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Background and Objective: Periodontitis is an inflammatory disease that eventually destroys tooth-supporting tissue. Yunnan
Baiyao (YNBY), a traditional Chinese medicine compound with haemostatic and anti-inflammatory properties has shown therapeutic
potential in several diseases. Our previous study revealed that YNBY suppressed osteoclast differentiation in periodontitis. The
purpose of this study is to investigate the influences of YNBY on osteoblasts and explore its potential mechanisms.

Materials and Methods: A rat periodontitis model was established by ligation of maxillary second molars. After the end of
modelling, histopathological observation by hematoxylin-eosin (HE) staining and Masson trichrome staining, detection of bone
resorption by Micro-CT scanning, detection of osteoclasts by tartrate-resistant acid phosphatase (TRAP) staining, expression of
osteocalcin (OCN) and microtubule-associated protein 1 light chain 3 (LC3) by immunohistochemistry. Lipopolysaccharides was used
to irritate MC3T3-E1 osteoblastic cells and ex vivo calvarial organ as an in vitro model of inflammation. CCK-8 assay was performed
to examine the toxicity of YNBY to MC3T3-El osteoblastic cells. Osteogenesis was assessed with alizarin red staining, immuno-
fluorescence staining, Western blot and immunohistochemical staining. Transmission electron microscopy, fluorescent double staining,
Western blot and immunohistochemical staining were employed to detect autophagy.

Results: Histological and micro-CT analyses revealed that YNBY gavage reduced bone loss caused by experimental periodontitis and
upregulated osteogenic proteins in vivo. YNBY attenuated the production of autophagy-related proteins in periodontitis rats.
Additionally, YNBY promoted osteogenesis by inhibiting inflammation-induced autophagy in vitro. Furthermore, YNBY suppressed
LPS-mediated bone resorption and promoted the production of osteoblast-related proteins in inflamed calvarial tissues ex vivo.
Conclusion: This study demonstrated, through in vivo, in vitro and ex vivo experiments, that YNBY promoted osteoblast
differentiation by suppressing autophagy, which markedly alleviated bone destruction caused by periodontitis.
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Introduction

Periodontitis is a chronic oral disease caused by oral microbial flora dysbiosis and inflammation. Gingivitis, caused by plaque,
is a reversible condition. If left untreated, it may progress to periodontitis, leading to attachment loss, bone destruction and
ultimately tooth loss.'* At present, restoring the structure and function of damaged tissue in periodontitis remains a significant
clinical challenge.® An imbalance between bone homeostasis, ie, osteoclastic bone resorption is greater than osteoblastic bone
formation, is the direct cause of alveolar bone loss.* During the development of periodontitis, plaque microorganisms and their
toxins contribute to the destruction of periodontal tissue.” Lipopolysaccharides (LPS) from Porphyromonas gingivalis (Pg),
a key periodontal bacterium, hinders osteoblast differentiation® and simultaneously promoting monocyte differentiation into
osteoclasts.” Conversely, osteoclastogenesis inhibitory factor (osteoprotegerin, OPG), a soluble protein from osteoblasts,
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competes with receptor activator of nuclear factor-kappaB ligand (RANKL) to antagonize the RANK—RANKL interaction,
thereby inhibiting osteoclastogenesis and preserving the osteogenic environment.®’ Therefore, osteogenesis is a key process
in the inhibition of bone loss.

The expression of autophagy-related proteins increased in the gingival tissues of periodontitis patients.'® Autophagy,
which is involved in the metabolism of periodontal tissue'' by regulating osteoblasts'* and osteoclasts'* in periodontitis,
is activated during their differentiation. The deletion of autophagy-related gene 5 (Atg5) or autophagy-related gene 7
(Atg7) in mice resulted in reduced osteoblast numbers and autophagy in mice.'""'*'> The adhesion and spreading of
osteoclasts are affected by deficiency in the secretion function of lysosomes, which are involved in autophagy.'®
However, further exploration is needed to clarify how autophagy flux regulates bone metabolism in the inflammatory
environment.

Yunnan Baiyao (YNBY), a traditional Chinese medicine compound, is primarily composed of the following types of
traditional Chinese medicine: Tian Qi, San Yu Cao, Bai Niu Dan, Chuan Shan Long, Huai Shan Yao, Ku Liang Jiang, Lao
Guan Cao, Bing Pian and Cao Wu."” The existence of YNBY serves as a testament to the profound ethnopharmacological
legacy inherent in Eastern medicine. Previous studies have demonstrated the potential antibacterial,'® antioxidant'” and anti-
inflammatory'® properties of YNBY. Our earlier research also revealed that YNBY reduced the activity of overactive
osteoclasts during periodontitis.”’ However, potential applications of YNBY for bone regeneration have not been explored,
and the underlying mechanism by which YNBY regulates bone metabolism remains unaddressed. Significantly, the regulation
of osteogenic remodelling through autophagy has been validated in traditional Chinese medicine.?' Therefore, the potential
mechanism by which YNBY modulates bone homeostasis may also be associated with autophagy.

In this research, we employed periodontitis animal, cell and ex vivo bone organ models, aiming to investigate the
effects of YNBY on osteoblasts and bone metabolism and further explore its underlying mechanisms. The first null
hypothesis of this study is that YNBY has no significant effect on osteoblasts and bone metabolism. The second null
hypothesis of this study is that there is no significant change in autophagy flux under the intervention of YNBY.

Materials and Methods

LC-MS/MS Analysis

The UPLC-ESI-MS/MS system (UPLC, ExionLC™ AD; MS, Applied Biosystems 6500 Q TRAP) used Agilent SB-C18
column with a gradient program of solvent A (pure water with 0.1% formic acid) and solvent B (acetonitrile with 0.1%
formic acid). The column temperature was maintained at 40°C, and the injection volume was 2 pL. The effluent was
directed to an ESI-Q TRAP-MS/MS were set for effective analysis of the drug. The data were gathered and analyzed
utilizing the LC-MS/MS-associated software (Table 1 and Table S1).

Table | The Nine Components of Yunnan Baiyao

No. | QI (Da) | Q3 (Da) | Molecular Weight (Da) Formula lonization Model Compounds

| 1107.5900 | 1107.5900 1108.6029 C54H92023 [M-H]- Notoginsenoside Rbl
2 829.5000 | 769.4800 830.5028 C43H74015 [M-H]- Ginsenoside ST-3
3 841.5000 781.4800 842.5028 C44H74015 [M-H]- Vina-Ginsenoside RI
4 1123.5900 | 1123.5900 1124.5979 C54H92024 [M-H]- Notoginsenoside A
5 811.4900 | 751.4700 812.4922 C43H72014 [M-H]- Sanchirhinoside A2
6 753.4800 | 423.3600 7524711 C41Hé68012 [M+H]+ Notoginsenoside T5
7 6374300 | 421.3500 636.4237 C36H6009 [M+H]+ ginsenoside Rh5/7/8
8 933.5400 | 295.1000 932.5345 C47H80018 [M+H]+ ginsenoside Re4
9 933.5400 | 295.1000 932.5345 C47H80018 [M+H]+ Notoginsenoside Rl

Notes: QI (Da): The molecular weight of the parent ion after ionization by electrospray ionization source; Q3 (Da): characteristic fragment ions.
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Experimental Periodontitis Model (in vivo)

A total of 18 male Sprague Dawley (SD) rats, with a weight of 180 g and of SPF grade, were used for the experiment. All
rats were in good health, with no oral or systemic diseases, and no missing teeth. All rats were housed in a controlled
environment (25°C, 50% humidity, and a 12 h light-dark cycle) with free access to water and food. YNBY (China
Yunnan Baiyao Group Co., Ltd., Kunming, China) was dissolved in 0.5% sodium carboxymethyl cellulose (CMC-Na) as
a vehicle. The rats were randomly divided into the following groups, each consisting of six rats: (1) control group
(Control) (without ligature or oral YNBY administration); (2) periodontitis group (Periodontitis) (with ligature and oral
CMC-Na administration); and (3) periodontitis + YNBY group (P + YNBY) (with ligature and oral YNBY administra-
tion). Experimental periodontitis was induced in rats by ligating the maxillary second molar teeth using a needle holder to
place ligature thread, and 4 weeks later, YNBY was orally administered at a dose of 50 mg per animal daily (Figure 1).
After 6 weeks, all rats were euthanized by cervical dislocation, and maxillary samples were collected using scissors.

Microcomputed Tomography (Micro-CT) Scanning

The maxillary samples were fixed in 4% paraformaldehyde for 24 h and scanned using a NEMO NMC-100 micro-CT
system (PINGSENG Healthcare Inc., Kunshan, China). Each maxilla was scanned separately at a 90 kV source voltage,
60 pA source current and 7.5 pm resolution. Mimics Research software (version 17.0; Materialise NV, Leuven, Belgium)
was employed to reconstruct three-dimensional images and measure the distance between the cemento-enamel junction
and the alveolar bone on both the buccal and palatal surfaces of the second molar to assess bone loss.

Histological Analysis

The samples were decalcified with EDTA solutions (pH 7.2, X2776, Leagene Biotechnology, Beijing, China) for 4 weeks
at room temperature, changing twice a week. Dehydration was performed with gradient alcohol, followed by paraffin
embedding. Sections of 4 pum were prepared using a conventional method. Hematoxylin-eosin (HE) staining, Masson
trichrome staining (G1006, Servicebio, Hubei, China) and tartrate-resistant acid phosphatase (TRAP) staining (G1492,
Solarbio, Beijing, China) were carried out following the manufacturer’s instructions.
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Figure | YNBY reduces alveolar bone loss in periodontitis rats. (A) Modelling steps of the periodontitis rat model. (B) Three-dimensional and two-dimensional micro-CT
reconstruction of rat alveolar bone; dotted circle lines, interdental alveolar crestal bone; solid lines, direction of tooth root. (C) Quantitative analysis of distance from the
CEJ to ABC. (D) Histological staining of alveolar bones, including H&E and Masson trichrome staining; green arrows, enamel; low-magnification scale bar, 400 um; high-
magnification scale bar, 200 pm. (E and F) TRAP staining of alveolar bones (E) and quantitative analysis of osteoclast number (F); scale bar, 625 pum. (G)
Immunohistochemistry of OCN; scale bar, 100 um. (H) Quantitative analysis of the immunohistochemistry in G. (I) Immunohistochemistry of LC3; scale bar, 100 um.
(J) Quantitative analysis of the immunohistochemistry in |. Data are expressed as the mean * SD; *p < 0.05; **p < 0.01; ***p < 0.0001.
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Immunohistochemical (IHC) staining was performed to assess the expression levels of osteocalcin (OCN) (GB11233-
100, Servicebio, Hubei, China, 1:100), osteoprotegerin (OPG) (bs-20624R, Bioss, Beijing, China, 1:200), microtubule-
associated protein 1 light chain 3 (LC3) (14600-1-AP, Proteintech, Hubei, China, 1:200) and autophagy-related protein 5
(ATGS) (10181-2-AP, Proteintech, Hubei, China, 1:200). After conventional dewaxing and hydration, antigen repair was
conducted with EDTA solution (MVS-0099, Maixin, Biotech) (OCN, OPG) or citrate buffer (MVS-0101, Maixin
Biotech) (LC3, ATGS) at 100°C for 30 min. After natural cooling to room temperature, the slides were rinsed in
phosphate buffered saline (PBS) for 5 min, and an endogenous peroxidase blocker (SP KIT-A3, Maixin Biotech) was
used to block endogenous peroxidase activity for 15 min. Following three 5-min rinses with PBS, the slides were
incubated with the anti-OCN antibody, anti-OPG antibody, anti-LC3 antibody and anti-ATGS5 antibody at 4°C overnight.
The next day, the slides were washed thrice in PBS and incubated with the secondary biotinylated antibody from the
MaxVision HRP-Polymer anti-Mouse/Rabbit IHC Kit (KIT-5020, Maixin Biotech) at room temperature for 1 hour. After
the slides were washed thrice in PBS, the immunohistochemical reactions were visualized with a DAB chromogen kit
(DAB-0031, Maixin Biotech), and haematoxylin was used for nuclear staining in all tissue sections. Finally, the slides
were dehydrated by gradient dehydration with ethanol, permeated in xylene and mounted with resin. Deep brown
staining was considered an immunopositive reaction.

The stained sections were scanned using a KF-PRO-005 digital slide scanner (KFBIO, Ningbo, China) and analysed
with K-Viewer software (KFBIO, version 1.7.0.27). Quantitative analysis of the optical density was conducted by Image-
Pro Plus v6.0 (Media Cybernetics).

Ex vivo Calvarial Organ Cultures

Calvarial organs were obtained from newborn C57 sucking mice at 3 days of age. The calvariae were removed by cutting
around the cranial sutures (Figure 2H, lines 1, 2, 3) and washed in PBS containing 10% penicillin-streptomycin
(HyClone, USA). Each calvaria was maintained in 24-well plates with Dulbecco’s modified Eagle’s medium (DMEM)
(C11995500BT, Gibco) containing 10% foetal bovine serum (C04001-050X10, VivaCell, Shanghai, China) and 1%
penicillin streptomycin. Tissues were stained using the same procedure as described above after LPS and YNBY
intervention.

Cell Line

The mouse preosteoblast cell line MC3T3-E1 Subclone 14 (GNM15) was kindly provided by Cell Bank, Chinese
Academy of Sciences and maintained in a-MEM medium (C12571500BT, Gibco) supplemented with 10% foetal bovine
serum. Cells were cultured at 37°C in a humidified atmosphere containing 5% CO2.

CCK-8 Assay

Dimethyl sulfoxide (DMSO) (D8371, Solarbio, Beijing, China) was used as a medium to dissolve YNBY (DMSO <
0.01% in all experiments). Cells were seeded in 96-well plates and treated with various concentrations of YNBY (0, 5,
10, 20 and 40 pg/mL) and DMSO. At 0, 1, 3, 5, and 7 days, the cells were incubated with 10 uL CCKS8 solution
(Dojindo, Kumamoto, Japan) to assay the cytotoxic effect of YNBY. After 2 h at 37°C, the absorbance at 450 nm was
measured for each well, and cell viability curves were plotted. The experiments were repeated three times.

In vitro Osteoblast Differentiation

Cells were plated on 6-well plates containing a-MEM supplemented with 10% foetal bovine serum, 50 pM L-ascorbic
acid (D4544, Sigma), 10 mM B-glycerolphosphate (D9422, Sigma), and 10 nM dexamethasone (D4902, Sigma). To
investigate the effect of YNBY on the osteogenic differentiation of MC3T3-E1 cells in inflammatory environments, the
cells were randomly divided into the following groups: (1) osteogenesis-inducing culture medium group (Control); (2)
osteogenesis-inducing culture medium group containing DMSO group (DMSO); (3) osteogenesis-inducing culture
medium group containing DMSO and 10 pg/mL LPS (L2880, Sigma) group (LPS); and (4) osteogenesis-inducing
culture medium group containing DMSO, 10 pg/mL LPS and 20 pg/mL YNBY group (LPS + YNBY). After 4 weeks of
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Figure 2 YNBY promotes osteogenic differentiation in an inflammatory environment. (A) CCK-8 assay of MC3T3-E|l cells after treatment with YNBY (0, 5, 10, 20 and 40
pg/mL) or DMSO for 0, 1, 3, 5 and 7 days. (B) Alizarin Red staining of MC3T3-El cells treated with different concentrations of YNBY; scale bar, 200 pm. (C) Alizarin Red
staining of MC3T3-E| cells treated with 20 pg/mL YNBY under LPS-induced inflammation; scale bar, 200 um. (D and E) Immunofluorescence staining (D) and quantitative
analysis (E) of OSX in MC3T3-El cells; scale bar, 50 pm. (F and G) Western blot (F) and quantificational analysis (G) of RUNX2, OSX and ALP in MC3T3-El cells. (H)
Schematic diagram of the steps of calvarial anatomy. (I) Representative H&E staining of calvaria; scale bar, 50 um. (J and K) Immunohistochemical staining (J) and quantitative
analysis (K) of OPG in calvaria; scale bar, 50 um. (L and M) Western blot (L) and quantification (M) of RUNX2 and OPG in calvaria treated with LPS and different
concentrations of YNBY. Data are expressed as the mean + SD; n = 3; *p < 0.05; **p < 0.01; ***p < 0.001, ns = not significant.
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induction, the mineralized nodules of osteoblast differentiation were observed through the application of Alizarin Red
S Solution (ALIR-10001, OriCell, Guangzhou, China).

Western Blotting

After 7 days of osteogenic induction in a 6-well plate, total proteins were extracted from the cells by RIPA Buffer
(R0010, Solarbio, Beijing, China) including protease inhibitor mixture. The calvarias were ground into powder in
adequate liquid nitrogen, and then RIPA buffer (10 pL/mg) including a protease inhibitor mixture was added. Equal
amounts of the protein samples were separated by electrophoresis on proper SDS-PAGE polyacrylamide gels (10%,
15%). Then the samples were transferred to PVDF membranes (0.22 pm, Millipore) using a wet transfer apparatus (Bio-
Rad) and blocked with blocking buffer (P0252, Beyotime, Shanghai, China) for 30 min at room temperature. The
membranes were incubated with primary antibodies at 4°C overnight. Afterwards, the blots were incubated with
secondary antibodies (SA00001-2, Proteintech, Hubei, China, 1:5000) at room temperature for 1 h. The Super-
sensitive ECL chemiluminescent substrate (BL520A, Biosharp, Anhui, China) was used to detect the protein bands.
Band intensities were relatively quantified using ImageJ software (1.35q; Wayne Rasband, NIH). The primary antibodies
used were as follows: Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (#380646, zenbio, Chengdu, China,
1:7500), Runt-related transcription factor 2 (RUNX2) (#bs-1134R, Bioss, 1:1000), Osterix (OSX) (#bs-1110R, Bioss,
1:1000), alkaline phosphatase (ALP) (#ab229126, abcam, 1:1000), osteoprotegerin (OPG) (#bs-20624R, Bioss, 1:1000),
Receptor Activator for Nuclear Factor-k B Ligand (RANKL) (#bs-0747R, Bioss, 1:1000), Recombinant Nuclear Factor
Of Activated T Cells, Cytoplasmic 1 (NFATCI1) (#66963-1-Ig, Proteintech, 1:6000), Recombinant Matrix
Metalloproteinase 9 (MMP9) (#bs-41146R, Bioss, 1:1000), Recombinant Cathepsin K (CTSK) (bs-1611R, Bioss,
1:1000), Sequestosome 1 (P62/SQSTMI1) (#18420-1-AP, Proteintech, 1:25000), microtubule-associated proteins light
chain 3 (LC3) and (#14600-1-AP, Proteintech, 1:3000).

Immunofluorescence Staining

The cells were seeded in a confocal dish. After 7 days, the cells were fixed in 4% paraformaldehyde for 30 min and
permeabilized with 0.1% Triton X-100 in PBS for 20 min. Then, the cells were blocked with 5% BSA for 30 min in PBS
followed by incubation with anti-OSX antibody (1:200) at 4°C overnight. Afterwards, the cells were incubated with
fluorescent secondary antibodies (a23420, abbkine, Georgia, USA, 1:200) at 37°C for 1 h. Nuclei were stained with
DAPI solution (C0065, Solarbio) for 5 min at room temperature. Finally, fluorescence staining was visualized using
a laser scanning confocal microscope (Nikon, Tokyo, Japan).

Autophagy Flux Detection

The cells were seeded in a confocal dish. According to the manufacturer’s instructions, the cells were infected with
adenovirus expressing mRFP-GFP-LC3 (Hanbio, Shanghai, China) to assess autophagic flux. In brief, 100 MOI virus
solution was added to each confocal dish after seeding in the confocal dish overnight. After a 4 h incubation, an equal
volume of fresh culture medium was added to the confocal dish. After a 10 h incubation, the culture medium containing
the virus was replaced with fresh osteogenesis-inducing culture medium. After another 6 h of incubation, the cells were
washed three times with PBS and fixed with 4% paraformaldehyde solution for 15 min. Autophagosomes and autolyso-
somes were observed by a laser scanning confocal microscope.

Transmission Electron Microscopy (TEM)

The number and morphology of autophagosomes and autolysosomes were observed by a transmission electron
microscope (JEM-1400FLASH, Japan). Briefly, the cells in each group were digested and centrifuged. The cell pellets
were fixed with 3% glutaraldehyde and then fixed with 1% osmium tetroxide. After fixation, the cell pellets were
dehydrated by gradient acetone. Then, the samples were embedded in Epon812 epoxy resin to prepare ultrathin
sections (60-90 nm). After being stained with uranyl acetate and lead citrate, the autophagosomes and autolysosomes
were observed by TEM.
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Statistical Analysis

Data are expressed as the mean + SD, and P values less than 0.05 were considered statistically significant. The number of
samples or images analysed is indicated in each figure legend. Comparisons between multiple groups were performed
using one-way ANOVA, and normality tests were performed before performing statistical analysis. All statistical tests
were performed using GraphPad Prism 9.0. Software (USA).

Results

YNBY Reduces Alveolar Bone Loss in Periodontitis Rats

Periodontitis-induced alveolar bone loss was quantified by linearly measuring the distance from the cement-enamel
junction to the alveolar bone crest (CEJ-ABC) of the maxillary second molar. Micro CT showed that the significant
increase in the CEJ-ABC distance of Periodontitis group showed considerable alveolar bone resorption, illustrating the
success construct of the rat periodontitis disease model, and alveolar bone resorption was lessened after YNBY
intervention (Figure 1A—C). Histological staining was used to detect pathological damage to the periodontal tissue,
H&E staining indicated inflammatory infiltration, and Masson trichrome staining indicated collagen fibre rearrangement.
The results showed that marked inflammatory infiltration, blood vessel congestion, and the arrangement of fibroblasts and
collagen fibres were visibly disordered and that the junctional epithelium migrated towards the root in the Periodontitis
group compared with the Control group, which was reversed by YNBY (Figure 1D). YNBY significantly downregulates
osteoclast numbers in rat periodontitis models (Figure 1E and F), which results in a reduction in alveolar bone resorption.
IHC analysis of OCN expression in osteoblasts in the Periodontitis group was reduced relative to that in the Control
group. After YNBY gavage intervention, OCN expression increased (Figure 1G and H), indicating that YNBY inter-
vention promoted osteoblast differentiation in periodontal tissue. These results were consistent with the micro-CT results.
Simultaneously, YNBY reduces the expression of LC3 in periodontal tissue caused by periodontitis (Figure 11 and J).

These observations suggest that YNBY significantly inhibits bone resorption and promotes osteogenesis.

YNBY Promotes Osteogenic Differentiation in an Inflammatory Environment

The CCKS assay was used to assess the toxicity of YNBY to MC3T3-E1 cells. A concentration of YNBY greater than or
equal to 40 ug/mL exhibited significant toxicity on cell viability (Figure 2A). Therefore, YNBY was used at concentra-
tions lower than or equal to 20 pg/mL for the subsequent experiments to avoid cytotoxicity. Alizarin red staining revealed
that YNBY intervention promoted osteogenesis in a dose-dependent manner and alleviated osteogenic inhibition caused
by exposure to 10 pg/mL LPS at the same time (Figure 2B and C). Consistently, the Western blotting results showed that
the YNBY-treated groups showed increased expression of osteogenesis-related proteins (RUNX2, OSX and ALP)
compared with the LPS group (Figure 2F and G), and the upregulation of OSX expression was further confirmed by
immunofluorescence (Figure 2D and E).

To further confirm the effect of YNBY on osteogenesis, we used ex vivo calvarial organ cultures, which expose
osteoblasts to the bone environment (Figure 2H). We established a model for LPS-induced bone resorption in ex vivo
calvaria to mimic bone resorption initiated by inflammation. HE staining showed that LPS increased infiltration of
inflammatory cells (Figure S1A). TRAP staining showed that as the concentration of LPS increased, the number of
osteoclasts increased (Figure S1B and C). Western blot results showed that the expression of osteoclast-specific
proteins (NFATC1, MMP9 and CTSK) was upregulated by LPS (Figure SID and E), suggesting that LPS can
successfully cause bone resorption. LPS-induced bone resorption was suppressed by different concentrations of
YNBY (Figure SIF and G). Simultaneously, immunohistochemical results revealed that the OPG protein level was
increased in the calvaria of the YNBY group relative to the LPS group (Figure 2I1-K). The results of Western blot
analysis also showed that YNBY intervention decreased the expression levels of osteoclast-related marker proteins
(NFATCI1, MMP9 and RANKL) (Figure S1H and I) and increased the expression levels of osteogenesis-related marker
proteins (RUNX2 and OPG) (Figure 2L and M). These results suggest that YNBY can inhibit bone resorption and
promote osteogenic differentiation.
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YNBY Inhibits Autophagy in the Inflammatory Environment
GFP-RFP tandem fluorescent-tagged LC3 observed by a laser scanning confocal microscope showed that yellow and red
spots were increased in the LPS group, suggesting that LPS can activate autophagy flux by enhancing autophagosome
conversion to autolysosomes;*> however, this process was inhibited by YNBY (Figure 3A and B). As GFP green
fluorescent protein is sensitive to acidity, GFP green fluorescence is quenched after acidic lysosomes fuse with
autophagosomes to form autolysosomes, and only RFP red fluorescence can be detected.”> Furthermore, transmission
electron microscopes revealed that the numbers of double-membrane autophagosomes and single-membrane autolyso-
somes were dramatically reduced in the LPS+YNBY group compared with those in the LPS group (Figure 3C).
Consistent with this finding, Western blot analysis revealed decreases in the ratio of LC3 II/LC3 I and increases in
P62 levels in the YNBY-treated group (Figure 3D and E), indicating the obstruction of autophagy.
Immunohistochemical analysis showed that the expression of ATGS in calvarial bone tissue increased with LPS and
was inhibited by YNBY (Figure 3F and G). The Western blot results were also consistent with the cell experiments
(Figure 3H and I). This evidence indicates that YNBY reversed the increased autophagic flux caused by LPS treatment.

YNBY Promotes Osteogenic Differentiation Through Inhibiting Inflammation-Induced
Autophagy

To test whether autophagy flux is involved in YNBY-induced osteoblast differentiation, we added the autophagy agonist
RAPA and inhibitor 3-MA to treat cells under LPS and YNBY cotreatment. Double fluorescent tagged LC3 and visualized
autophagosome structure under the transmission electron microscope showed that RAPA promoted the combination of
autophagosomes and lysosomes, but 3-MA generated the opposite effect (Figure 4A—C). Western blot results of LC3 and
P62 further demonstrated the same results (Figure 4D and E). The above observations indicate that the autophagy agonist
RAPA completely abolished the YNBY-mediated inhibition of autophagy, but the inhibitor 3-MA further promoted the
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Figure 5 Pattern diagram for the mitigation of periodontitis-induced bone destruction by YNBY, which promotes osteoblast differentiation through inhibiting autophagy.
The figure was created using Adobe lllustrator.

inhibition of autophagy by YNBY. Notably, incubation with the autophagy agonist RAPA significantly reversed the promotion
of osteogenic differentiation by YNBY in inflammatory environment, with fewer calcium deposits (Figure 4H) and lower
expression of osteogenesis-related proteins (Figure 4F—J). Application of the autophagy inhibitor 3-MA reached the icing on
the cake effect on the promotion of osteogenic differentiation (Figure 4F-J). The involvement of autophagy in osteogenic
differentiation induced by YNBY was validated by RAPA and 3-MA.

Although YNBY could inhibit osteoclast differentiation and promote osteogenic differentiation in calvarial inflam-
matory environments, RAPA inhibited the effects of YNBY while upregulating autophagy flux (Figure 4K-S and Figure
S2A-D). Moreover, 3-MA generated the opposite effect (Figure 4K—S and Figure S2A-D). Conclusively, YNBY
attenuated bone loss by inhibiting the formation, differentiation, and bone resorption activities of osteoclasts and
promoting bone formation and osteogenic differentiation by inhibiting inflammation-induced autophagy (Figure 5).

Discussion

This study was designed to identify whether YNBY promoted osteoblast differentiation while inhibiting bone resorption
in periodontitis and to explore the underlying mechanisms. Our experiments showed that oral YNBY administration
reduced alveolar bone resorption in a rat periodontitis model and improved osteogenic activity. LPS was used to mimic
inflammation in vitro to inhibit osteogenic differentiation. Then, the effects of YNBY on MC3T3-El osteogenic
differentiation in the inflammatory microenvironment and the underlying mechanisms were investigated. The results
showed that YNBY reversed LPS-induced osteogenic inhibition. The involvement of autophagy flux in YNBY-mediated
osteogenic differentiation was confirmed through rescue experiments with the autophagy agonist RAPA and inhibitor
3-MA. Finally, YNBY-treated ex vivo calvarial organ culture models were established to mimic the natural remodelling
state of bones in vivo, and the same results were observed.

Periodontitis initially involves the accumulation of many periodontal pathogenic bacteria, leading to ecological imbalance
in the oral microbiota; as a result, inflammation occurs and the integrity of tooth-supporting tissues is decreased.”* YNBY has
shown significant potential for periodontitis treatment inhibiting periodontitis progression by reducing osteoclast
differentiation,'*° but its role in osteoblast differentiation remains unspecified. This study revealed that YNBY upregulated
osteogenesis-related protein expression (OCN) while inhibiting osteoclast differentiation based on previous research.”’ In
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addition, the junctional epithelium migrates apically resulting in the formation of a deep periodontal pocket as periodontitis
advances.”> YNBY improved the attachment site of the newly formed junctional epithelium and the renewal of the underlying
connective tissue. In addition, the shape of the dental papilla was partially restored, indicating that YNBY exhibits positive
effects on alveolar bone regeneration and soft tissue healing. However, the specific mechanism by which YNBY regulates
osteoblasts remains to be further explored. It has been reported that elevated levels of autophagy gene expression are observed
in peripheral blood of patients with periodontitis.*® Metabolites of periodontal pathogenic bacteria, such as Hydrogen sulfide
(H2S), exacerbate alveolar bone loss in periodontitis rats, while upregulating the expression levels of autophagy-related
proteins LC3 and Beclin-1.?” Dang et al found that inhibiting autophagy can restore the osteogenic differentiation potential of
stem cells and improve alveolar ridge preservation.”® In our study, we found that YNBY not only promotes bone regeneration
but also reduces the expression of autophagy protein LC3 elevated due to periodontitis, suggesting that autophagy may play
a regulatory role in the bone repair process of YNBY.

In periodontitis, enhanced alveolar bone loss was determined by an imbalance between osteoblasts and osteoclasts,”
manifesting as continuous activation of osteoclasts*® and delayed bone formation by osteoblasts. Historically, research on
periodontitis has been confined to the regulation of individual osteoblast cells.>'** Therefore, in addition to investigating the
effects of YNBY on osteoblasts using a cell model, we utilized an ex vivo calvarial organ model to explore the impact on bone
regeneration within the natural extracellular matrix environment in the presence of osteoclasts. Cultured bone explants
preserve the in vivo 3D distribution of osteocytes and thus maintain the natural position within the extracellular mineralized
matrix; as a result, these explants are often used as an in vitro model to investigate the effects of drugs on bone metabolism.>>
Compared to in vivo animal models, the ex vivo bone organ culture system is less expensive, faster, and eliminates
interference by hormones, mechanical stimulation, and other factors present in animals. Ex vivo bone organ cultures combine
the advantages of animal models and cell cultures, providing a unique research option.** Alveolar bone is formed through
intramembranous ossification,* and its histologic appearance, structure and biological characteristics are similar to those of
calvaria. The ex vivo calvarial organ culture system is an appropriate method for assessing the resorption of alveolar bone.

The RANKL/RANK/OPG pathway is an essential signalling pathway related to bone metabolism that plays an important
role in osteogenesis and bone remodelling.*® OPG, a soluble decoy receptor, neutralizes RANKL, preventing it from binding
to RANK, which is the only functional receptor for RANKL; as a result, an osteoprotective effect is achieved.’” Our research
aligns with findings by Kadriu et al,*® demonstrating that YNBY positively regulates osteoblast expression of OPG while
repressing RANKL, thereby decreasing osteoclastogenesis. Cooperative activity regulation between bone-resorbing osteo-
clasts and bone-building osteoblasts is needed to maintain normal bone metabolism.*® Therefore, the main function of YNBY
is to restore imbalanced bone homeostasis due to prolonged inflammatory infiltration.

As a self-phagocytosis and self-protection mechanism, autophagy is associated with osteoblast differentiation and
mineralization.'" According to Li et al, AMPK activation stimulates osteoblast differentiation and mineralization through
autophagy.40 NOLLET et al found that knockout of autophagy-related genes (BECN-1, ATG7, LC3) reduces the mineraliza-
tion ability of osteoblasts, leading to insufficient bone formation.'' Recent studies have shown that autophagy can promote
osteoblast differentiation by increasing the Wnt/B-catenin signaling pathway.'? Activation of autophagic flux can promote
osteoblast differentiation, secretion of bone matrix, thus regulating bone remodeling,>' but excessive or prolonged autophagic
activity can lead to bone loss and decreased bone strength.*' Reactive oxygen species (ROS) are after-products of cellular
metabolism, including free radicals, peroxides, and oxygen ions, and they are closely associated with inflammation** and
cellular damage.*® As periodontitis progresses, excessive ROS can disturb autophagy, trigger an intensive inflammatory
immune response, and destroy periodontal tissue.***> Our results showed that the increased autophagy induced by LPS
inhibited osteogenic differentiation, which may be caused by excessive autophagy. The potential mechanisms may involve
cellular damage caused by excessive ROS, which prevents the osteogenic differentiation process. Similarly, Dang et al found
that inhibiting inflammation-induced autophagy can restore the osteogenic differentiation potential of human dental pulp stem
cells (hDPSCs).?® The relationship between YNBY and autophagy has been reported in our published article, in which YNBY
was found to inhibit osteoclast differentiation by blocking autophagy flux.?* The results obtained in the current study
complement our earlier research. Collectively, the work presented in this paper indicates that YNBY regulates bone home-
ostasis by promoting osteoblast differentiation and inhibiting osteoclast development through the blockade of autophagy flux
in the context of periodontal inflammation (Figure 5).
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Admittedly, this study has several noteworthy limitations. Firstly, it remains unclear precisely how YNBY impacts
autophagy or its upstream factors, necessitating in-depth study in further research. Secondly, the therapeutic efficacy of
YNBY in treating bone loss in periodontitis requires further clinical validation before its clinical application.

Conclusion

In conclusion, this research indicates that YNBY can promote osteoblast differentiation and inhibit osteoclast activity by
blocking autophagy caused by periodontitis, thereby reducing bone resorption. This study provides theoretical evidence
for the role of YNBY in promoting osteogenic differentiation, specifically through the regulation of the autophagy
pathway. Experimental evidence further supports the notion that excessive upregulation of autophagy in an inflammatory
environment may inhibit osteogenic differentiation. The findings offer potential novel therapeutic strategies for
periodontitis.
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