Dong et al. Journal of Translational Medicine (2025) 23:540 Journal of Translational

https://doi.org/10.1186/512967-025-06569-1 . .
Medicine

Check for
updates

The surface protein Gbp of Fusobacterium
nucleatum inhibits osteogenic differentiation
by inactivating the Wnt/[3-catenin pathway via
binding to Annexin A2

Rui Dong', Meihui Li%, Xiu Feng Gu?, Haiting Gao?, Ziyi Wei?, Houbao Qi*", Jun Zhang'" and Qiang Feng®*"

Abstract

Background Periodontitis is a chronic inflammatory disease that significantly impacts periodontal bone
regeneration, yet the distinct biological features of osteoblasts in this condition remain poorly understood. This study
aims to elucidate the cellular and molecular mechanisms underlying osteoblast dysfunction in periodontitis, with a
focus on the role of Fusobacterium nucleatum (Fn) and its effector protein, D-galactose-binding periplasmic protein
(Gbp).

Method Single-cell RNA sequencing (scRNA-seq) data from human gingival tissues of periodontitis patients (PD)
and healthy controls (HC) were analyzed to identify cellular heterogeneity and molecular pathways. An experimental
periodontitis model in mice and primary osteoblast cultures were used to investigate the effects of Fn and Gbp

on osteogenic differentiation. Transcriptomic analysis, gene set enrichment analysis (GSEA), and protein-protein
interaction (PPI) networks were employed to explore the underlying mechanisms.

Results scRNA-seq revealed a reduction in mesenchymal stem cells (MSCs) and osteoblastic lineage cells in PD
tissues, with significant downregulation of osteogenic pathways such as Wnt signaling. Fn infection induced alveolar
bone destruction in vivo and inhibited osteoblast proliferation, differentiation, and mineralization in vitro. Gbp, an

Fn adhesin, similarly impaired osteogenic differentiation by downregulating key osteogenic genes and pathways.
Transcriptomic analysis identified shared inflammatory and osteogenic pathways affected by Fn and Gbp, with NF-kB
signaling activated and Wnt/3-catenin signaling inhibited. Mechanistically, Gbp interacted with the host protein
ANXAZ2, disrupting the ANXA2/GSK3{ complex and inhibiting Wnt/3-catenin signaling, a pivotal route for osteoblast
differentiation. ANXA2 knockdown mitigated the Fn/Gbp-induced suppression of osteogenic activity, emphasizing its
role in Fn-induced bone loss.
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Conclusion This study demonstrates that Fn and its effector Gbp disrupt osteogenic differentiation by inactivating

the Wnt/[3-catenin pathway binding to ANXA2.

Keywords fusobacterium nucleatum, Osteogenic differentiation, Gbp, ANXA2

Background

Periodontitis is a chronic inflammatory disease char-
acterized by the destruction of alveolar bone and con-
nective tissue, leading to tooth loss if left untreated [1].
Inflammatory cytokines such as interleukin-1 (IL-1),
tumor necrosis factor-alpha (TNF-a), and interleukin-6
(IL-6), not only sustain the inflammatory process but also
trigger bone degradation while suppressing bone forma-
tion mechanisms [2]. Among the various pathogens asso-
ciated with periodontitis, Fusobacterium nucleatum (Fn)
has been identified as one of the key players in the pro-
gression of the disease [3]. Fn is a Gram-negative anaero-
bic bacterium that not only contributes to the formation
of dental plaque but also interacts with other periodontal
pathogens, exacerbating the inflammatory response [4].
Recent studies have highlighted the role of Fn in pro-
moting alveolar bone resorption [5], a hallmark of peri-
odontitis. However, the precise mechanisms by which Fn
induces bone destruction and inhibits osteoblast func-
tion remain incompletely understood.

Osteoblasts, the primary cells responsible for bone
formation, synthesize the bone matrix and play a criti-
cal role in maintaining alveolar bone homeostasis [6].
Dysregulation of osteoblast function, particularly dur-
ing infection, can lead to impaired bone mineralization
and increased bone resorption [7]. Emerging evidence
suggests that microorganisms can directly affect osteo-
blasts, leading to reduced bone formation. Enterococcus
faecalis (E. faecalis) was found to inhibit the differentia-
tion and induce apoptosis of osteoblasts [8, 9]. Porphy-
romonas gingivalis (P. gingivalis) could invade osteoblasts
and inhibit their differentiation and mineralization [10].
We have found that Fn exhibits a notable inhibitory effect
on osteoblast proliferation and differentiation [11]. Lipo-
polysaccharide (LPS), an endotoxin located within the
cell wall of Gram-negative bacteria (such as Fn, P. gingi-
valis), hinders the osteogenic differentiation of osteoblast
precursors in inflammatory environments by downregu-
lating the Wnt/p-catenin signaling pathway. However, the
molecular mechanisms by which Fn regulates osteoblast
differentiation are largely unclear.

Recent studies repeatly proved that the surface pro-
teins/adhesin were critical mediators of Fn’s pathogenic
effects. For examples, Fn colonizes and promotes colorec-
tal carcinogenesis via its FadA [12], Fap2 [13], RadD [14].
In our previous studies, Fn adhesin FadA could bind with
PEBP1 in human periodontal ligament stem cells (Osteo-
blasts) to activate inflammatory response [15]; Fn Gbp
promotes THP-1 cell lipid deposition by binding to CypA

[16]. Here, we attempt to elucidate the host and virulence
factors crucial for Fn-dependent bone loss.

In this study, we firstly compared periodontal osteo-
blasts between periodontitis patients and healthy indi-
viduals using single-cell sequencing data. We built the
animal and cell model to prove the potential role of Fn
in periodontitis. An HPLC-MS analysis was conducted
on the surface toxic protein of Fn and its corresponding
host receptor, with the aim of elucidating the primary
mechanism by which Fn inhibits osteoblast differentia-
tion. Additionally, time-series RNA-seq was utilized to
demonstrate the continuous variations in gene expres-
sion profiles and pathways within osteoblasts, both in
the presence and absence of Fn and its surface toxic pro-
tein stimulation for a long period. This work revealed the
pathogenic mechanism by which Fn inhibits osteoblast
differentiation, leading to bone loss.

Materials and methods

Bacteria

Fusobacterium nucleatum (ATCC 25586) was anaerobi-
cally cultivated in a 37 °C incubator, utilizing an atmo-
sphere composed of 80% N2, 10% H2, and 10% CO2.
The culture medium employed was brain—heart infusion
(BHI), sourced from Haibo in Qingdao, China, and sup-
plemented with 5 mg/mL of hemin and 1 mg/mL of men-
adione. The incubation period ranged from 24 to 48 h.

Cellisolation and culture

Primary osteoblasts were isolated from the calvariae of
24 to 48-hour-old fetal Wistar rats through a sequential
enzymatic digestion process. The gender-neutral Wistar
rats were sourced from the Shandong University Labora-
tory Animal Center. The entire experimental protocol was
approved by the Animal Ethics Committee of the School
and Hospital of Stomatology, Cheeloo College of Medi-
cine, Shandong University, and adhered to the guide-
lines outlined in the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Calvariae,
stripped of all soft tissues, were subjected to digestion in
5 ml of alpha-minimum essential medium (a-MEM, sup-
plied by BasalMedia, Shanghai), which contained 0.1%
collagenase II (from Sigma-Aldrich, USA) and 0.25%
trypsin (from Invitrogen, USA). This digestion process
was carried out at 37 °C for a duration of 20 min. Subse-
quently, the samples were centrifuged at 300xg for 5 min
at 4 °C, and the supernatants were discarded. The result-
ing precipitates were then digested three more times in
5 ml of 0.1% collagenase II, with each digestion lasting
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30 min. Finally, the digested cells were collected by cen-
trifugation at 800xg for 10 min. These cells were cultured
in a-MEM supplemented with 20% fetal bovine serum in
a 37 °C incubator with 5% CO,. Once the cell monolayer
reached 85-90% confluence, the cells were trypsinised
and passaged to expand the culture in a-MEM contain-
ing 10% fetal bovine serum and no antibiotics.

MC3T3 cells were cultured in DMEM supplemented
with 10% fetal bovine serum in a 37 °C incubator with 5%
CO,.

Mouse model experiments

The animal experiments conducted in this study were
approved by the Ethics Committee of the School and
Hospital of Stomatology, Cheeloo College of Medicine,
Shandong University (NO. 20211134) and adhered to the
National Institutes of Health’s guidelines for the care and
use of laboratory animals. C57BL/6] male mice aged 7-8
weeks were obtained from Vital River Laboratory Animal
Technology (Beijing, China) and housed at Shandong
University’s Model Animal Center. Following a week of
acclimatization, mice were randomly divided into two
groups, with 10 mice in each group and ligated with 4-0
thread on the second molar of the maxillae, while the
other group without ligature was set as the negative con-
trol. Fn was applied to the silk thread at a dose of 1x 10®
CFU every 3 days for 4 weeks. At the end of the experi-
ment, the rats were sacrificed, and their maxillae were
harvested and fixed in 4% paraformaldehyde (Solarbio,
Beijing, China).

Micro-CT

The maxillary bones were imaged using a Quantum
GX2 micro-CT scanner (PerkinElmer, Japan) at settings
of 90 kV, 88 pA, and a voxel size of 18 um. To evaluate
alveolar bone loss, six predefined sites around the maxil-
lary second molars in rats were measured: buccal-mesial,
buccal-furcation, buccal-distal, palatal-mesial, palatal-
furcation, and palatal-distal. Subsequently, the average
distances were computed. The maxillary structures were
reconstructed utilizing Mimics software and CT Ana-
lyzer, with a rectangular area of approximately 1.6 mm?®
beneath the root bifurcation of the maxillary second
molar designated as the region of interest (ROI). Within
these ROIs, parameters pertaining to alveolar bone were
quantified, including bone volume fraction (BV/TV),
bone mineral density (BMD), and trabecular spacing (Tb.
Sp.).

Assessment of histopathology

The mouse maxillae underwent decalcification using a
12.5% EDTA solution with a pH range of 7.2 to 7.4 for
a duration of 2 months. Following decalcification, the
maxillae were dehydrated and subsequently embedded
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in paraffin. Tissue sections, measuring 5 micrometers in
thickness and embedded in paraffin, were stained with
hematoxylin and eosin (H&E) to enable the observation
of morphological alterations in both the alveolar bone
and periodontal connective tissue.

Cell proliferation assay

Primary osteoblasts pooled from different rats were cul-
tivated in 24-well plates at a density of 5x 10”4 cells per
well, utilizing osteogenic inductive medium comprising
a-MEM enriched with 10% fetal bovine serum, 50 mg/L
ascorbic acid, and 10 mmol/L [-glycerophosphate
(Sigma). Subsequently, suspensions of Fn were intro-
duced to the osteoblast monolayers at optimal multi-
plicities of infection (MOIs) of 0, 10, 50, and 100 for 24 h,
respectively. This process occurred at 37 °C in a 5% CO,
environment. A 5-ethynyl-2’-deoxyuridine (EdU) labeling
assay was conducted following the instructions provided
by the EAU Apollo DNA in vitro kit (RiboBio, Guang-
zhou, China) to assess the cell proliferation ratio.

Analysis of cell apoptosis

Primary osteoblasts pooled from different rats were
plated in 6-well plates at a density of 2x 1075 cells per
well and treated with various concentrations of Fn (MOIs
of 0, 10, 50, and 100). Apoptosis was evaluated at 24 h
using the Annexin V-FITC/PI Kit (Beyotime, Beijing,
China). Cells were trypsinised, washed with PBS, stained
with a propidium iodide-conjugated anti-Annexin V
antibody for 15 min in darkness, and analyzed by flow
cytometry using a FACScan (Becton Dickinson, Franklin
Lakes, NJ, USA).

Single-cell RNA statistical analysis

Single-cell sequencing data of human gingiva tissues was
used from GEO database (GSE262668, https://www.ncb
i.nlm.nih.gov/geo/query/acc.cgi?acc=GSE262668).  The
scRNA-seq data was mapped with the human genome
(GRCh38) and was analyzed using the R package Seurat
v5.0.1. Cells that met one of the following criteria were
removed: having fewer than 500 unique molecular iden-
tifiers (UMIs), expressing fewer than 200 genes, or hav-
ing more than 25% transcripts of mitochondrial genes.
The R package DoubletFinder v2.0.4 was applied to pre-
dict and remove doublets. To remove the batch effect,
we applied the batch effect correction analysis by the
Harmony package (v1.2.0). Cell grouping was carried on
“RunUMAP” function, and the clustering results were
displayed using the DimPlot function. The “FindAllMark-
ers” function in the Seurat package was used to analyze
the changes in gene expression between clusters, and the
highly expressed genes within the cluster were shown
in dotplot. Further functional enrichment analysis was
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performed on the results of differential gene expression
analysis using the clusterProfiler v4.10.0 package.

Samtools (version 1.17) was employed to extract
unaligned sequences from the GRCh38 reference
genome. Microbial signal identification from these
unaligned FASTQ data was performed using the SAHMI
pipeline, followed by taxonomic classification against a
standardized microbiome reference database via Kraken2
(version 2.1.3). To refine microbial sequence identifica-
tion, a two-step denoising strategy was applied: (1) bar-
code-level filtering retained only taxonomic assignments
supported by k-mer correlations detected in >3 barcodes
with >1 unique k-mer, and (2) sample-level denoising
was conducted using default parameters to eliminate
spurious signals. Validated microbial sequences were
subsequently derived by integrating k-mer correlation
analyses with statistical filtering to ensure species-level
resolution. Single-cell data were then analyzed to quan-
tify bacterial species per cell, determine the prevalence of
bacterial-positive cells across experimental groups, and
identify highly recurrent taxa. Additionally, the relative
abundance of Fn was calculated as the proportion of cells
annotated to this species relative to all bacterial-positive
cells.

RNA sequencing (RNA-seq) analysis

Primary osteoblasts pooled from different rats were stim-
ulated with Fn (MO1=100) or Gbp (0.1 mg/mL) for 3, 7,
14, 21 days. Total RNA was extracted and were sent to
Novogene Tech for subsequent sequencing. We applied
fastp (0.23.4) with default parameter to quality control on
raw data and the clean data was obtained. The clean data
was aligned to the reference genome Rat_mRatBN7.2
using bowtie2 (2-2.5.1). Quantitative analysis was per-
formed using featureCounts (subread 2.0.6) to obtain
the expression profile for each sample. The differential
analysis was performed using the limma (version 3.58.1)
method. The differentially expressed genes were filtered
out based on adjusted pvalue <0.05 and foldchange > 1.5,
and ploted in volcano and heatmap. Enrichment of GO
and KEGG pathways was implemented using filtered dif-
ferentially expressed genes, and the significant results
were showed in bubble plots with p<0.05. On the other
hand, GSEA analysis was performed using all gene sets
to compare the pathway changes between the experimen-
tal group and the control group, and the significant result
(p<0.05) was shown using GseaVis package (version
0.0.5). The ClusterGVis package (version 0.1.1) was used
for time-series transcriptome gene expression pattern
analysis, where mfuzz method was used for clustering
and the results are visualized in heatmap. The interaction
network of genes was generated on the String website
(https://cn.string-db.org/) and visualized in Cytoscape
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(3.9.1) and the key subnets was extracted using MCODE
modules.

Alkaline phosphatase (ALP) activity and staining

Primary osteoblasts pooled from different rats or MC3T3
cells, at a density of 5x 1074 cells per well, were plated
onto 6-well plates and subsequently cultivated in osteo-
genic inductive medium. During this cultivation, the
cells were stimulated with Fn suspensions at MO1 =50 at
intervals of 2 to 3 days. On days 3, 7 and 14, the cells were
lysed using RIPA buffer for a duration of 30 min while
kept on ice. Subsequently, the protein concentration was
determined by following the protocol provided with a
bicinchoninic acid protein assay kit (CWBIO, Jiangsu,
China). At days 3, 7, and 14, the activity of alkaline phos-
phatase (ALP), recognized as an early osteogenic marker,
was detected following the instructions of an ALP activity
assay kit, and the absorbance at a wavelength of 520 nm
was measured with a microplate reader.

For ALP staining, the BCIP/NBT alkaline phosphatase
chromogenic kit from Beyotime, China, was utilized. At
days 7 and 14, the medium was discarded, and the cells
were thoroughly washed three times with PBS for 3 to
5 min each. Subsequently, the cells were fixed with 4%
paraformaldehyde for 15 min and washed again three
times with PBS. Next, 1 mL of the staining working solu-
tion was added to each well, and the cells were incubated
at room temperature in the dark for 20 min. After remov-
ing the working solution, the cells were washed three
times with double-distilled water and then visualized
under a microscope.

Alizarin red staining and calcium quantification
On days 21, the cells were fixed with 4% paraformalde-
hyde for 10 min and subsequently washed three times
with phosphate-buffered saline. To visualize extracellular
matrix calcification nodules, the cells were stained with
2% (weight/volume) alizarin red solution at a pH of 4.3,
sourced from Sigma-Aldrich. After rinsing with distilled
water, the mineralized nodules were scanned within the
six-well plates and examined under a light microscope.
For quantification of cellular matrix calcium content,
After staining, dispense 500 pL of a 10% cetylpyridinium
chloride solution (prepared by dissolving 1 gram in 10
mL of PBS) into each well. Incubate the wells on a shaker
at room temperature for 30 min. Carefully aspirate the
liquid from each well into appropriately labeled centri-
fuge tubes, taking care to avoid pipetting up and down
to minimize disturbance. If sediment is present, centri-
fuge the tubes and aspirate the supernatant. Next, take a
96-well plate and add 100 pL of the aforementioned min-
eralized matrix solution to each well, repeating this pro-
cess 3 to 5 times to ensure uniform coverage. Finally, use
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a microplate reader to measure the optical density (OD)
value of each sample at a wavelength of 540 nm.

Quantitative real-time PCR (qRT-PCR)

Cellular RNA was extracted using TRIzol reagent
(CWBIO, Beijing, China) and converted to ¢cDNA via
the HiFiScript ¢cDNA Synthesis kit (Vazyme). Then,
qRT-PCR was conducted with UltraSYBR Mixture
(CWBIO) to quantify relative mRNA levels, normalized
against B-actin using the 27(-AAct) method. The primer
sequences used in this process are detailed in Table S1.

Western blot analysis

Cells were lysed on ice using a combination of RIPA
lysis buffer (Solarbio) and a 1% phosphatase inhibitor
(sourced from Boster, Wuhan, China) in a 100:1 ratio.
Following sonication, the cells were centrifuged at 12,000
revolutions per minute for 15 min. The supernatant was
discarded, and the protein concentration was then deter-
mined using a BCA protein detection kit sourced from
KeyGEN BioTECH, Nanjing, China. An equal amount of
protein (20 micrograms per lane) was subjected to elec-
trophoresis on 10% SDS-PAGE gels and subsequently
transferred onto PVDF membranes (Millipore, Biller-
ica, MA, USA). Prior to antibody incubation, the PVDF
membranes were soaked in 5% skimmed milk powder
for one hour. The membranes were then incubated with
primary antibodies (Table S2) overnight at 4 °C. Subse-
quently, the membranes were incubated with a horserad-
ish peroxidase-conjugated secondary antibody (dilution
1:10,000; Proteintech) for one hour at room tempera-
ture. The immunoreactive bands were visualized using
enhanced chemiluminescence reagents (Millipore) and
scanned using an ultra-sensitive imager (Amersham
Imager 600; GE Healthcare Life Sciences, Pittsburgh,
PA, USA). The relative protein expressions of bands were
provided by the analysis of Image] software, which used
GAPDH or a-tubulin as the internal control.

Confocal laser scanning microscopy

To observe the cellular localization of Fn, 5x 10* primary
osteoblasts pooled from different rats were plated onto a
cell slide within a 12-well plate and allowed to incubate
overnight. Subsequently, Fn was stained with CFDA and
SE (CFSE) (MCE, Shanghai, China) for 30 min, followed
by a PBS wash. The stained Fn was then cocultured with
osteoblasts for an hour at 37 °C, and the cells were fixed
using 4% Paraformaldehyde. The F-actin and nuclei of
Osteoblasts were stained with phalloidin (Abcam, Cam-
bridge, UK) and DAPI (Solarbio, Beijing, China), respec-
tively. The immunofluorescence signals were observed
using a confocal laser scanning microscope (Leica, Wet-
zlar, Germany).

Page 5 of 18

Biotin pull-down assay

The biotin pull-down assay was conducted using the
Biotinylated Protein Interaction Pull-Down Kit from
Thermo Fisher Scientific (Waltham, USA), following
the manufacturer’s instructions. Briefly, 1x10° primary
osteoblasts were grown in a 10 cm dish and labeled with
1 mM EZ-Link Sulfo-NHS-LC-Biotin at 4 °C for 4 h.
Membrane proteins were extracted using a Plasma Mem-
brane Protein Isolation and Cell Fractionation Kit from
Invent Biotechnologies (Maryland, USA), while surface
proteins of Fn were isolated with 1% Triton X-100 in
PBS for 1 h at room temperature. Biotinylated OSTEO-
BLASTS surface proteins were incubated with streptavi-
din agarose resin for 4 h at 4 °C, followed by an overnight
incubation with Fn surface membrane proteins at 4 °C.
After washing, elution was performed using elution buf-
fer, and the eluted proteins were analyzed by SDS-PAGE
and silver staining. Protein bands were identified through
liquid chromatography and mass spectrometry (LC/MS).

Recombinant protein production and purification

The signal peptide-free Gbp was cloned into the pET28a
vector, incorporating an N-terminal His tag. E. coli BL21
cells harboring the Gbp plasmid were cultivated in Luria-
Bertani (LB) medium and induced with 0.5 mM IPTG
sourced from Aladdin (Shanghai, China). Subsequently,
Gbp was purified employing a His-tag protein purifica-
tion kit from Byotime (Shanghai, China), followed by
desalting, filtration, and concentration using an Ami-
con® Ultra-30 centrifuge filter manufactured by Millipore
(MA, USA).

His pull-down assay

To identify Gbp receptors on the primary osteoblasts
membrane, a His pull-down assay was performed using
the PolyHis-tagged Protein Interaction Pull-Down Kit
from Thermo Fisher Scientific (Waltham, USA), accord-
ing to the manufacturer’s instructions. Cobalt resin was
incubated with His-Gbp for 1 h at 4 °C, washed with 10
mM imidazole, and incubated overnight at 4 °C with
membrane proteins from osteoblasts. After washing, the
resin was eluted with 290 mM imidazole and analyzed by
LC/MS to identify osteoblasts membrane proteins.

Coimmunoprecipitation (Co-IP) assay

To perform co-immunoprecipitation (Co-IP) of ANXA2,
the anti-ANXA2 antibody was incubated with pri-
mary osteoblasts membrane protein, in the presence or
absence of recombinant His-Gbp, overnight at 4 °C. Rab-
bit IgG was used as a negative control. Following this,
Protein A/G-magnetic beads (Santa, sc-2003) were added
and incubated for an additional 2 h. The beads were then
washed thoroughly and boiled in 40 pL of loading dye.
The boiled samples were resolved by SDS-PAGE and
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immunoblotted using either anti-ANXA2 or anti-His
antibody.

Gene silencing

In order to achieve better transfection efficiency,
MC3T3 cells were used for ANXA?2 silencing. MC3T3
cells seeded in 6-well plates and incubated in a cul-
ture medium with 10% FBS overnight. Thereafter, the
medium was replaced with a fresh medium and siRNAs
were transfected into cells via Lipofectamine 3000 trans-
fection reagents (Invitrogen, Carlsbad, California, USA)
in opti-MEM (Genom, China). siRNAs sequences: CCU
CCAGAAAGUGUUCGAATT.

Statistical analysis

The cytology experiments were independently repli-
cated three times using cells sourced from three dis-
tinct donors, and the results were presented as the
mean + standard deviation (SD). For statistical analy-
sis, GraphPad Prism 9.5 software (MacKiev, Boston,
MA, USA) was utilized. The data underwent one-way
ANOVA, followed by Tukey’s post hoc test or Student’s
t test for honest significant difference comparisons.
Multiple t-tests were conducted to compare variations
between groups across different time points. Statistical
significance was deemed at a p-value <0.05.

Results
The function of osteoblasts was inhibited in periodontitis
patients
To examine the distinct biological features of osteoblasts
in periodontitis, we analyzed single-cell sequencing
(scRNA-seq) data (GSE262668) of human gingiva tis-
sues derived from healthy controls (HC), chronic peri-
odontitis (CP) and aggressive periodontitis (AP) patient.
Following standard data processing and rigorous quality
filtering procedures, we successfully acquired single-cell
transcriptomes from a cumulative total of 55,417 individ-
ual cells comprised 31,557 cells sourced from HCs, 7,491
cells from CP and 16,269 cells from AP. Unbiased cellu-
lar clustering, facilitated by uniform manifold approxi-
mation and projection (UMAP) analyses, revealed the
presence of twelve distinct clusters by typical cell mark-
ers (Fig. 1A, S1A). Interestingly, the percentage of fibro-
blasts, endothelial cells, and epithelial cells was decreased
in the CP and AP group compared with the HC group
(Fig. S1B). We further identified the cell populations of
the fibroblast cluster by UMAP analyses. The fibroblast
cells depicted in Fig. 1A exhibited heterogeneity and
were grouped into eight distinct clusters (Fig. 1B). Based
on the expression of Decorin (DCN) [17], three clusters
(1/2/3) were defined as fibroblasts.

Concretely, the fibroblasts (cluster 1/2/3) were fur-
ther characterized to identify four subclusters (sC1, sC2,
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sC5, and sC6) belonging to fibroblasts exhibiting distinct
phenotypic traits [18] (sC1, 2, 5, 6) and one subcluster
of mesenchymal stem cells, LepR + MSC [19] (sC3) and
one subcluster of osteoblastic lineage cells, APOE + OB
(sC4) (Fig. 1D). In periodontal tissues, MSCs were dis-
tinguished by their fibroblast-like appearance and their
capacity to differentiate into multiple cell types, encom-
passing osteogenic lineage cells [20]. Interestingly, the
abundance of LepR + MSC was decreased in the CP and
AP group compared with the HC group (Fig. 1E). GO
and KEGG analysis showed that MSC were involved
in the biological process of regulation of ossification,
cell-matrix adhesion and cell junction assembly, and
abundant in Wnt, TGF-B and focal adhesion signaling
pathway (Fig. 1F and G). Furthermore, subcluster 4 highly
expressed APOE and was annotated as APOE + osteo-
blasts [17] and the genes within this subcluster exhib-
ited enrichment in pathways and biological processes
pertinent to osteoblast differentiation, encompassing
connective tissue development, regulation of osteoblast
differentiation, and the Wnt signaling pathway (Fig. 1H
and I). In addition, the bacterial species were annotated
in each cell of single-cell data and the proportion of cells
annotated to Fn among all annotated bacteria cells were
obtained. Fn was enriched in CP group compared with
the HC group (Fig. S1C, D). Gene Set Enrichment Analy-
sis (GSEA) revealed that pathways such as NF-kB, TNF,
Toll-like receptor signaling, and osteoclast differentia-
tion were activated in APOE + osteoblasts derived from
CP, whereas the Wnt signaling pathway was inactivated
(Fig. 1] and K, Fig. S1E). These findings underscore the
detrimental impact of periodontitis on periodontal bone
regeneration and suggest that Fn induced chronic peri-
odontitis may be associated with dysfunction of MSCs
and osteoblasts.

Fn induced alveolar bone destruction and inhibited
mineralization of osteoblasts

To verify the influence of Fn-induced periodontitis on
alveolar bone loss, we developed an experimental peri-
odontitis model in C57BL/6] mice. Fn indeed induced
inflammatory responses in mice indicated by an elevation
in serum inflammatory cytokines including TNF-a, IL-6,
IL-1B, and IL-8 (Fig. 2A). Micro-CT three-dimensional
reconstruction unveiled significant alveolar bone resorp-
tion in the groups administered Fn orally. Consequently,
a reduction in the alveolar crest height, specifically the
distance between the cementoenamel junction (CEJ) and
the alveolar bone crest (ABC), was observed beneath
the bifurcation of the second molar roots (Fig. 2B). Fur-
thermore, histological images showed that Fn infec-
tion changed the morphology of the alveolar bone from
rounded to irregular (Fig. 2C). Immunohistochemis-
try (IHC) staining showed the expression level of Coll,
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Fig. 1 scRNA-seq analysis of human gingiva tissues. (A) Uniform Manifold Approximation and Projection (UMAP) of the 55,417 cells, colored by cell-type
annotation from left to right: healthy controls (HC), chronic periodontitis (CP) and aggressive periodontitis (AP). (B) UMAP of fibroblasts shown in Fig. TA.
(€) UMAP color-coded for expression of DCN to define the clusters of fibroblasts (cluster 1/2/3). (D) Left panel: UMAP of fibroblasts (cluster 1/2/3in C), an-
notated and colored by clustering. Right panel: dot plots showing distinct expressions of the selected marker genes in each subcluster. MSC: Mesenchy-
mal Stem Cell; OB: Osteoblast; FB: Fibroblast; MFB: myofibroblas. (E) The percentage of cells for each of six subclusters as in (D). (F) GO annotated by genes
of LepR+MSC. (G) KEGG pathway annotated by genes of LepR+MSC. (H) GO annotated by genes of APOE+OB. (I) KEGG pathway annotated by genes
of APOE +OB. (J-K) Gene Set Enrichment Analysis (GSEA) of NF-kB signaling pathway (J) and osteoclast differentiation (K) used differentially expressed
genes (DEGS) in APOE+OB between CP and HC
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Fig. 2 (See legend on next page.)

an osteogenesis-related protein, was decreased by Fn enhanced by Fn (Fig. 2E). These results suggested that Fn

(Fig. 2D). Tartrate-resistant acid phosphatase (TRAP) induced alveolar bone destruction in vivo.

staining demonstrated that the activity of TRAP was Next, a primary rattus calvaria-derived osteoblasts
culture [21] with Fn at MOIs of 0, 10, 50, and 100 was
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(See figure on previous page.)

Fig. 2 Effects of Fn on the alveolar bone and osteogenesis differentiation. (A) ELISA of TNF-a, IL-6, IL-13 and IL-8 in serum from mice experimental peri-
odontitis model (n=3). (B) Micro-CT reconstruction of alveolar bone and tooth, and quantitative analyses of CEJ-ABC (n=7). (C) Representative images
of H&E staining of alveolar bone (n=7). Scale bars, 200 um. (D) Representative images of Col1 staining and quantitative analysis (n=7). (E) Representative
images of TRAP staining of alveolar bone and quantitative analysis (n=7). (F) Statistical results of the cell proliferation ratio of osteoblasts detected by
EdU assay. (G-H) Statistical analysis of cell apoptosis ratio of osteoblasts analyzed by flow cytometry (n=3). (I) Representative images of ALP staining in
osteoblasts cocultured with Fn (n=3). (J) Representative images of alizarin red staining in osteoblasts cocultured with Fn at 21 days (n=3). (K) Calcium
quantification from samples in (J). (L) Relative mRNA expression of Col1, Runx2 and Bmp2 in osteoblasts after Fn infection (n=3). (M) Protein expression of
Col1, Runx2 and Bmp2 in osteoblasts after Fn infection at days 7 and 14 (n=3). Data are presented as the mean +SD. One-way ANOVA (F-H) and Student’s

ttest (A, B, D, E, K) were used to examine the statistical significance between groups, *P<0.05, **P<0.01, and ***P <0.001

established to mimic the chronic course of periodonti-
tis. Cell proliferation assay showed that Fn significantly
inhibited the rate of primary osteoblast proliferation at
MOIs of 50 and 100 (Fig. 2F and Fig. S2A). Cell apoptosis
detected by flow cytometry also showed that Fn signifi-
cantly decreased the normal cell ratio and increased the
apoptotic cell ratio at MOIs of 50 and 100, which indi-
cated that Fn from the MOI of 50 significantly induced
osteoblasts apoptosis (Fig. 2G-H). Moreover, alkaline
phosphatase (ALP) staining showed that ALP activity
was inhibited by Fn (Fig. 2I). Alizarin red staining on
days 21 showed that the control group exhibited a sig-
nificant presence of mineralized nodules, whereas the
Fn-infected groups showed a reduced number of nodules
and minerals (Fig. 2J-K). A reversal assay that suppressing
Fn growth by metronidazole was conducted and the ALP
analysis showed that metronidazole restored the inhibi-
tory effect of Fn on osteoblast differentiation (Fig. S2B).
Furthermore, qRT-PCR revealed that Fn decreased the
expression of osteogenesis-related genes, Coll, Runx2
and Bmp2 in days 3, 7, 14, and 21 during osteogenic
induction (Fig. 2L). The protein levels of Coll, Runx2 and
Opn were also lowered by Fn infection (Fig. 2M and Fig.
S2C). These results suggested that Fn inhibits the osteo-
genic differentiation capability of primary osteoblasts in
vitro.

Gbp was an effector of Fn diminished osteogenic
differentiation
CFSE-labeled Fn could attach on the surface and invade
into plasma of primary osteoblasts by confocal micros-
copy (Fig. 3A), suggesting Fn may exert its pathogenic
effects to osteoblasts by the surface proteins. We thus
sought to identify bacterial adhesins that involved in
the adhesion process. Biotin pull-down and LC/MS
assay was employed to investigate potential interactions
between Fn adhesins and membrane proteins of osteo-
blasts (Fig. 3B, Table S3). Finally, D-galactose-binding
periplasmic protein (Gbp), a member of the sugar-bind-
ing protein [22] and an important effector of Fn to pro-
mote lipid deposition of THP-1 cells identified by us [16],
was selected and purified by recombinant protein expres-
sion system in Escherichia coli (Fig. S3A).

To examine the impact of Gbp on the osteogenic dif-
ferentiation capability, 0.1 mg/mL Gbp was used to

stimulate primary osteoblasts (Fig. S3B). In line with Fn,
Gbp significantly weakened ALP activity in osteoblasts
during osteogenic induction (Fig. 3C and D). Alizarin
red staining showed that Gbp decreased the mineral-
ized nodules (Fig. 3E) and cellular matrix calcium con-
tent (Fig. 3F) in osteoblasts. The gene expression of
Coll, Runx2 and Bmp?2 in days 3, 7, 14, and 21 and the
protein levels of Coll, Runx2 and Opn in days 3 and 7
during osteogenic induction were down-regulated by
Gbp (Fig. 3G-H and Fig. S3C). Furthermore, compare to
FadA, a known virulence membrane protein of Fn [15],
Gbp could more strongly inhibit osteogenic differentia-
tion (Fig. S3D-F). These results indicated that Gbp was
an effector of Fn inhibiting the osteogenic differentiation
capability of osteoblasts.

Transcriptomic analysis of Fn/Gbp-stimulated osteoblasts
To investigate the dynamics of gene expression in rat-
tus primary osteoblasts during osteogenic differentia-
tion with or without treatment of Fn/Gbp, we analyzed
the whole transcriptomes of osteoblasts stimulated with
or without Fn (MOIs =50), Gbp (0.1 mg/mL) for 3, 7, 14,
and 21 days. Principal Component Analysis (PCA) con-
ducted on each biological replicate revealed that samples
from the same group were tightly clustered, indicating a
satisfactory reproducibility of each treatment and a clear
distinction in specificity between groups (Fig. 4A). The
gene expression profiles of the control group and experi-
mental group at 3, 7, 14, and 21 days were compared by
limma (version 3.58.1). Venn plots revealed 651 consis-
tently up-regulated genes and 774 consistently down-
regulated genes in the Fn-infected group across the four
time points, and the consistent upregulation of 82 genes
and down-regulation of 14 genes in the whole process
(Fig. 4B and Fig. S4).

Moreover, there were 2484 genes up-regulated by Fn
and 950 genes by Gbp, such as 116, Tufrsf9 and Ccl2 that
both increased by Fn and Gbp stimulation regardless of
the time point (Fig. 4C and D). GO analysis of these dif-
ferentially expressed genes (DEGs) indicated that they
were both mainly involved in the cytokine-mediated sig-
naling pathway, cellular response to lipopolysaccharide
and cellular response to interleukin-1 (Fig. S5A and C).
KEGG analysis showed that Fn or Gbp stimulation mainly
resulted in changes in inflammatory-related pathways,
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Fig. 3 Gbp was an effector of Fn inhibiting the osteogenic differentiation capability of osteoblasts. (A) Representative confocal microscopy images of
osteoblasts after co-culture with CFSE- labeled Fn. (B) Surface proteins of Fn was identified by mass spectrometry analysis after biotin pull-down assay. (C)
ALP activity assay in osteoblasts stimulated with Fn (MOI=50) and Gbp (0.1 mg/mL). (D) Representative images of ALP staining in osteoblast stimulated
with Fn and Gbp. (E) Representative images of alizarin red staining in osteoblasts cocultured with Fn and Gbp at 21 days. (F) Calcium quantification from
samples in (E). (G) Relative mRNA expression of Col1, Runx2 and Bmp2 in osteoblasts after Fn and Gbp stimulation. (H) Protein expression of Col1, Runx2
and Bmp2 in osteoblasts after Fn and Gbp stimulation. Data are presented as the mean + SD of at least three independent experiments. One-way ANOVA
was used to examine the statistical significance between groups, *P<0.05, **P<0.01, and ***P < 0.001
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Fig. 4 Transcriptomic analysis of osteoblasts after Fn/Gbp-stimulated at days 3, 7, 14 and 21. (A) Principal Component Analysis (PCA) of each biological
replicate. (B) Venn diagram provided a concise summary of the overlap analysis conducted on upregulated and downregulated DEGs at four distinct
time points, separately for the Fn group and the Gbp group. (C-D) DEGs of osteoblasts stimulated by Fn (C) and Gbp (D) regardless of the time point.
(E-F) KEGG pathway annotated by genes up-regulated (E) and down-regulated (F) by Fn. (G-H) KEGG pathway annotated by genes up-regulated (G) and

down-regulated (H) by Gbp
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such as TNF, NF-x B, and cytokine-cytokine receptor
interaction pathways (Fig. 4E and G). In contrast, genes
down-regulated by Fn or Gbp stimulation including
Ostn, Collla2 and Ucma involved in bone development
and osteoblast differentiation biological processes (Fig.
S5B and D), and pathways of PI3K-Akt, Wnt, Hippo, etc.
(Fig. 4F and H). These results suggested that Fn/Gbp pro-
motes inflammatory responses and inhibits osteogenic-
related signaling pathways in osteoblasts.

Time-series genes expression pattern in the Fn/Gbp-
induced osteoblasts
The expression patterns of genes were analyzed over
time using the time series method in the Mfuzz R pack-
age, and those exhibiting similar patterns were grouped
into clusters. The findings revealed that Fn and Gbp
could respectively induce nine distinct gene expression
clusters (Fig. 5A and B). Among them, clusters 2 and 3
maintained a continuous upward trend, whereas cluster
8 consistently declined in Fn groups (Fig. 5A). Cluster 6
exhibited a sustained upward trajectory, whereas Cluster
2 demonstrated a consistent decline in the Gbp groups.
The genes abundant in each cluster were annotated
using GO and KEGG databases, from which the primary
impacted biological processes and pathways were identi-
fied. The results showed that cluster 8 consisting of 1841
genes which were rapidly decreased after Fn stimulation
was involved in chondrocyte differentiation, cartilage
development and positive regulation of osteoblast dif-
ferentiation (Fig. 5C). Cluster 2 with 2106 genes continu-
ously down-regulated by Gbp had a relationship with
bone development, skeletal system morphogenesis and
bone growth, while cluster 6 in Gbp group was mainly
involved in cytokine-mediated signaling pathway, canon-
ical NF-k B signal transduction and cellular response to
interleukin-1 (Fig. 5D). Consistent with these results,
KEGG analysis showed that cluster 2 of Fn group and
cluster 6 of Gbp group were both enriched in pathways
related to inflammatory responses, such as MAPK, NF-«
B, and cytokine-cytokine receptor interaction pathways
(Fig. 5E and F). Cluster 8 in Fn group and cluster 2 in
Gbp group were involved in pathways of osteoblast dif-
ferentiation, such as Hippo, Wnt and PI3K-Akt signaling
pathway (Fig. 5E and F).

Fn/Gbp inhibited osteogenic differentiation by inactivating
Wnt/B-catenin pathway

We further analyzed the genes that were co-regulated
by Gbp and Fn in rattus primary osteoblasts. Veen dia-
gram showed that 662 up-regulated genes and 551 down-
regulated genes at each time point of the two groups
(Fig. S6A). Heat-map analysis revealed that overlap-
ping DEGs had a consistent time-series expression pat-
tern in two groups (Fig. S6B). GO and KEGG analysis
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showed that the up-regulated DEGs involved in the bio-
logical process of cellular response to lipopolysaccharide,
cytokine-mediated signaling pathway and regulation of
inflammatory response, were abundant in TNF, IL-17,
NF-k B and chemokine signaling pathways (Fig. 6A-B).
GSEA analysis of these overlapping DEGs also showed
that NF-« B signaling pathway was significantly activated
by both Fn and Gbp (Fig. 6C). The down-regulated DEGs
were enriched in biological process of chondrocyte differ-
entiation, cartilage development, bone development, and
osteoblast differentiation (Fig. 6D), and involved in the
Calcium, PI3K-Akt, Hippo, and Wnt signaling pathways
(Fig. 6E). GSEA analysis also showed that Wnt signaling
pathway was inhibited by both Fn and Gbp (Fig. 6F). Fur-
thermore, the overlapping DEGs from both groups were
subjected to protein-protein interaction (PPI) analysis
using the STRING database, yielding the identification of
1251 edges and 514 nodes. The up-regulated genes and
important nodes were strongly associated with inflam-
matory response (such as I/6, 1l1b and Ifng) (Fig. S7A).
Most of the genes in the subnetworks (Fig. S7B) were
inflammatory cytokines and participated in NF-«x B sig-
naling pathway, such as Cxcli, Cxcl6, Cxcl3, 16, IL1b,
Nfkbia, Nfkb2, and Relb. These results indicated that Gbp
and Fn have the same effects on activating inflammatory
responses (possibly through the NF-x B signaling path-
way) and inhibiting osteogenic differentiation (possibly
via the Wnt signaling pathway).

Next, we screened osteogenic differentiation-related
genes that regulated by Fn and Gbp. A total of 48 osteo-
genic differentiation-related genes were significantly
influenced by Fn and Gbp during the whole process.
Heat-map showed that Runx2, Bmp3, Ostn and Ucma
were decreased by Fn and Gbp, whereas /6, Cebpb and
Ccl3 were increased (Fig. S8). KEGG analysis showed that
these DEGs were significantly enriched in Wnt signaling
pathways (Fig. 6G). PPI analysis using the STRING data-
base identified 77 edges and 33 nodes. Runx2 was shown
to be an important node. (Fig. 6H). Western blotting
showed that the expression of P-GSK3p and B-catenin
was decreased by both Fn and Gbp, indicating that Fn
and Gbp inhibit Wnt/B-catenin pathway in osteoblasts
(Fig. 61).

Gbp interacted with ANXA2 to inhibit osteogenic
differentiation of osteoblasts

The identification of host proteins capable of interacting
with Gbp was undertaken. A His pull-down assay was
conducted using His-tagged Gbp in conjunction with
primary osteoblast proteins (Fig. 7A, Table S4). Through
HLPC-MS analysis, 14 potential proteins overlapped by
three independent experiments that could interact with
His-Gbp were successfully pinpointed (Fig. 7B). Among
these candidates, ANXA2 was a membrane protein
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identified to mediate bacterial adhesion and promote
tumorigenesis [23]. ANXA2 was successfully validated
to interact with Gbp by co-immunoprecipitation (Co-IP)

assay (Fig. 6C).

We investigated the role of ANXA2 in Fn/Gbp inhib-
ited osteogenic differentiation used MC3T3 mouse osteo-
blasts. Knockdown of ANXA2 by siRNAs (siANXA2)
markedly inhibited the attachment and invasion of Fn to
osteoblasts (Fig. 7D and Fig. S9). siANXA2 rescued Fn/
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Fig. 7 Gbp bound to ANXA2 on osteoblasts. (A) osteoblasts membrane protein was incubated with His-Gbp together with His magnetic beads for His-
pull-down assay and mass spectrometry analysis. (B) Overlapping membrane proteins from both groups from three independent mass spectrometry
analyses. (C) Co-IP showing His-Gbp directly bound to ANXA2 in osteoblasts. (D) ANXA2 silencing suppressed the attachment and invasion of Fn in osteo-
blasts (n=3). (E) ANXA2 silencing abolished ALP activity induced by Gbp (0.1 mg/mL, n=3). (F) Representative images of ALP staining in osteoblast stimu-
lated by Fn/Gbp with or without ANXA2 silencing at 7 and 14 days (n=3). (G) Representative images of alizarin red staining in osteoblasts with or without
stimulated by Fn/Gbp with or without ANXA2 silencing (n=3). (H) Calcium quantification from samples in (G). (I) ANXA2 silencing rescued the gene
expression of Coll, Runx2 and Bmp2 induced by Fn and Gbp (n=3). (J) ANXA2 restored the inactivation of Wnt/3-catenin signaling induced by Fn/Gbp.
(K) Co-IP showing Fn/Gbp inhibits the interaction of ANXA2 and GSK3. Data are presented as the mean +SD of at least three independent experiments.
One-way ANOVA (E, H, ) and Student's t test (D) were used to examine the statistical significance between groups, *P<0.05, **P<0.01, and ***P < 0.001

Gbp-decreased ALP activity (Fig. 7E and F) as well as
mineralized nodules and calcium content in osteoblasts

and Fig.S10A). These results suggested that ANXA2 is
essential for Fn/Gbp inhibited osteogenic differentiation

(Fig. 7G-H). Furthermore, siANXA2 attenuated Fn/Gbp-
induced down-regulation of the gene of Coll, Runx2 and
Bmp2 and the protein of Runx2 and Opn (Fig. 71 and
J). In the presence of siANXA2, Fn/Gbp ineffectively
inhibited the Wnt/B-catenin signaling pathway (Fig. 7]

of osteoblasts. Co-IP assay showed that ANXA2 could
directly bind with GSK-3f in osteoblasts and interaction
between ANXA2 and GSK3p was attenuated by Fn/Gbp
(Fig. 7K), which indicated that Fn/Gbp-ANXA2 inhib-
ited the Wnt/p-catenin signaling pathway via decreasing
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the binding of ANXA2/GSK3p. Moreover, systemic
inflammation might antagonize Wnt/B-catenin signal-
ing through activating NF-kB pathway [24]. To investi-
gate whether Fn/Gbp-induced NF-«B activity restrained
Wnt/B-catenin, we employed the pharmacological NF-kB
inhibitor JSH-23 to suppress NF-«B activity. JSH-23 par-
tially rescued Fn/Gbp-induced Wnt/B-catenin inhibition
(Fig. S10B), suggesting an inhibitory cross-regulation
between these pathways under Fn/Gbp stimulation.

Discussion

The inflammatory process associated with periodonti-
tis leads to characteristic symptoms of bone loss, partly
due to the suppression of osteoblast-mediated bone for-
mation [25]. When osteoblasts were either numerically
insufficient or functionally impaired, the bone that was
resorbed is not adequately replaced, resulting in decou-
pling. Consequently, this gives rise to a net decrease in
bone mass [26]. The scRNA-seq analysis using pub-
lic date in this study also revealed that the number of
LepR+MSC and APOE + osteoblasts was decreased in
periodontitis patients compared with healthy individu-
als. Functional analysis revealed that osteoblast-related
signaling pathways, such as Wnt signaling pathway, were
suppressed in osteoblasts derived from patients with
periodontitis.

The primary etiological factor in periodontitis was the
accumulation of pathogenic bacteria in dental plaque.
Among these, P. gingivalis, Tannerella forsythia, and Fn
were key pathogens that contribute to disease progres-
sion [27]. On the one hand, these bacteria effectively
stimulated the host inflammatory response and trig-
gered the release of pro-inflammatory cytokines, includ-
ing IL-1f, TNF-a, and IL-6, which play a central role in
bone resorption [26]. On the other hand, these bacteria
directly inhibited osteoblasts activity and function [28].
In a mouse model of periodontitis, it has been observed
that P gingivalis invades alveolar osteoblasts, leading to
the loss of alveolar bone [29]. E. faecalis has been found
to inhibit the differentiation and induce apoptosis of
osteoblasts in vitro [8, 9]. We have demonstrated that Fn
has a direct significant inhibitory effect on osteoblasts
function [11]. In this study, we found that Fn caused
inflammatory responses and alveolar bone resorption
and morphological changes in Fn-induced periodontitis
model. However, the precise mechanisms by which Fn
induced bone destruction and inhibited osteoblast func-
tion need further explore.

Gbp was reported by us to mediate the pathogenic
effect of Fn on lipid deposition of THP-1 [16]. In this
study, we showed that Gbp acted as a virulence factor on
osteoblasts. Furthermore, we developed a long-term in
vitro calvarial osteoblasts coculture model, enabling us to
study the dynamic changes in osteoblasts following serial
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stimulation with Fn and Gbp. Gbp was shown to mimic
Fn’s effects by reducing ALP activity, mineralized nod-
ule formation, and the expression of osteogenic mark-
ers (Coll, Runx2, and Bmp2), suggesting that Gbp plays
a pivotal role in Fn-induced bone destruction. Next, we
proved that Gbp binds to ANXA2 receptor in osteoblasts
to mediate the attachment and invasion of Fn to osteo-
blasts and inhibition of osteoblast differentiation. Knock-
down of ANXA2 attenuated the effects of Gbp on ALP
activity, mineralized nodule formation, and osteogenic
gene expression, suggesting that the Gbp-ANXA?2 inter-
action is critical for Fn’s pathogenic effects.

To elucidate the intracellular molecular signaling
changes induced by Fn and Gbp in osteoblasts, we con-
ducted time-course RNA sequencing (RNA-seq) at mul-
tiple time points and revealed that both Fn and Gbp
induce significant changes in the gene expression profiles
of osteoblasts, particularly in pathways related to inflam-
mation and osteogenesis. The upregulation of inflamma-
tory genes such as 1l6, Tnufrsf9, and Ccl2, coupled with
the downregulation of osteogenic genes like Ostn and
Coll1a2, highlights the dual role of Fn and Gbp in pro-
moting inflammation while suppressing bone formation.
These findings are supported by GO and KEGG analy-
ses, which identified enrichment in pathways such as
NF-«B, TNF, and Wnt signaling. The activation of NF-xB
signaling by Fn and Gbp aligns with previous studies
demonstrating its role in inflammatory bone loss, while
the inhibition of Wnt signaling provides a mechanis-
tic explanation for the observed suppression of osteo-
blast differentiation [28]. Furthermore, our western blot
assay confirmed that Fn and Gbp-ANXA2 inactivates the
Wnt/B-catenin signaling pathway in osteoblasts. ANXA2
could bind with of GSK3p and promotes [-catenin
nuclear translocation [30]. Here, we found that Gbp
reduces the binding activity of GSK3p with ANXAZ2,
which provides a potential mechanism for the inhibition
of Wnt/p-catenin signaling, a key pathway in osteoblast
differentiation.

This study highlighted Fn and its effector protein Gbp
as key drivers of osteoblast dysfunction, offering novel
therapeutic targets. Targeting Fn colonization (e.g., via
antibiotics, phage therapy, or probiotics) could mitigate
its pathogenic effects on bone homeostasis. Inhibitors of
the ANXA2/Gbp interaction or modulators of Wnt/f3-
catenin signaling could restore osteogenic activity in
periodontitis-affected tissues. These strategies may com-
plement or replace conventional treatments) by address-
ing the underlying molecular pathology. Moreover, the
mechanistic insights into Gbp-mediated Wnt inhibition
via ANXA2 in bone remodeling might extend beyond
periodontitis to other inflammatory bone diseases (e.g.,
osteoporosis, rheumatoid arthritis-associated bone loss),
offering cross-disciplinary therapeutic opportunities.
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These advances could transform clinical practice by
shifting the paradigm from reactive treatment to proac-
tive prevention. Future investigations should incorporate
clinical isolates of Fn from periodontitis patients to rein-
force the translational relevance of our findings. Empha-
sis should be placed on validating these mechanisms in
clinical cohorts to evaluate the therapeutic potential of
targeting the Gbp-ANXA2 interaction for mitigating
periodontitis-associated bone loss.

Conclusions

In summary, this study demonstrates that Fn and its
effector Gbp disrupt osteogenic differentiation by inac-
tivating the Wnt/p-catenin pathway and promoting
inflammatory responses via NF-«kB signaling. ANXA2
plays a pivotal role in mediating these effects, highlight-
ing its potential as a therapeutic target for periodontitis-
induced bone loss. These findings provide new insights
into the molecular mechanisms underlying periodontal
bone regeneration and offer potential strategies for thera-
peutic intervention.
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