenine-treated groups decreased significantly. TRAP-positive cells in 40 mg/kg
group were significantly less than those in 20 mg/kg group. In addition, TRAP-positive cells of sinomenine groups were
mainly located on the alveolar bone.

Immunohistological Staining Analysis

Immunohistochemical (IHC) staining was performed to observe the expression of TNF-a, RANKL and OPG on the
compression side of periodontal area (Figure 6A—C) and the immunoreactivity of RUNX2 and OCN on the tension side
of periodontium (Figure 6D and E). Compared with the control group, the expressions of RANKL and TNF-a in
sinomenine-treated groups decreased significantly. Conversely, the expressions of OPG, RUNX2 and OCN in sinome-
nine-treated groups were significantly higher than those in control group (p < 0.01).

Cell Experiment

Cultivation and Characterization of PDLSCs

PDLSCs were successfully cultivated from periodontal ligament tissue (Figure 7A). After 21 days of adipogenic and osteogenic
induction, oil red O staining (Figure 7B) and alizarin red staining (Figure 7C) showed the accumulation of lipid droplets and the
formation of mineralized nodules, indicating that PDLSCs have the potential of lipogenic and osteogenic differentiation. The
expression level of surface markers of PDLSCs was detected by flow cytometry. The results showed that the expression of
mesenchymal stem cell (MSC) specific surface markers CD90 and CD105 were positive (Figure 7G and H), while the
hematopoietic stem cells (HSCs) marker CD34 (Figure 7E) and pan-leukocyte marker CD45 were absent (Figure 7F).

Cell Proliferation Assay

On days 0, 1, 3 and 5, the effects of various concentrations of sinomenine (0M, 0.1 M, 0.2 M, 0.5 M, 1.0 M and 2.0 M)
on the proliferation of PDLSCs were determined by CCK-8 assays (Figure 8A). On day 1, there were no significant
differences among all groups. On day 3, 1.0 M and 2.0 M sinomenine inhibited the proliferation of PDLSCs (P < 0.05).
On day 5, compared with the control group, 0.1 M sinomenine promoted the proliferation of cells (P < 0.01), 0.2 M and
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Abbreviations: AB, alveolar bone; PDL, periodontal ligament; R, root.

0.5 M sinomenine had no significant effect on cell proliferation, while high concentration of sinomenine (1.0 M and 2.0
M) significantly inhibited the proliferation of PDLSCs (Figure 8B).

Sinomenine Enhanced Mineralized Nodule Deposition and ALP Activity

Alizarin red staining was used to observe mineral deposition (Figure 8C). The results indicated that 0.1 M and 0.5
M sinomenine markedly promoted the deposition of mineralized nodules compared with the control group (Figure 8D)
and showed a dose-dependent increasing trend. In the ALP activity assays (Figure 8E), it was found that on day 7, the
ALP activity in 0.1 M and 0.5 M sinomenine groups increased significantly.
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Osteogenesis-Associated mMRNA and Protein Expression

After 7 days of osteogenic induction, the expression levels of osteogenesis-related factors ALP and RUNX2 were
analyzed (Figure 8F—-G). Compared with the control group, the mRNA expressions of ALP and RUNX2 in sinomenine-
treated groups were up-regulated in a concentration-dependent manner. Western blot indicated that the expression of
osteogenesis-related protein ALP and RUNX2 showed a dose-dependent upward trend.

Sinomenine Regulates OPG/RANKL Pathway

The expression levels of OPG/RANKL pathway-related factors RANKL and OPG were analyzed on day 7. In
sinomenine groups, the mRNA and protein expressions of RANKL (Figure 9A and D) decreased compared with the
control group, while the mRNA and protein expressions of OPG (Figure 9B and E) were up-regulated. Compared with
the control group, RANKL/OPG of sinomenine groups showed a decreasing trend (Figure 9C and F).

Discussion

In this research, we investigated the effect of sinomenine on tooth movement and root resorption during OTM by
establishing an animal model, the effect of sinomenine on osteogenic differentiation of PDLSCs in vitro, and the
potential mechanism of sinomenine on bone metabolism. The dynamic balance of bone resorption and bone formation
plays a key role in bone remodeling. OTM is the result of different relative activities of bone resorption and formation on
the compression side and tension side under mechanical stimulation. Tooth load leads to local hypoxia and fluid flow,
which leads to aseptic inflammatory cascade, and finally leads active osteoclasts on the compression side to produce bone
resorption and osteoblasts in the tension area to produce bone deposition.** In this process, inflammatory mediators, such
as prostaglandin E2 (PGE2), interleukin 1 (IL-1), interleukin 6 (IL-6), transforming growth factor beta (TGF-f), and
tumor necrosis factor-a (TNF-a), are involved in the activation of osteoclasts, which eventually leads to the loss of bone
on the compression side and the movement of tooth. Previous studies have shown that many endogenous and exogenous
substances could affect OTM and root resorption. Strontium ranelate can improve tooth anchorage and reduce root
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resorption in rat OTM model.** Aspirin can inhibit tooth movement and orthodontic recurrence.*>**® Resveratrol can
significantly reduce the degree of OTM distance and the proportion of OIRR in rat model.*’” Nicotine can increase tooth
movement speed and OIRR.*®

Sinomenine can regulate bone metabolism. Previous studies have shown that sinomenine could inhibit the osteoclastic
differentiation of mesenchymal stem cells*® and promote osteogenic differentiation of MC3T3-El cells by regulating Akt/
Runx2 signaling pathway.>* In addition, many studies have shown that sinomenine has anti-inflammatory effects,® >
which has been used in the treatment of systemic lupus erythematosus and rheumatoid arthritis for many years. It has been
found that sinomenine can downregulate inflammatory cytokines (TNF-a, IL-1 and IL-6), which significantly inhibited the
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Figure 7 Cultivation and characterization of PDLSCs. (A) PDLSCs showed a long spindle-shaped form. Scale Bar: 100 um. (B) After adipogenic induction, PDLSCs were
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immune response of macrophages stimulated by LPS.*’ In view of the effect of sinomenine on bone metabolism and its
wide clinical application, exploring the effect of sinomenine on OTM may provide some value for the clinical treatment of
orthodontic patients taking sinomenine.

In the present study, it was observed that the number of TRAP-positive cells on the surface of alveolar bone and roots
of rats treated with sinomenine decreased. Micro-CT analysis showed that BV/TV on the compression side of sinomenine
groups increased, while Tb.Sp decreased. These results indicate that sinomenine may inhibit the activation of osteoclasts
and increase trabecular bone mass. Considering the significant anti-inflammatory effect of sinomenine, and inflammation
will activate osteoclasts, the reduction of bone resorption in the sinomenine groups may also be related to the anti-
inflammatory characteristics of sinomenine, which may be similar to the principle of some anti-inflammatory drugs such
as aspirin to inhibit tooth movement.’® The results of immunohistochemistry showed that sinomenine reduced the
expression of TNF-a, which confirmed that sinomenine reduced the inflammatory cytokines during tooth movement.
TNF-a plays an important role during OTM. The number of TRAP-positive osteoclasts and the rate of tooth movement in
mice with TNF receptor deficiency were significantly decreased.’'*>* In addition, previous evidence supports that TNF-a.
and RANKL have a synergistic effect on osteoclast differentiation, and TNF-o can enhance the osteoclastogenic response
to RANKL.> The inhibition of sinomenine on TRAP-positive osteoclasts and tooth movement may be closely related to
the reduction of TNF-a and other inflammatory cytokines. Inflammation can also cause root resorption as a side effect
during OTM.>* The mechanism of OIRR is similar to that of osteoclasts induced bone resorption. The inhibition of
sinomenine on the activation of osteoclasts may also be the reason for the decrease of OIRR.

The increase of BV/TV and Tb.Th of 40 mg/kg sinomenine group on the tension side indicates that sinomenine may
promote bone formation. Immunohistochemical staining of RUNX2 and OCN also confirmed that sinomenine may
promote osteogenesis. Therefore, this study further explored the effect of sinomenine on osteogenesis through the in vitro
experiment. We chose PDLSCs as the research cells, because PDLSCs play an important role in the remodeling of
periodontal ligament and alveolar bone during OTM."? In addition, the multidirectional differentiation potential, strong
self-renewal ability, and high periodontal correlation of PDLSCs also make PDLSCs reliable seed cells in periodontal
tissue regeneration engineering. If sinomenine can promote bone formation, sinomenine may play a role in the field of
tissue regeneration and have a certain significance for periodontal tissue regeneration engineering.
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In our study, PDLSCs were isolated and obtained by tissue block method. The cells were identified by flow cytometry
analysis and multidirectional differentiation culture. Through CCK-8 assays, it was determined that low concentration of
sinomenine (0.1 M, 0.2 M and 0.5 M) did not inhibit cell proliferation, which is similar to the study previously.’® It was
determined by ALP activity and alizarin red staining that sinomenine at concentrations of 0.1 M and 0.5 M promoted the
osteogenesis of PDLSCs, which was consistent with the previously reported result that sinomenine promoted the
differentiation of osteoblasts.’® This study further evaluated the effect of sinomenine on the osteogenic differentiation
of PDLSCs by analyzing the expression of osteogenic related mRNA and proteins. ALP and RUNX2 were selected as
indicators of osteogenesis-associated factors. ALP is an early detection index of osteogenesis. The increase of ALP
activity reflects the beginning of osteoblast calcification.”> RUNX2 is regarded as a critical transcription factor for
osteogenesis and is related to the activation of bone-specific genes.>® The results of qRT-PCR and Western blot showed
that sinomenine significantly increased the expression levels of osteogenesis-associated mRNA and protein.

We further studied the expression of mRNA and protein related to RANKL/OPG pathway. The results indicated that
sinomenine promoted the mRNA transcription and protein expression of OPG and inhibited the expression of RANKL,
which was consistent with the results of immunohistochemical staining in rats. This suggests that the mechanism of
sinomenine inhibiting OTM and OIRR may be through RANKL/OPG pathway. RANKL, a key factor in the formation
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and activation of osteoclasts and odontoclasts, mainly expressed by osteocytes, osteoblasts and stromal cells, plays
a significant role in promoting osteoclast differentiation by binding to RANK on the surface of osteoclast precursor cells.
As a decoy receptor, OPG competes with RANK for binding to RANKL, resulting in the inhibition of osteoclast
activation and differentiation and the occurrence of osteoclast apoptosis. In the environment with appropriate concentra-
tion of sinomenine, PDLSCs could express more OPG and less RANKL, which may further inhibit the activity of
osteoclasts and inhibit tooth movement and root resorption in rats.

Based on the above, we confirmed the hypothesis that sinomenine inhibits OTM and root resorption in rats and
promotes osteogenic differentiation of PDLSCs. We infer that sinomenine may prevent bone resorption, promote bone
formation, improve tooth anchorage and reduce OIRR. The mechanism of sinomenine inhibiting OTM and root
resorption in rats may be related to RANKL/OPG pathway.

It should be noted that the results of animal studies research do not always be extended to humans, because the bone
structure, physiological response, drug dose, force size, force duration between human and rats are different. Moreover,
the in-depth mechanism is not completely clear. In addition, the limitation of this study was that only the short-term
effect of sinomenine on orthodontic treatment in rats has been studied in vivo, while orthodontic treatment is a long-term
process, and the long-term effect needs to be further evaluated.

Conclusion

In the present study, we demonstrated that sinomenine inhibited the movement and root resorption of orthodontic tooth.
Sinomenine improved the structure of alveolar bone in rats and induced a significant increase in BV/TV. Sinomenine
significantly reduced TRAP-positive osteoclasts and suppressed the expression of the inflammatory cytokines TNF-a on
the compression side. Sinomenine significantly decreased the expression of RANKL/OPG on the compression side, in
which the expression of RANKL was significantly decreased and the expression of OPG was increased. In addition,
sinomenine enhanced the expression of OCN and RUNX2 on the tension side. We further found that sinomenine could
promote the expression of ALP and RUNX2 in PDLSCs and improve the deposition of mineralized nodules. In
conclusion, our results show that sinomenine could inhibit orthodontic tooth movement and root resorption in rats by
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inhibiting the activity of osteoclasts through RANKL/OPG pathway. In addition, sinomenine had a positive effect on
bone formation at the tension side and promoted the osteogenic differentiation of PDLSCs.
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