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Background: Ginkgolide B (GB) is a widely utilized natural anti-inflammatory drug in clinical practice. This study investigates GB’s
effects on human periodontal stem cells (HPDLSCs) osteogenic differentiation under inflammation and its underlying mechanism,
while evaluating its protective role against periodontal destruction in a rat periodontitis model.

Methods: HPDLSCs were isolated and identified in vitro. Lipopolysaccharide (LPS) was used to establish an inflammatory
environment. Proliferation and osteogenic differentiation of HPDLSCs 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 immunofluor-
escence assay. In addition, the expression of osteogenesis-related genes and proteins was detected by qRT-PCR and Western blot
analysis. To verify the role of the NF-xB (nuclear factor kappa-B) pathway in this mechanism, the expression level of NF-xB pathway-
related protein was detected by Western blot analysis after using BAY-11-7082 (a NF-kB signaling pathway inhibitor). The rat
periodontitis model was established in vivo experiments. Micro-computed tomography (micro-CT) quantified alveolar bone loss, while
immunohistochemical staining (IHC) assessed tissue remodeling. Tests were analyzed using GraphPad Prism 8 software. Differences
between more than two groups were analyzed by one-way or two-way analysis of variance (ANOVA) followed by Tukey’s test. Values
of p < 0.05 were considered statistically significant.

Results: LPS treatment triggered inflammation and suppressed osteogenesis in HPDLSCs in vitro, while GB (25, 100 pM) reversed
these effects. The results of the Western blot assay showed that both GB and BAY 11-7082 exhibited similar inhibitory effects on the
NF-kB pathway. In vivo, GB mitigated alveolar bone loss and inflammatory tissue destruction in periodontitis rats.

Conclusion: GB can mitigate periodontitis by blocking the NF-kB pathway, offering dual anti-inflammatory and bone-protective effects.
Keywords: periodontitis, natural products, osteogenic differentiation, BAY11-7082

Introduction

Periodontitis is a prevalent oral disease characterized by alveolar bone resorption and tooth loosening, posing
a significant global health burden. Epidemiological data indicate that over 1 billion cases of severe periodontitis were
reported globally in 2021, with projections suggesting a rise to 1.5 billion by 2050." Left untreated, the disease can
precipitate severe sequelae, including tooth loss, impaired mastication, and compromised nutrient absorption,” ™ sig-

nificantly diminishing patients’ quality of life.” Beyond its local effects, periodontitis exacerbates systemic comorbidities
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and complicates dental interventions. For instance, periodontitis increases the risk of complications during orthodontic
treatment,® necessitating the monitoring of biomarkers like periodontal microRNAs during treatment.” Periodontitis
significantly increases the risk of peri-implantitis in patients receiving dental implants,® the treatment of which requires
a combination of pharmacological therapy and mechanical debridement.” Systemically, periodontitis is linked to diabetes
progression,' endothelial dysfunction,'' and increases cardiovascular risk in metabolic syndrome patients.'*

The current standard clinical protocol for periodontitis primarily relies on mechanical debridement (scaling and root
planing) combined with antimicrobial therapy.'> While this approach can effectively slow disease progression, its
therapeutic efficacy is significantly constrained by the inherent physical barrier properties of dental plaque biofilms
and the increasingly severe issue of antibiotic resistance. In this context, the development of novel antimicrobial agents
derived from natural bioactive compounds, along with elucidation of their precise mechanisms of action, holds crucial
clinical significance for overcoming current therapeutic limitations. The escalating global burden of inflammatory
diseases has spurred interest in natural products as promising anti-inflammatory agents, owing to their multifaceted
pharmacological profiles and favorable safety margins.'® Ginkgolide B, a natural platelet-activating factor receptor
antagonist, exhibits potent anti-inflammatory effects across diverse disease models.'” The molecular structure of GB is
shown in Figure 1A. It mitigates cardiac hypertrophy,'® enhances muscle regeneration in aging,'’ and modulates
inflammatory pathways, exhibiting broad therapeutic effects.

Periodontal stem cells have been widely used to investigate the regulatory activity of non-coding RNAs (including
miRNAs such as miR-21-5p, miR-495-3p, and circRNAs), which serve as key epigenetic regulators of the NF-«xB
signaling pathway and its associated inflammatory networks in LPS-induced periodontitis and osteogenic differentiation
processes.'*!” The NF-kB signaling pathway serves as a master regulator of inflammatory responses, and its dysregula-
tion contributes to the pathogenesis of numerous inflammatory diseases.”® The NF-kB family comprises five subunits
(c-Rel, p50, p52, p65/RelA, and RelB), which remain inactive in the cytoplasm through binding to inhibitory IxB
proteins. LPS induces IkB-a phosphorylation and ubiquitination, culminating in its degradation. This releases NF-kB,
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Figure | Culture and identification of HPDLSCs. (A) The molecular structure of ginkgolide B (GB; CyoH2400). (B) Stellate-shaped cells migrated out from tissue blocks.
Scale bar: 200 um. (C) After osteogenic induction, HPDLSCs exhibited dark brown calcified nodules when stained with Alizarin Red. Scale bar: 200 pm. (D) After adipogenic
induction, HPDLSCs exhibited lipid droplets of different sizes following Oil Red O staining. Scale bar: 200 um. (E-H) Analysis of HPDLSCs surface marker expression by
flow cytometry. CD44 (E) and CD105 (F) were highly expressed, while the expression of CD34 (G) and CD45 (H) was negative.
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enabling its nuclear translocation, DNA binding, and transcriptional activation of pro-inflammatory genes.?'** The NF-
kB pathway serves as a crucial therapeutic target for periodontitis. Research has demonstrated that BPIFA1 inhibits
inflammation by regulating NF-kB/IkB signaling and macrophage polarization,”®> while sitagliptin alleviates inflamma-
tion and promotes osteogenesis through the AMPK/NF-kB pathway.>* These findings provide novel targeted strategies
for periodontitis treatment.

Notably, ginkgolide B has been demonstrated to mitigate myocardial injury via modulation of the A20-NF-xB
pathway®> and attenuate lung inflammation by suppressing TRIM37-mediated NF-kB activation.® Furthermore, gink-

2728 suggesting its broad therapeutic potential

golide B promotes osteogenic differentiation and ameliorates osteoporosis,
in inflammatory and bone-related disorders.

Our study is based on the following scientific rationale: (1) LPS-mediated NF-kB activation is an important
pathogenic mechanism underlying periodontitis-associated osteogenic suppression; (2) GB has demonstrated NF-xB
inhibitory effects in other inflammatory conditions; and (3) preliminary evidence suggests GB may promote osteogenic
differentiation. Based on these findings, we hypothesize that GB may counteract LPS-induced suppression of osteogenic

differentiation in human periodontal stem cells through NF-kB pathway modulation.

Materials and Methods
Isolation and Culture 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. 20230907). The inclusion criteria for the selected samples
were as follows: (1) Age range: Orthodontic patients aged 12—18 years requiring extraction of healthy premolars as part
of orthodontic treatment. (2) Dental health status: No caries (no clinically or radiographically detectable decay); No
periodontal disease; No periapical lesions; Informed consent obtained from both the patient and their legal guardian. (3)
Sample collection timing: Extracted teeth were immediately placed in pre-cooled o-MEM medium (containing anti-
biotics) and processed within 4 hours. The exclusion criteria for the selected samples were as follows: (1) Systemic
diseases: Presence of systemic conditions affecting periodontal or bone metabolism. (2) Medication influence: Recent use
(within 3 months) of antibiotics, anti-inflammatory drugs, or medications affecting bone metabolism. (3) Local oral
lesions: Teeth with developmental abnormalities, trauma history, restorations, or fillings. (4) Compliance issues: Refusal
by the patient or guardian to participate. Immediately after extraction, teeth were stored in a-minimum essential medium
(a-MEM; Yuanpei, Shanghai, China) supplemented with Penicillin-Streptomycin-Gentamicin Solution (100x; Biosharp,
Guangzhou, China) at 4°C. Within 4 hours, samples were transferred to a sterile workstation, and root surfaces were
rinsed with phosphate-buffered saline (PBS; Solarbio, Beijing, China). Periodontal tissue from the mid-root region was
carefully dissected, fixed to culture flasks, and maintained upright with 5 mL of a-MEM containing 20% FBS (v/v) fetal
bovine serum (FBS; Yeasen, Shanghai, China) and 1% (v/v) Penicillin-Streptomycin-Gentamicin Solution. After con-
firming tissue adherence, which needed approximately 4h, flasks were incubated horizontally at 37°C with 5% CO,, with
medium changes every 3 days. Spindle-shaped HPDLSCs migrated from tissue edges within 5-7 days. Upon reaching
70-80% confluence (typically after 14 days), cells were detached using 1.5 mL of trypsin solution (Biosharp,
Guangzhou, China) and neutralized with complete medium (3 mL; 10% FBS). Isolated HPDLSCs were expanded via
the limiting dilution method, and passages 3—5 (P3—P5) were used for subsequent experiments.

Flow Cytometry

HPDLSCs in the logarithmic growth phase were harvested, digested, centrifuged, and then resuspended in PBS and
standardized the cell density to 1x107. Aliquots (100 pL) of cell suspension were distributed into five 1.5 mL EP tubes.
Experimental groups were stained with the following fluorescently conjugated antibodies: CD34, CD44, CD45, and
CD105 antibodies (Elabscience, Houston, TX, USA), while the control group received 100uL PBS alone. After 20 min of
incubation at 4°C protected from light, cells were washed twice with PBS, resuspended in 500 pL PBS, and filtered
through a nylon mesh. The flow cytometry was utilized for detection, and data analysis was conducted using FlowJo
software (version 10, BD Biosciences, USA).
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CCK-8 Assay

HPDLSCs were trypsinized, centrifuged, and resuspended in complete a-MEM medium. Cells were seeded in 96-well
plates at a density of 3x10? cells/well (100 pL/well) and allowed to adhere for 24 h. Subsequently, cells were treated with
LPS (1 pg/mL) and varying concentrations of GB (0, 25, 100, 400, and 1600 pM; purity >98%, Solarbio, Beijing, China)
in quintuplicate.”® At days 1, 3, and 5 post-treatment, 100 pL of 10% CCK-8 solution (Biosharp, Guangzhou, China) in
a-MEM was added to each well. Following 45 min incubation at 37°C, absorbance was measured at 450 nm using
a microplate reader (BMG Labtech, Ortenberg, Germany).

ARS and Calcium Quantification

For mineralization analysis, HPDLSCs were seeded in 6-well plates at a density of 1x10° cells/well and allowed to
adhere for 24 hours. Upon reaching 80% confluence, the culture medium was replaced with osteogenic induction medium
consisting of a-MEM supplemented with 10% FBS, 50 ug/mL ascorbic acid, 10 mM B-glycerophosphate, and 0.01 uM
dexamethasone. The induction medium was refreshed every 3 days for 28 days. Following differentiation, cells were
washed three times with PBS and fixed with 95% ethanol for 30 minutes at room temperature. After fixation, samples
were stained with Alizarin Red S (Beyotime, Shanghai, China) for 20 minutes at 37°C, followed by five washes with
distilled water to remove unbound dye. Mineralized nodules were documented using an inverted microscope (Olympus
Corporation, Tokyo, Japan). For quantitative analysis, ARS-stained nodules were solubilized in 10% (w/v) cetylpyridi-
nium chloride (CPC) eluent for 15 minutes with gentle agitation. The solubilized solution was centrifuged, and the
supernatant absorbance was measured at 562 nm using a microplate reader.

Oil Red O Staining

HPDLSCs were cultured following the same seeding protocol as described for osteogenic induction. At 80% confluence, the
medium was replaced with adipogenic induction medium consisting of a-MEM supplemented with 10% FBS, 0.5
M hydrocortisone, 500 mM isobutyl-methyl-xanthine, 60 mM indomethacin and 10 mM insulin. After 28 days of culture,
cells were washed with PBS and fixed with 4% paraformaldehyde for 30 minutes at room temperature. After thorough PBS
washing, the cells were stained with Oil Red O staining solution (Beyotime, Shanghai, China). Excess stain was removed by
three washes with distilled water, and intracellular lipid droplets were visualized under an inverted microscope.

ALP Staining and ALP Activity Assay

HPDLSCs were inoculated in six-well plates at a density of 1x10° cells/well. Once the cells adhered, the medium was
changed to osteogenic induction medium to continue the culture for 14 days. Subsequently, ALP staining was performed
for analysis. After the cells were rinsed with PBS and fixed in 4% formaldehyde, they were stained using the BCIP/NBT
Alkaline Phosphatase Colorimetric Assay kit (Beyotime, Shanghai, China). The level of ALP activity was observed
qualitatively by the depth of the blue precipitation, with darker blue staining indicating a higher ALP activity, which
indicated osteogenic differentiation.

After 14 days of osteogenic induction using the same cell culture method, the cells were rinsed with pre-cooled PBS,
lysed on ice for 15 min by adding 100 pL of cell lysate (RIPA buffer: PMSF = 99:1, Beyotime, Shanghai, China),
centrifuged, and the supernatant was extracted to measure the ALP activity using the Alkaline Phosphatase Assay Kit
(Solarbio, Beijing, China). The protein concentration in the supernatant was also quantified using the BCA Protein Assay
Kit (Solarbio, Beijing, China). Protein samples were mixed with 5x SDS-PAGE loading buffer (Beyotime, Shanghai,
China) and heated at 100°C for 5 min to denature one side.

RNA Extraction and qRT-PCR Analysis

Following 14 days of osteogenic induction, total RNA was extracted using the Trizol method, and the extracted RNA was
reverse transcribed into complementary DNA (cDNA) through a two-step process utilizing the Strand cDNA Synthesis
Kit (Yeasen, Shanghai, China). The qRT-PCR reaction system was set up with 5 replicate wells, and the primer sequences
were as follows:
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- IL-6: 5'- ATAACCACCCCTG ACCCAAC-3’ and 5-CCCATGCTACATTTGCCG AA-3’

- IL-8: 5'-TCAG AG ACAGCAG AGCACAC-3" and 5-GGCAAATGCACTTTCACACA-3'

- ALP: 5-GGCGGTGAACGAGAGAATGT-3" and 5'-GGACGTAGTTCTGCTCGTGG-3’

- RUNX-2: 5-GGAGTGGACGAGGCAAGAGT-3'" and 5'-AGGCGGTCAGAGAACAAACT-3’
- COL-1: 5-"TAAAGGGTCACCGTGGCTTC-3" and 5'-GGGAGACCGTTGAGTCCATC-3'

- GAPDH: 5'-GCACCGTCAAGGCTGAGAAC-3" and 5-TGGTGAAGACGCCAGTGGA-3'

2*AACt

Relative gene expression was calculated using the method with GAPDH as the endogenous control, and all

experiments were repeated five times.

Western Blot Analysis

Equal protein samples (20pg/lane) were taken, and the target proteins with different molecular weights were separated by
electrophoresis using 8% SDS-PAGE. After transferring the target proteins onto the PVDF membrane, the membrane was
blocked using rapid blocking solution (Servicebio, Wuhan, China) for 15 min at room temperature. After thorough washing
with Tris-buffered saline containing 0.1% Tween 20 (TBST) (Beyotime, Shanghai, China), the samples were incubated
overnight at 4 °C with the following primary antibodies: anti-ALP (1:1000; Proteintech, Hubei, China), anti-RUNX2 (1:1000;
ImmunoWay, Plano, TX, USA), anti-COL-1 (1:1000; Proteintech, Hubei, China) and anti-GAPDH (1:5000; Proteintech,
Hubei, China) as loading control. After three 10-minute washes with TBST, the membranes were incubated with the secondary
antibody corresponding to the primary antibody for 1 hour at room temperature. After another thorough washing with TBST
solution, a chemiluminescent substrate (Yeasen, Shanghai, China) was used with the Chemiluminescence Imaging System
(Amersham Imager 600; GE Healthcare, Little Chalfont, UK). Band intensities were quantified using Image J, and the data
were normalized for statistical analysis. Each experiment was repeated five times.

Immunofluorescence Assay

The treated cells were fixed with 4% paraformaldehyde for 30 min at 20-25°C. After three washes with PBS, cells were
permeabilized with 0.1% Triton X-100 (Solarbio, Beijing, China) for 12 minutes. Subsequently, non-specific binding
sites were blocked with 5% bovine serum albumin (BSA-V; Solarbio, Beijing, China) for 1 hour, and then incubated with
primary antibody against COL-1 (1:200; Proteintech, Hubei, China) at 4°C overnight. After thorough washing with PBS
(3 x 5 minutes), samples were incubated with fluorescein (FITC)-conjugated affinity pure goat anti-rabbit IgG (H + L)
(1:200, SA00013-2) for 1 hour at room temperature in the dark. Subsequently, the cell nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI; Solarbio, Beijing, China). Observation and image capture were performed with
a fluorescence microscope (Leica, Wetzlar, Germany), and image analysis and fluorescence intensity quantification were
performed using Imagel software (National Institutes of Health, Bethesda, MD, USA).

NF-kB Pathway Studies

To investigate the role of the NF-kB pathway in the osteogenic differentiation of HPDLSCs, one of the known inhibitors
of the NF-«xB pathway, BAY11-7082 (1 uM), was used as a positive control in the experiment. The specific methods were
as follows: HPDLSCs were seeded in 6-well plates at a density of 1x10° cells/well. After 14 days of osteogenic induction
culture, LPS was added at different time points to activate the NF-kB pathway. Protein within hPDLSC was then isolated
and analyzed for phospho-NF-kB p65 (Ser536) expression to determine peak pathway activation.

Subsequently, cells pretreated for 48 hours with either BAY 11-7082 (1 pM) or GB (100 uM) were stimulated with LPS
(1 pg/mL). Total cellular protein was extracted and subjected to Western blot analysis using specific antibodies against
phospho-NF-«kB (1:1000; Abways, Shanghai, China), NF-kB (1:5000; Abways, Shanghai, China), phospho-IKBa (1:1000;
Abways, Shanghai, China) and IKBa (1:1000; Abways, Shanghai, China). The level of protein expression was quantified
using ImageJ software. All experiments were performed with five biological replicates to ensure statistical reliability.

Establishment of the Periodontitis Model
24 male Wistar rats (8 weeks old, average weight 180+5 g, purchased from Beijing Viton Lever Laboratory Animal
Technology Co., Ltd.) were housed under specific pathogen-free (SPF) conditions with controlled environmental
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parameters (temperature: 22+2°C, relative humidity: 65+5%, 12-hour light-dark cycle, noise level <60 dB). The
nutritional intake of rats was ensured through adequate food and clean water consumed ad libitum, and bedding was
replaced every 3 days to maintain hygienic conditions. The required size of experimental animals was calculated
according to the resource equation method. Detailed methods are described in Supplementary Data 1. All experiments

involving rats followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee of Shandong University (NO.20230907).

After one week of acclimatization feeding for all animals, the rats were randomly divided into four experimental
groups (n=6 per group): (1) control, (2) periodontitis model, (3) low-dose GB treatment (5 mg/kg/day), and (4) high-dose
GB treatment (20 mg/kg/day). Periodontitis models were established in the latter three groups and induced under
isoflurane anesthesia (Yipin Pharmaceutical Co., Ltd, Hebei, China) by placing sterile 4-0 silk ligatures around the
maxillary second molars. The specific methods were as follows: The rats were anesthetized using the inhalation
anesthetic isoflurane, fixed in the supine position, with the maxilla exposed, and the silk threads were clamped with
curved tweezers to pass through the space between the second and third molars, after which the threads located in the
buccal region were passed through the space between the first and second molars in the same way, and the wire was
adjusted to secure the knot at the palatal cervical region, and then trimmed excess thread with ophthalmic scissors. After
the periodontitis model was established, rats in the GB low and high-dose groups received daily intraperitoneal injections
of GB (dissolved in sterile saline) at their respective doses for 14 consecutive days, while animals in the other two groups
received equivalent volumes of saline.

Micro CT

Following transcardial perfusion with 4% paraformaldehyde under deep anesthesia, the maxilla was carefully dissected
and post-fixed in 4% paraformaldehyde at 4°C for 24 hours. After thorough PBS washing and air-drying, specimens were
mounted on a scanning platform using low-density foam for micro-CT analysis (Quantum GX 2, PerkinElmer, USA) at
90 kV, 88 pA, with a thickness of 36 um per layer. The scanned area comprised the three maxillary molars and their
adjacent alveolar bone. After each 15-minute scanning process, the Micro-CT imaging data were imported in DICOM
format, which underwent comprehensive analysis using a multi-software approach. Three-dimensional reconstruction
was performed in Avizo 9.0 (Thermo Fisher Scientific, USA), incorporating manual alignment corrections in all
anatomical planes using DataViewer software to ensure proper spatial orientation. The morphometric assessment was
conducted in RadiAnt DICOM Viewer (Medixant, Poznan, Poland), with six standardized measurement sites per first
molar (three buccal and three lingual locations) to quantify the linear distance from cemento-enamel junction to alveolar
bone crest (CEJ-ABC). For microarchitectural evaluation, the interdental alveolar bone region between the first
and second molars was analyzed in CTAn (CT analysis software; Skyscan NV) to compute microstructure parameters
of the region of interest (ROI), including bone mineral density (BMD) and bone volume/total volume (BV/TV).

HE, MASSON and TRAP Staining

Samples were decalcified in 10% EDTA solution (pH 7.2) for 12 weeks. After complete decalcification confirmed by
radiography and physical testing, tissues underwent graded ethanol dehydration, xylene clearing, and paraffin embedding.
Subsequently, the specimens were cut from proximal to distal, and the thickness of paraffin sections was 4 um. HE
staining and MASSON staining of slides were performed to observe morphological changes in periodontal tissues.
Tartrate-resistant acid phosphatase (TRAP) staining was employed to identify osteoclasts using the TRAP staining kit
(Solarbio, Beijing, China). For quantitative analysis, TRAP-positive multinucleated cells (>3 nuclei) adjacent to bone
surfaces were counted and analyzed by ImagelJ software.

IHC Staining

Following high-temperature antigen retrieval in citrate buffer, tissue sections were blocked with 5% goat serum for
40 minutes to prevent nonspecific binding. Primary antibodies were applied overnight at 4°C in a humidified chamber,
including polyclonal anti-rabbit RUNX2 (1:200; ImmunoWay, Plano, TX, USA) and RANKL (1:300; ImmunoWay,
Plano, TX, USA). After thorough washing, sections were incubated with biotin-labeled goat anti-rabbit IgG secondary
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antibody for a minimum of 30 minutes. Upon completion of the washing process, immunoreactivity was visualized using
the SP reagent kit (Solarbio, Beijing, China). Following hematoxylin counterstaining, a microscopic examination of the
section was performed. Average optical density (AOD) values were determined using Image] software.

Data Analysis

A double-blind method was used for data collection, and all assays were repeated five times. Normality and homogeneity
of variance were assessed using Shapiro—Wilk and F-tests, respectively. One-way or two-way ANOVA was conducted
using GraphPad Prism software (version 8, MacKiev Software, Boston, MA, USA) to compare the differences between
the groups. Tukey’s test was used for post hoc analysis. Data were expressed as mean =+ standard deviation. P < 0.05 was
considered statistically significant.

Results
Isolation, Culture and ldentification of HPDLSCs

After 1 week of primary culture, homogeneous spindle and stellate cells were seen migrating out from the edge of the
tissue mass (Figure 1B). Observation of calcified nodules and lipid droplets using the ARS assay (Figure 1C) and Oil Red
O staining (Figure 1D), respectively, confirmed that HPDLSCs can differentiate in multiple directions. Flow cytometry
analysis of surface markers established a mesenchymal stem cell phenotype, with high expression of CD44 and CD105
(Figure 1E and F), while hematopoietic markers CD34 (Figure 1G) and CD45 (Figure 1H) showed minimal expression,
confirming that the obtained cells were purified MSCs.

Effect of GB and LPS on Proliferation and Osteogenic Differentiation of HPDLSCs
CCK-8 assay showed that 1 ug/mL LPS treatment for 1/3/5 days had no significant effect on the proliferation of HPDLSCs (P >
0.05 vs control). In contrast, GB treatment demonstrated concentration-dependent proliferative effects, with both 25 pM and
100 uM concentrations significantly enhancing cell proliferation compared to untreated controls (P < 0.001 vs control)
(Figure 2A-D).

ALP activity assay showed that 1 pg/mL LPS significantly inhibited osteogenesis in HPDLSCs (P < 0.001 vs control).
Low concentrations (25 uM, 100 uM) of GB showed a dose-dependent reversal of the inhibitory effect of LPS, while
high concentrations (400 uM, 1600 uM) of GB had an inhibitory effect on osteogenesis (P < 0.001 vs.LPS alone)
(Figure 2E). Therefore, subsequent experiments were performed under 1 pg/mL LPS and low concentration (25 uM,
100 uM) GB treatment.

GB Reverses the Inhibitory Effect of LPS on Osteogenic Differentiation of HPDLSCs
Our experimental results demonstrated that GB effectively counteracts LPS-mediated suppression of osteogenic differ-
entiation in HPDLSCs through multiple complementary assays. ALP staining showed that the degree of staining in the
LPS-treated group was lighter than that in the control group, while GB co-treatment (25, 100 uM) reversed that, with
100 uM GB achieving nearly complete recovery (Figure 2F). ALP activity assays provided further validation, showing
LPS suppressed the activity, with complete restoration following 100 uM GB treatment (P < 0.001) (Figure 2G).
Mineralization capacity showed parallel results, as evidenced by ARS where LPS reduced nodule formation, while
GB co-treatment (25,100 uM) restored mineralization (Figure 2H). Quantitative calcium measurements confirmed these
observations, showing the same trend as the alizarin red staining assay (P < 0.001) (Figure 2I). These consistent findings
across multiple osteogenic parameters establish that GB effectively reverses LPS-induced inhibition of osteogenic
differentiation in a concentration-dependent manner, with 100 uM GB demonstrating optimal efficacy.

GB Reversed the LPS-Induced Decrease in the Expression Levels of
Osteogenic-Related Makers in HPDLSCs

Molecular analysis at both gene and protein levels demonstrated that GB could counteract LPS-mediated inhibition of
osteogenic differentiation. qRT-PCR showed that the expression of the osteogenesis-promoting related genes ALP
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Figure 2 Effects of LPS and ginkgolide B on proliferation and osteogenic differentiation of HPDLSCs. (A—C) CCK-8 assay demonstrated the proliferation of HPDLSCs
treated for | (A), 3 (B), 5 (C) days with control, LPS (I pug/mL) or ginkgolide B (25 uM, 100 pM, 400 uM, 1600 pM). (“ns” indicates that the use of LPS shows no significant
cytotoxic effects on HPDLSCs) (D) The growth curves of the control, LPS or ginkgolide B treated at different concentrations on day I, 3, 5. (E) ALP activity under control,
LPS (I pg/mL) or LPS (I pg/mL) and ginkgolide B (10 uM, 40 uM, 160 uM, 640 uM) treatment. (F) ALP staining under control, LPS (I pg/mL) or LPS (I ug/mL) and ginkgolide
B (25 uM, 100 uM) treatment for 7 days. Scale bar: 200 pm. (G) ALP activity under control, LPS (I pg/mL) or LPS (I pg/mL) and ginkgolide B (25 pM, 100 uM) treatment for
7 days (one-way ANOVA). Error bars stand for mean + SD. ***P < 0.001. (H) Formation of mineralized nodules under control, LPS (I pg/mL) or LPS (I pg/mL) and
ginkgolide B (25 pM, 100 pM) treatment for 28 days. Scale bar: 200 pm. (I) Extracellular matrix mineralisation was assessed at OD562 (one-way ANOVA). Error bars stand
for mean #* SD. ***P < 0.001. Each experiment was repeated five times.
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(Figure 3A), RUNX-2 (Figure 3B), and COL-1 (Figure 3C) was down-regulated in HPDLSCs relative to control levels,
while GB co-treatment produced a concentration-dependent restoration of gene expression (P < 0.05, P < 0.01, P <
0.001). The Western blot analysis showed parallel protein expression patterns (Figure 3D), with LPS treatment
constituting a significant decrease in the expression levels of osteogenesis-related protein, while GB dose-dependently
reversed the expression of osteogenesis-related protein caused by LPS. The protein expression level of ALP (Figure 3E),
RUNX-2 (Figure 3F) and COL-1 (Figure 3G) was upregulated (P < 0.001). Immunofluorescence quantification further
confirmed these findings, demonstrating that LPS reduced COL-1 intensity, while 100 uM GB treatment significantly
restored fluorescence intensity (P < 0.001) (Figure 2H and I). These results of comprehensive molecular analysis
established that GB effectively rescued the expression of key osteogenic markers at both transcriptional and translational
levels in LPS-treated HPDLSCs.

GB Reduces LPS-Induced Inflammatory Cytokine Expression in HPDLSCs

Gene expression analysis revealed that LPS stimulation (1 pg/mL) triggered a robust inflammatory response in HPDLSCs,
significantly upregulating IL-6 and IL-8 mRNA expression. Notably, GB co-treatment demonstrated potent anti-inflammatory
effects, with both concentrations (25 uM and 100 pM) significantly reducing cytokine overexpression. The 100 uM GB
treatment was particularly effective (P < 0.001). These findings demonstrate that GB not only promoted osteogenic
differentiation but also effectively mitigated LPS-induced inflammatory signaling in HPDLSCs (Figure 3J and K).

GB Promotes Osteogenic Differentiation Through NF-kB Pathway Regulation in LPS-

Induced Inflammatory Microenvironments
A double-blind method was used for data collection, and all assays were repeated five times.

To elucidate the molecular mechanism by which GB regulates the osteogenic differentiation of HPDLSCs, we tested
the role of the NF-kB pathway in it. ALP staining, alizarin red staining, and quantitative calcium analysis showed that the
GB and BAY11-7082-treated groups had deeper staining (Figure 4A and B) and increased calcium deposition content
compared with the LPS-treated group alone (P < 0.001) (Figure 4C). The experimental results showed that both 100 pM
GB and BAY'11-7082 (NF-«kB pathway inhibitor) treatments significantly elevated ALP activity compared with the LPS-
treated group alone (P < 0.001) (Figure 4D). Protein blot analysis (Figure 4E) showed that GB and BAY11-7082
treatments significantly up-regulated the expression levels of the osteogenesis-related proteins ALP (Figure 4F), RUNX-
2 (Figure 4G), and COL-1 (Figure 4H) (P < 0.001). These findings suggested that the NF-kB pathway was inhibited, and
the primitive osteogenesis was suppressed, establishing NF-kB pathway regulation as the central mechanism through
which GB rescues osteogenic differentiation potential in inflammatory microenvironments.

Measurement of NF-kB Pathway Activation Time

To determine the optimal time point for NF-kB pathway activation after the addition of LPS, we chose to detect p-NF-«B
protein expression at five time points, namely, 0, 5 min, 15 min, 60 min and 240 min. The experimental results suggested
that the up-regulation of p-NF-«kB protein expression could be detected after 5 min of adding LPS treatment, and then the
expression continued to increase, and phosphorylation levels exhibited progressive elevation, peaking at 60 min before
gradually returning to basal levels by 240 min (Figure 5A and B). Based on this time-effect relationship, the time node of
adding LPS for 60 min was selected as the key detection time point of NF-kB pathway-related proteins in the subsequent
experiments. The rapid and transient nature of this response suggests tight temporal regulation of inflammatory signaling in
HPDLSCs, with the peak activation window representing the most biologically relevant period for therapeutic intervention.

GB Inhibits NF-kB Pathway Activation to Rescue Osteogenic Differentiation

Western blot analysis demonstrated that both GB and BAY11-7082 treatments significantly reduced LPS-induced
phosphorylation of NF-kB and IkBa compared to LPS treatment alone (Figure SC-E). The suppression of these
phosphorylated proteins by GB was comparable to that achieved by the specific NF-kB inhibitor BAY 11-7082. This
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Figure 3 GB rescues LPS-induced inhibition of osteogenesis in HPDLSCs. (A—C) Semi-quantitative analysis of the protein expression level of ALP, RUNX-2 and COL-I in
HPDLSC:s after osteogenic induction for 14 days under control, LPS (I pg/mL) or LPS (I pg/mL) and ginkgolide B (25 uM, 100 M) treatment (one-way ANOVA). Error bars
stand for mean + SD. *P < 0.05, ***P < 0.001. (D) Western blot assay for ALP, RUNX-2 and COL-| protein expression in HPDLSCs after osteogenic induction for 14 days
under control, LPS (I pg/mL) or LPS (I pg/mL) and ginkgolide B (25 uM, 100 pM) treatment. (E-G) The mRNA expression level of ALP, RUNX-2 and COL-1 in HPDLSCs
after osteogenic induction for 14 days under control, LPS (I pg/mL) or LPS (I pg/mL) and ginkgolide B (25 uM, 100 uM) treatment (one-way ANOVA). Error bars stand for
mean * SD. *P < 0.05, **P < 0.01, **P < 0.001. (H) Immunofluorescence detection of the expression of COL-1. Scale bar: 100 um. (I) Quantitative detection of COL-I|
immunofluorescence intensity (one-way ANOVA). Error bars stand for mean + SD. *P < 0.05, ***P < 0.001. (J and K) Relative IL-6 (J) and IL-8 (K) mRNA expression level in
HPDLSC:s after osteogenic induction for 14 days under control, LPS (I pg/mL) or LPS (I pg/mL) and ginkgolide B (25 uM, 100 uM) treatment (one-way ANOVA). Error bars
stand for mean + SD. **P < 0.01, ***P < 0.001. Each experiment was repeated five times.
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Figure 4 GB promoted osteogenic differentiation of HPDLSCs through the NF-kB pathway. (A) ALP staining under LPS (I pg/mL), LPS (I pg/mL) and BAY | 1-7082 or LPS
(I pg/mL) and ginkgolide B (100 pM) treatment for 7 days. Scale bar: 200 um. (B) Formation of mineralized nodules under LPS (I pg/mL), LPS (I pg/mL) and BAY | [-7082 or
LPS (I pg/mL) and ginkgolide B (100 uM) treatment for 28 days. Scale bar: 200 pum. (C) Extracellular matrix mineralisation was assessed at OD562 (one-way ANOVA). Error
bars stand for mean + SD. ***P < 0.001. (D) ALP activity under LPS (I pg/mL), LPS (I pg/mL) and BAY|1-7082 or LPS (I pg/mL) and ginkgolide B (100 uM) treatment for 7
days (one-way ANOVA). Error bars stand for mean * SD. ***P < 0.001. (E) Western blot assay for ALP, RUNX-2 and COL-| protein expression level in HPDLSCs after
osteogenic induction for 14 days under LPS (I pg/mL), LPS (I ug/mL) and BAY|1-7082 or LPS (I ug/mL) and ginkgolide B (100 uM) treatment. (F-H) Semi-quantitative
analysis of ALP, RUNX-2 and COL-1 in HPDLSCs after osteogenic induction for 14 days under LPS (I pg/mL), LPS (I pg/mL) and BAY11-7082 or LPS (I pg/mL) and
ginkgolide B (100 uM) treatment (one-way ANOVA). Error bars stand for mean + SD. ***P < 0.001. Each experiment was repeated five times.
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Figure 5 GB rescues LPS-induced inhibition of osteogenesis in HPDLSCs via the p-lkBa/NF-kB pathway. (A and B) Activation of the NF-kB pathway after the addition of
LPS at different time points. (A) Western blot assay for p-NF-kB protein expression in HPDLSCs after osteogenic induction for 14 days under LPS (I pg/mL) treatment. (B)
Semi-quantitative analysis of p-NF-«B protein levels in HPDLSCs (one-way ANOVA). Error bars stand for mean + SD. (C) The protein expression level of p-NF-kB, NF-«B,
p-lkBa and IkBa in HPDLSC:s after osteogenic induction for 14 days under LPS, LPS (I pug/mL) and BAY|1-7082, LPS (I ug/mL) and ginkgolide B (100 puM) treatment. (D and
E) Relative quantification of p-NF-kB/NF-«kB (D) and p-lkBa/lkBa (E) protein expression level (one-way ANOVA). Error bars stand for mean = SD. **P < 0.001. Each
experiment was repeated five times.

parallel suppression of both phosphorylation events confirms that GB effectively targets the NF-«xB signaling cascade at
multiple regulatory points, with efficacy comparable to a canonical pathway inhibitor.

Periodontitis Model Validation and Micro-CT Analysis

A rat periodontitis model was established (Figure 6A and B). During the experimental period, systemic health monitoring
revealed no treatment-related abnormalities, supporting the safety profile of GB administration. (Figure 6C). Micro-CT
results showed that, compared with the control group, there was significant resorption of the alveolar bone around
the second molars in the MOD group, and the distance from the cemento-enamel junction to the alveolar bone crest was
significantly increased, while GB treatment groups displayed dose-dependent attenuation of bone loss (Figure 6D and E)
(P <0.01, P <0.001). BMD and BV/TV analyses showed the same trend: the BMD and BV/TV values were significantly
lower in the MOD group than in the control group, and showed a dose-dependent rebound in the GB-treated group
(Figure 6F and G) (P < 0.01, P < 0.001). These comprehensive findings demonstrate GB’s capacity to preserve both
structural integrity and bone quality in experimental periodontitis while maintaining excellent safety characteristics.
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Figure 6 The establishment of the periodontitis model and three-dimensional reconstruction analysis of sample data. (A) The process of animal experiment (Created with
BioGDP.com).30 (B) Periodontitis model in rats. (C) Diagram of internal organs of rats in each group. (E) Representative micro-CT scanning images along the longitudinal direction
of the maxilla and stereomicroscopic images. (D-G) Quantitative analysis of bone indices associated with rat alveolar bone, including CEJ-ABC (D), BV/TV (F) and BMD (G). CEJ:
Cemento-enamel junction. ABC: Alveolar bone crest. BMD: Bone mineral density (one-way ANOVA). Error bars stand for mean + SD (n=9). **P < 0.01, ***P < 0.001.

HE, MASSON and TRAP Staining Observation

Histomorphological analysis revealed distinct pathological changes across experimental groups. HE staining and
MASSON staining (Figure 7A) showed that compared with the control group, the alveolar bone height in the second
molar region of the MOD group was significantly reduced, with sparse and disorganized trabecular structure and
abnormal collagen fiber arrangement; whereas the alveolar bone resorption in the low-dose group (MOD+GB-L) and
high-dose group (MOD+GB-H) groups was reduced, with a more intact trabecular structure and a regular arrangement of
collagen fibers. TRAP staining (Figure 7B) showed that positive multinucleated cells (osteoclasts) were distributed on the
top surface of the alveolar ridge, with bone resorption traps around the cells. The number of osteoclasts at the top of the
alveolar ridge in the proximal middle of the second molar (Figure 7C) increased in the MOD group compared with the
control group (P < 0.001), and the number of osteoclasts rebounded in the GB-treated group (P < 0.05, P < 0.001). The
preserved bone morphology and reduced number of osteoclasts in GB-treated animals correlate with the Micro-CT
findings, demonstrating GB’s multifaceted protection against periodontitis-induced bone destruction.

IHC Staining Analysis

IHC staining was performed to assess the immunoreactivity of RANKL and RUNX-2 in periodontal ligament (PDL). The
expression level of RANKL and RUNX-2 was decreased in the MOD group compared to the control group (P < 0.001),
and the expression of these molecules was increased in the GB-treated group compared to the MOD group (Figure 7D-F)
(P <0.01, P <0.001). The differential restoration of RUNX-2 and RANKL suggests GB promotes anabolic processes,
providing mechanistic insight into its alveolar bone-preserving effects observed in micro-CT and histological analyses.
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Figure 7 Results of HE, MASSON and TRAP staining. (A) HE staining of periodontal tissue. Scale bar: 200 um. (B) Representative TRAP staining images of alveolar bone,
highlighting TRAP-positive osteoclasts with black arrows. Scale bar: 200 um or 50 pum. (C) The number of TRAP-positive cells (one-way ANOVA). Error bars stand for mean
SD (n=9). *P < 0.05, ***P < 0.001. (D-E) The AOD values of RUNX-2 (D) and RANKL (E) (one-way ANOVA). Error bars stand for mean  SD (n=9). **P < 0.01, **P < 0.001.
(F) The immunoreactivity of RUNX-2 and RANKL. Scale bar: 50 um.
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Discussion

Periodontitis, a widely prevalent inflammatory disease of the oral cavity worldwide, is the leading cause of tooth loss and
poses a major challenge to oral health. Traditional chemotherapy faces limitations such as drug resistance and microbial
imbalance, while herbal natural products are potential alternatives due to their high safety profile and multi-targeted
effects.® In previous studies, GB, as a natural anti-inflammatory product, has demonstrated significant anti-inflammatory
effects. Our study aimed to elucidate GB’s role in counteracting inflammation-mediated osteogenic disruption and its
mechanism, potentially offering new periodontitis treatment options.

As a major active constituent of Ginkgo biloba extract, GB exhibits diverse pharmacological properties, including anti-
inflammatory, antioxidant, and autophagy-modulating effects, which have been extensively studied in neurological and
cardiovascular disorders.>*>* As a specific antagonist of platelet-activating factor (PAF),> GB demonstrates significant
neuroprotective effects by suppressing NLRP3 inflammasome activation.’® These mechanism contributes to its ability to
alleviate neuropathic pain and mitigate cognitive dysfunction in neurodegenerative disorders such as Alzheimer’s and
Parkinson’s diseases.>” >’ In cardiovascular diseases, it exerts anti-atherosclerotic and endothelial protective effects*” through
modulation of NADPH oxidase, LOX-1, and SIRT1 pathways.*'** Additionally, GB modulates key cellular processes
including senescence, apoptosis, and oxidative stress.**** In periodontal tissues, aging induces oxidative stress through ROS
overproduction from mitochondrial dysfunction, DNA damage, and cytokine signaling. This redox imbalance triggers NF-xB
activation, enhancing osteoclastogenesis while suppressing osteogenesis through increased osteoblast apoptosis.*® Despite
these well-documented systemic benefits, research on GB’s role in oral diseases, particularly periodontitis, remains limited.
Given its ability to dampen inflammatory cascades, counteract oxidative damage, and promote cellular homeostasis, GB holds
significant promise as a therapeutic agent for periodontal therapy.

Chronic periodontitis is an inflammatory disease of the dental plaque. Porphyromonas gingivalis is one of the most
widely studied causative agents of periodontitis and is often considered to be the main etiological factor in the
progression of periodontitis, secreting several virulence factors (LPS) and extracellular proteases (Porphyromonas
gingivalis proteases), which destroy the tissues surrounding the teeth.*’ > In addition, LPS has been observed to inhibit
osteogenesis by enhancing the release of pro-inflammatory factors through activation of the NF-xB pathway,”' and
blocking the NF-«xB signaling pathway partially reversed the LPS-induced decrease in the osteogenic capacity of rat
periodontal stem cells.>** In this experiment, HPDLSCs were treated with 1 pg/mL LPS, which induced inflammation
formation and showed osteogenesis inhibition, and the mechanism was further explored by Western blot experiments.

This study presents novel evidence that ginkgolide B (GB) effectively treats periodontitis by inhibiting the NF-kB signal
pathway. In vitro experiments demonstrated that GB (25 and 100 uM) reversed LPS-induced osteogenic suppression in
HPDLSCs, restoring mineralization and osteogenic marker expression (ALP/RUNX-2/COL-1). In vivo, GB (5mg/kg/d and
20 mg/kg/d) reduced alveolar bone loss in periodontitis rats while normalizing bone density. Mechanistic studies revealed

that GB suppresses NF-kB activation comparably to the specific inhibitor BAY 11-7082,%+3°

inhibiting IxBa phosphoryla-
tion and subsequent NF-kB nuclear translocation. These findings establish GB as a dual-action therapeutic agent that
simultaneously combats inflammation and promotes bone regeneration. This work expands GB’s therapeutic potential from
its established neuro/cardiovascular applications to periodontal disease, offering a promising multi-target approach for
periodontitis management. As a natural anti-inflammatory agent, GB has a promising future in periodontitis treatment as its
low toxicity and natural source properties provide advantages for its clinical application. However, there are still some
issues that deserve further exploration, such as dose optimization and clinical translation, etc. In local oral applications, the
pharmacokinetic characteristics and potential off-target effects of GB require particular attention. As a lipophilic com-
pound, GB’s poor water solubility results in low oral bioavailability and limited tissue penetration depth when administered
locally in periodontal applications. Notably, significant variations exist in the absorption kinetics of GB across different
ginkgo preparations, with bioavailability being directly influenced by formulation composition and extraction processes.®
Achieving effective therapeutic concentrations often necessitates higher dosage levels, which not only approach toxicity
thresholds but also elevate clinical safety risks.** Through an in-depth study of its molecular mechanism and optimization

of the delivery strategy, GB is expected to become a new choice for the comprehensive treatment of periodontitis.
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Conclusion

In summary, our study demonstrates that GB exerts dual therapeutic effects in periodontitis through NF-kB pathway
inhibition. The experimental evidence reveals that GB (25-100 uM) not only suppresses LPS-induced inflammation in
HPDLSCs but also rescues their osteogenic differentiation capacity, while in vivo administration significantly attenuates
alveolar bone loss. These findings provide a solid experimental basis for GB as a naturally targeted drug for the treatment
of periodontitis, and its property of exerting both anti-inflammatory and pro-regenerative effects through modulating the
NF-kB pathway demonstrates significant clinical translational potential.
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