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and osteoclastogenesis
through exosomal
miR-146a-5p/TRAF6
signaling
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1Department of Periodontology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine, Shanghai, China, 2College of Stomatology, Shanghai Jiao Tong University,
Shanghai, China, 3National Center for Stomatology, National Clinical Research Center for Oral
Diseases, Shanghai Key Laboratory of Stomatology, Shanghai Research Institute of Stomatology,
Shanghai, China
Background: Gingipains are virulence factors released by Porphyromonas

gingivalis that contribute to periodontal destruction by disrupting bone

metabolism. This study aimed to evaluate the dual effects of gingipains on

bone metabolism by examining their impact on osteogenesis and

osteoclastogenesis, hypothesizing that gingipains regulate these processes via

direct and exosomal pathways involving microRNA signaling.

Methods: Clinical samples of gingival crevicular fluid, subgingival plaque, and

gingival tissues were collected from 15 patients with stage III-IV periodontitis and

15 healthy controls. The effects of gingipains on bone marrow mesenchymal

stem cells (BMSCs) and RAW264.7 macrophages were assessed using cell

proliferation assays, qPCR, western blot, microarray analysis, and dual-

luciferase reporter assays. A rat periodontitis model was used to validate the

findings in vivo.

Results: Periodontitis patients exhibited elevated levels of lysine- and arginine-

specific gingipains, C5a, and RANKL (p < 0.05). Gingipains inhibited BMSCs

proliferation and osteogenic differentiation in a dose-dependent manner while

promoting osteoclastogenesis in RAW264.7 macrophages through BMSCs-

derived exosomes. Gingipains reduced the levels of miR-146a-5p in exosomes,

which enhanced osteoclast differentiation through the miR-146a-5p/TRAF6

signaling pathway. Animal models confirmed that gingipains aggravated

alveolar bone loss, which was mitigated by miR-146a-5p overexpression.
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Conclusion: Gingipains disrupt bone metabolism by inhibiting BMSCs

osteogenesis and promoting osteoclastogenesis through communication via

exosomes. Targeting miR-146a-5p offers a potential therapeutic approach to

counter gingipain-induced periodontal destruction.
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Introduction

Gingipains are cysteine proteases secreted by Porphyromonas

gingivalis (P. gingivalis).They are major virulence factors in

periodontal diseases, and they facilitate P. gingivalis survival and

pathogenicity by promoting host colonization, evading the immune

system, aiding tissue destruction, and acquiring nutrients (Dominy

et al., 2019; Hocevar et al., 2018; Xu et al., 2020). As P. gingivalis

infection increases owing to periodontal inflammation, gingipains

play a major role in protein degradation, disrupting signaling

pathways, evading the immune system, and causing tissue damage.

The gingipain family comprises lysine-specific gingipains

(Kgps) and arginine-specific gingipains (RgpA/B), which disrupt

antimicrobial responses (Reyes, 2021), and enhance P. gingivalis

adherence (Shiheido-Watanabe et al., 2023), biofilm formation, and

interactions with other pathogens, specifically red microbial

complexes (Xu et al., 2020). Rgps degrade complement

components C3, C4, and C5, which triggers complement–Toll

like receptors (TLR) crosstalk and exacerbates inflammation by

increasing tumor necrosis factor-a (TNF-a), interleukin (IL)-1b,
and IL-6 levels. Conversely, Kgps modulate neutrophil recruitment

by cleaving the C5a receptor (Xu et al., 2020). The increased

antibody responses to gingipains in periodontitis patients

emphasizes their potential as biomarkers for disease severity (de

Vries et al., 2022), however, few clinical studies have linked

gingipains to periodontal status.

Gingipains exert cytotoxic effects on fibroblasts, bone marrow

mesenchymal stem cells (BMSCs), and epithelial cells, which

disrupt the balance between regeneration and resorption

(Kadowaki, 2021; Mo et al., 2020a). Moreover, gingipains directly

inhibit BMSCs proliferation and osteogenic differentiation by

degrading integrin b1 and suppressing RhoA activity, which

results in osteoblast apoptosis (Qiu et al., 2018). Although RgpA

inhibitors can reverse the reduction in osteogenic-related gene

expression (Zhang et al., 2019), their overall effect on pathways

involved in periodontal regeneration remains unclear.

Moreover, gingipains directly regulate macrophages by promoting

M1 macrophage polarization through the C5a pathway (Hou et al.,

2017). Gingipains from outer membrane vesicles activate

inflammasomes, the NF-kB pathway, and osteoclastic differentiation

through enhanced integrin b3 expression (Castillo et al., 2022), and
02
osteoclastic differentiation through enhanced integrin b3 expression

(Mo et al., 2020a). They further alter the periodontal inflammatory

microenvironment through intracellular communication. In a

previous study, we found that Porphyromonas gingivalis-LPS reduces

miR-151-3P levels in BMSC-derived exosomes (BMExo). This

reduction promotes the formation of osteoclasts in RANKL-induced

macrophages. miRNAs, such as miR-124 and miR-218, regulate bone

metabolism by inhibiting bone resorption, whereas miR-31 inhibitors

reverse RANKL-induced osteoclastogenesis (Sadek et al., 2023),

however, the mechanism by which gingipains affect communication

between osteoblasts and osteoclasts remains unclear. In this study, we

examined the dual effects of gingipains on periodontal regeneration by

focusiong on their direct influence on osteoblasts and their indirect

role in promoting osteoclastogenesis through exosomal pathways.

Understanding these mechanisms will lead to more effective

strategies to prevent gingipain-induced periodontal destruction.
Methods

Sample collection

All experimental protocols adhered to the ethical principles of

the Declaration of Helsinki (revised in 2013). The study was

approved by the Institutional Review Board of Shanghai Ninth

People’s Hospital, Shanghai Jiao Tong University School of

Medicine (NO.SH9H-2021-T112-1), with written informed

consent obtained from all participants.

The criteria for inclusion included for the study were those who

were systemically healthy and willing to participate in the study.

Subjects were classified based on the Consensus report of

workgroup 2 of the World Workshop on the Classification of

Periodontal and Peri-Implant Diseases and Conditions

(Papapanou et al., 2018). The periodontitis group comprised 15

patients with stage III-IV periodontitis and the health group

included 15 periodontal healthy people. All subjects recruited

between January 2022 and January 2023. Patients of the

periodontitis group were selected from the Department of

Periodontology, while the health group subjects were volunteers

with a full-mouth plaque score ≤ 25% and a full-mouth bleeding

score of ≤ 10%.
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This study excluded patients following exclusion criteria: (1)

who had contraindications (serious systemic diseases including

uncontrolled hypertension, diabetes and serious cardiovascular

disease) for the treatment of periodontitis later, (2) who had

received periodontal treatment or anti-inflammatory medication

regularly within the previous 3 months, (3) Who had used bone

metabolism-affecting drugs (such as bisphosphonates,

immunosuppressants) for a long time, (4) who had osteoporosis.

Gingival crevicular fluid (GCF) were collected from sites with

probing depth ≥ 5 in the periodontitis group and from Ramfjörd

teeth in the control group using sterile absorbent paper points as per

Qiu et al (Qiu et al., 2024). Sample weights were recorded pre- and

post-collection, with 20 strips gathered per participant. Subgingival

plaque samples were obtained using Gracey curettes and stored in

sterile tubes with phosphate buffer solution.

Gingival samples were obtained during modified Widman flap

surgery for periodontitis patients and during crown lengthening

procedures for healthy controls. All samples were stored at −80°C.
Measurement of P. gingivalis DNA

Nested quantitative PCR was employed to quantify P. gingivalis

DNA in two sequential steps: external and internal nested PCR.
External nested PCR

A 20 mL reaction system included 10 mL Premix Ex Taq

(Takara), 1 mL External Forward primer, 1mL External Reverse

primer (Life Technologies), and 8 mL diluted subgingival plaque,

involving 100 ng of total DNA. Amplification followed the protocol

described by Fischer et al (Fischer et al., 2019).
Internal nested PCR

The reaction mix comprised 5 mL SYBR Green MasterMix

(Yeasen), 0.5 mL Internal Forward primer, 0.5 mL Internal Reverse

primer, and 4 mL DNA diluted to 1/100. PCR was performed in a

fluorescence quantitative PCR instrument (Roche) with the

following protocol: pre-denaturation at 98°C for 5 mins; 98°C

denaturation for 15s (40 cycles); annealing at 55°C for 15s, and

extend at 72°C for 30s. Primer sequence of was provided in Table 1.
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Measurement of lysine and arginine
gingipains in gingiva

Gingival tissues were rinsed three times with cold PBS, minced,

and treated with a lysis reagent containing protease inhibitors.

Tissue homogenization was conducted at 60Hz for 70s, repeated

twice. After centrifugation at 12,000 rpm for 10 min, proteins were

separated by SDS-PAGE and transferred to a PVDF membrane.

The membrane was blocked, incubated with primary and secondary

antibodies as per previously described methods (Dong et al., 2024),

and analyzed using ImageJ to quantify Kgps and Rgp expression.
Detection of Kgps and RgpA/B activity in
GCF

Fluorogenic substrates for Kgp, RgpA, and RgpB were diluted in

a buffer (100 mM tris-HCl, 75 mM NaCl, 2.5 mM CaCl2, 10 mM

cysteine, and 1% dimethyl sulfoxide) (Dominy et al., 2019). GCF

samples and substrates (final concentration 10 mM) were added to

96-well plates, and fluorescence signals were recorded using a

multifunctional ELISA reader over 120 min. Fluorescence

parameters were as follows: excitation/emission at 380/460 nm for

Kgp and 380/450 nm for Rgp.
Enzyme-linked immunosorbent assay

ELISA kits were used to evaluate C5a and RANKL levels in GCF

samples as per the manufacturer’s instructions (Simuwu). Optical

density (OD) values were determined at 450 nm, with each assay

performed in triplicate.
Evaluation of gingipain-induced
proliferation and osteogenic differentiation
in BMSCs

The proliferation of BMSCs treated with gingipains was assessed

using the MTT assay. BMSCs (5×104/ml) were seeded in a 96-well

plate for 24 h and treated with DMEM containing gingipains at

concentrations of 0.75, 1.5, 3, 6, 12 and 24 mg/ml. After 1, 3, 5 and 7

days of co-culture, cells were incubated with 200 mLMTT solution for

four hours, and formazan crystals were dissolved in 150 mL dimethyl

sulfoxide. OD was measured at 490 nm using a microplate reader.

Cell viability was further assessed using a live/dead staining kit

(Sigma) and fluorescence microscopy (Leica DMi8) after 3 days.

Morphological changes in BMSCs were observed under a

transmission electron microscope (TEM) after fixation,

dehydration, embedding, and staining.

Osteogenic differentiation was evaluated by qRT-PCR and

western blot analysis of osteogenic-related genes and proteins,

including runt-related transcription factor 2 (RUNX2), BMP-2,

alkaline phosphatase (ALP), and distal-less homeobox 5 (DLX5).
TABLE 1 The primers used in nested qPCR.

Primer name of nest
P. gingivalis

Sequence

External Forward GTGAGGTAACGGCTCACCAA

External Reverse AATATGGCTTTTCGCCGTGC

Internal Forward AGGCAGCTTGCCATACTGCG

Internal Reverse ACTGTTAGCAACTACCGATGTA
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BMSCs were cultured in osteoblast-conditioned medium with or

without gingipains for 3 or 7 days. The primer sequences and

antibodies were described in our previous study (Dong et al., 2024).
Identification of BMExo and their
osteoclastic effects on RAW264.7 under
the stimulation of gingipains

BMExo was characterized using TEM (H-7650, Hitachi) and

nanoparticle tracking analysis (NTA). Exosomal marker proteins

CD 9 (proteintech, 20597-1-AP, 1:4000) and CD 81 (proteintech,

27855-1- AP, 1:2000) were examined by western blot.

BMSCs were pre-treated with gingipains (BMSC-Gin) or

untreated, and exosomes were isolated from the supernatant

using ultracentrifugation (Guo et al., 2021).

The cytotoxic effects of BMExo on RAW264.7 (China Center

for Type Culture Collection) were determined utilizing CCK-8

assay and live/dead staining after 1, 3, and 7 days of incubation.

Cells were cultured in osteoclast-conditioned medium and divided

into three groups: BMExo-Gin, BMExo, and control groups

(osteoclast-conditioned medium only).

ELISA was used to measure protein levels of osteoprotegerin

(OPG) and RANKL in the supernatant. qRT-PCR and western blot

analyzed osteoclastic genes and proteins, including cathepsin K

(CTSK), NFATC1, and tartrate-resistant acid phosphatase (TRAP).

TRAP-positive multinucleated cell areas were quantified

using ImageJ.
Regulation of exosomal miRNA and its
osteoclastic effects on RAW264.7

To clarify the mechanism of BMSC-sourced exosomes in

osteoclastic differentiation, exosomal miRNA expression was

analyzed via microarray. RAW264.7 cells were divided into

BMExo-Gin, BMExo, and control groups. Total RNA was

extracted from exosomes according to instruction of total

Exosome RNA & Protein Isolation Kit (Life Technologies), and

miRNAs were profiled using Multispecies miRNA 4.0 Array

(Affymetrix GeneChip). Differential expression was considered

significant for fold change >1.5 (p < 0.05).

RAW264.7 cells were transfected with miR-146a-5p inhibitor,

mimics, and inhibitor/mimics NC (riboFECT™ CP Transfection

Kit), respectively. The expression of miR-146a-5p was examed by

qRT-PCR with primers synthesized by stem-loop method and

western blot. After 3 days of transfection, osteoclastic genes and

proteins expression (CTSK, NFATC1, TRAP) and TRAP staining

were analyzed. Intersection analysis combined miR-146a-5p targets

with osteoclast-related pathways. Dual-luciferase reporter assays

confirmed miR-146a-5p binding to the 3’UTR of TRAF6. Then, the

gene and protein expression of TRAF6 was also detected by qRT-

PCR and western blot. Lipofectamine 2000 (Invitrogen, USA) was

used to overexpress TRAF6 in RAW264.7 cells to have further
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exploration on the influence of miR-146a-5p in TRAF6

signaling pathway.
Animal study

Animal experiments were approved by the approval of the

Animal Ethics Committee of the Ninth People’s Hospital

Affiliated to Shanghai Jiao Tong University School of Medicine

(NO. SH9H-2021-A711-1). Periodontitis models were established

in 8-week-old male specified-pathogen-free (SPF) SD rats by

placing 5–0 sterile silk ligatures around mandibular first molars.

Rats were divided into control, silk ligature, and silk ligature +

gingipains groups. Gingipains (3 mg/mL) or sterile PBS were

injected thrice weekly into the gingival sulcus (Qian et al., 2021).

After 8 weeks, rats were euthanized for comparison.

For alveolar bone defect models, defects (1 mm × 1mm× 0.5 mm)

were created in mandibular first molars (Figure 1A). Rats were divided

into control, BMExo, and BMExo-agomir groups (30 nM miR-146a-

5p agomir). Exosomes and agomir were injected into alveolar bone

defects every 3 days for 2 weeks (4 times in total), 200 mg exosomes and

7.5 nMmiR-146a-5p agomir per time. Animals were euthanized after 8

weeks for Micro CT and histological staining.
Statistical analysis

Statistical significance among multiple groups with one

independent variable was inspected with one-way analysis of

variance (ANOVA). A statistically significant difference was

indicated by p<0.05.
Results

Increased expression of P. gingivalis and
activities of Kgp and Rgp in periodontitis
patients

The relationship between gingipains and periodontium

inflammation was assessed by analyzing P. gingivalis expression

in subgingival plaque and Kgp and Rgp activities in gingiva and

GCF. Nested quantitative PCR revealed significantly higher P.

gingivalis DNA levels in patients with stage III-IV periodontitis

compared to healthy controls (Figure 2A). Colonization with P.

gingivalis elevated Kgp and Rgp activities, with Kgp activity in GCF

significantly higher in periodontitis patients from 30 minutes

onwards, peaking at 120 minutes (p<0.05). Rgp activity followed a

similar trend, plateauing at 90 minutes (p<0.05; Figure 2B). Western

blot confirmed increased Kgp and Rgp expression in gingival tissues

from periodontitis patients, with Rgp levels higher than Kgp

(p<0.05; Figures 2C, D). ELISA further demonstrated elevated

C5a and RANKL levels in the GCF of periodontitis patients

(p<0.05; Figure 2E).
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Gingipains accelerate alveolar bone
resorption

Micro-CT analysis of mandibular first molars in SD rats

confirmed significant bone loss in both the 5–0 silk ligature group

and the gingipains + ligature group, validating periodontitis induction

(Figure 3A-a). Gingipains exacerbated bone loss, as evidenced by

lower bone mineral density, trabecular thickness (Tb.Th), bone

surface/volume ratio (BS/BV), and percent bone volume/total

volume (BV/TV), along with increased trabecular separation (Tb.Sp;

p<0.05)(Figure 3A-b). Hematoxylin and eosin staining showed severe
Frontiers in Cellular and Infection Microbiology 05
destruction of alveolar bone crests in the gingipains + ligature group,

with connective tissue replacing bone (Figure 3B).
Inhibitory effects of gingipains on BMSCs
proliferation and osteogenic differentiation

MTT assays revealed that gingipains at concentrations ≥3 mg/mL

significantly inhibited BMSC proliferation from day 3 to day 7 (p<0.05;

Figure 4A). Fluorescence microscopy showed predominantly green-

stained cells in the control and 0.75 mg/mL gingipain groups, while the
FIGURE 1

miR-146a-5p agomir promotes new bone formation in bone defect models of SD rats. (A) Mandibular bone defect measurement in SD rats (1 mm ×
1 mm × 0.5 mm). (B) Reconstructed 3D microcomputed tomography images (a). BV/TV, trabecular number (Tb.N), BS/BV, and Tb.Sp of mandibular
bone defects (b) (n = 3; *P < 0.05). (C) Hematoxylin and eosin staining (a) and TRAP staining (b) of mandibular bone defects (scale bar: 500 mm,
black arrow: osteoclasts).
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3 mg/mL and 12 mg/mL groups displayed more red-stained (non-

viable) cells (Figure 4B). TEM analysis showed intact BMSC structures

in controls, but the 3 mg/mL group exhibited organelle dissolution and

mitochondrial damage, indicating cytotoxicity (Figure 4C).

ALP staining, qPCR, and western blot results demonstrated

suppressed osteogenic differentiation in gingipain-treated BMSCs.

ALP activity and osteogenic-related gene expression (BMP-2, ALP,

DLX5, and RUNX2) were significantly reduced in the 3 mg/mL

group at days 3 and 7 (p<0.05; Figures 4D–F). BMP-2 protein

expression declined significantly only on day 7 (p<0.05).
BMSCs promote osteoclastic differentiation
of RAW264.7 cells through exosomes
stimulated by gingipains

Scanning electron microscopy revealed that BMExo were

spherical with a bilayer membrane structure (Figure 5A.a), and
Frontiers in Cellular and Infection Microbiology 06
NTA measured an average exosome size of 127 nm (Figure 5A.b).

Western blot analysis confirmed elevated expression of

exosomal markers CD9 and CD81 in the exosome group

(Figure 5B). No significant differences in OD values were

observed across the control, BMExo, and BMExo-Gin groups at

days 1, 3, and 7 (Figure 5C). Live/dead staining further

demonstrated no cytotoxic effects from exosomes on RAW264.7

cells (Figure 5D).

The BMExo-Gin group showed significantly increased RANKL

protein expression and an elevated RANKL/OPG ratio compared to

the control and BMExo groups, suggesting that BMExo-Gin

promoted osteoclastogenesis by enhancing RANKL expression

(p<0.05; Figure 6A). This was confirmed by qPCR and western

blot, which showed upregulated NFATC1, CTSK, and TRAP

expression in the BMExo-Gin group on days 3 and 7 (p<0.05;

Figures 6B, C). Additionally, TRAP staining revealed larger TRAP-

positive multinucleated cell areas in the BMExo-Gin

group (Figure 6D).
FIGURE 2

Evaluation of Porphyromonas gingivalis and Kgp and Rgp activities in clinical samples of patients with periodontitis vs. healthy individuals.
(A) Detection of P. gingivalis in subgingival plaques detected by nested quantitative PCR (n = 15; *P < 0.05). (B) Kgp (a) and Rgp (b) activities were
measured by ELISA (n = 15; *P < 0.05). (C) Kgp protein expression in the gingiva of the periodontitis group and control group (a), and the relative
gray levels for the two groups (b) (n = 3; *P < 0.05). (D) Rgp protein expression in the gingiva of the periodontitis group and control group (a), and
the relative gray levels for the two groups (b). (E) Expression of C5a (a) and RANKL (b) protein in the GCF of the two groups (n = 15; **P < 0.01).
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miR-146a-5p deficiency facilitates
osteoclastic differentiation

Microarray analysis identified a significant downregulation of

miR-146a-5p in BMExo from the BMExo-Gin group (Figure 7A).

This deficiency likely contributed to enhanced osteoclastic
Frontiers in Cellular and Infection Microbiology 07
differentiation in RAW264.7 cells treated with gingipain-

stimulated exosomes.

To validate this, RAW264.7 cells were transfected with miR-

146a-5p mimics or inhibitors. Inhibitor-transfected cells showed

elevated expression of osteoclastic genes and proteins (NFATC1,

CTSK, TRAP), while mimic-transfected cells exhibited reduced
FIGURE 3

Micro-CT and HE staining of the periodontitis model in SD rats. (A) Reconstructed 3D microcomputed tomography images of mandibular molars
and alveolar bone of the control group, silk ligature group, and silk ligature combined with the gingipains group (a). Bone mineral density, trabecular
thickness (Tb.Th), percent bone volume (BV/TV), trabecular separation (Tb.Sp), and bone surface/volume ratio (BS/BV) of the mandibular first molars
(b) (n = 4; *P < 0.05). (B) HE staining of mandibular first molars of the three groups (scale bar: 1000 mm); *P < 0.05.
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expression (Figures 7B, C). TRAP staining corroborated these

findings, with a larger osteoclast area in the inhibitor group and a

reduction in the mimic group (Figure 7D).

In vivo, miR-146a-5p deficiency exacerbated bone loss in

alveolar bone defect models. Rats injected with exosomes from

the BMExo-Gin group exhibited lower BV/TV, trabecular number,

and BS/TV, alongside increased Tb.Sp (p<0.05). These effects were

reversed by miR-146a-5p agomir injection (Figure 1B). Histological

and TRAP staining revealed insufficient new bone formation and

more osteoclasts in the BMExo-Gin group, further confirming miR-

146a-5p’s protective role (Figure 1C).
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TRAF6 identified as a target gene of miR-
146a-5p promoted osteoclastogenesis

Bioinformatic analysis identified TRAF6 as a downstream target

of miR-146a-5p involved in osteoclast differentiation. A dual-

luciferase reporter assay verified this mechanism. Binding sites for

miR-146a-5p were present in the 3’UTR of TRAF6 (Figure 8A). Co-

transfection with TRAF6 3’UTR wild-type plasmids and miR-146a-

5p significantly reduced luciferase activity (37.78% inhibition;

Figure 8B), whereas mutant plasmids showed no inhibitory effect.

After the successful transfection of miR-146a-5p, proving by qRT-
FIGURE 4

Effects of gingipain stimulation on the proliferation and osteogenic differentiation of BMSCs. (A) An MTT assay was used to evaluate the growth of
BMSCs treated with gingipains (0–24 mg/mL) on days 1, 3, 5, and 7 (n = 5; *P < 0.05). (B) Live/dead staining of BMSCs under gingipains stimulation
(0, 0.75, 3, and 12 mg/mL) for 3 days. (C) Cellular morphology of BMSCs treated with 0 or 3 mg/mL gingipains observed by transmission electron
microscope (TEM). (D) ALP staining of BMSCs under gingipains stimulation (0, 0.75, 3, and 12 mg/mL) for 7 days. (E) BMP-2, ALP, distal-less
homeobox 5, and runt-related transcription factor 2 mRNA expression of BMSCs treated with 3 mg/mL gingipains (n = 3; *P < 0.05). (F) BMP-2, ALP,
distal-less homeobox 5, and runt-related transcription factor 2 protein expression of BMSCs treated with 3 mg/mL gingipains (a). Relative expression
of proteins was quantified by ImageJ software (b) (n = 3; *P < 0.05).
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PCR (Figure 8C), the gene and protein expressions of TRAF6 were

down-regulated in RAW 264.7 (Figure 8D), which revealing that

miR-146a-5p negatively regulated the expression of TRAF6. What’s

more, overexpression of TRAF6 up-regulated the expression of

CTSK, NFATC1, TRAP, which could be reversed by overexpression

of miR-146a-5p (Figures 8E-G).These findings confirm that

exosomal miR-146a-5p regulates osteoclast differentiation in

RAW264.7 cells via its downstream target TRAF6.
Discussion

Treating severe periodontitis remains challenge owing to an

inadequet understanding of how bacterial metabolites affect

periodontal tissues. P. gingivalis is a prominent oral pathogen that

contributes substantially to periodontal inflammation. Its major

virulence factors, known as gingipains, play an important role in

periodontal inflammation; however, the exact mechanisms by

which they regulate osteogenesis and osteoclastogenesis during
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periodontitis remain unclear. In this study, we evaluated the

correlation between gingipain expression and periodontitis

severity. We also investigated how gingipains affect the osteogenic

differentiation of BMSCs and their interaction with osteoclasts.

Clinical samples revealed increased levels of P. gingivalis DNA

and increased gingipain expression in the subgingival plaque and

gingival tissues of patients with stage III–IV periodontitis. Increased

Kgp and Rgp activities, along with higher levels of C5a and RANKL

in GCF, were positively correlated with disease severity, which

suggests the involvement of gingipains in periodontal destruction.

These findings highlight the advantages of targeting gingipains, as

natural and synthetic inhibitors of Kgp and Rgp can ameliorate

periodontal inflammation (Chow et al., 2022; Sadek et al., 2023).

Our findings are consistent with those of previous studies, such

as How et al (How et al., 2016). They reported that P. gingivalis was

detected in 87.75% of periodontitis patients, and was closely linked

to disease severity. In another study, the keratin 6 fragment, a Kgp

cleavage product, was identified as a marker of active gingipains

in periodontitis (Tancharoen et al. , 2015). This study
FIGURE 5

Identification and cytotoxic effect of BMSC-derived exosomes. (A.a) Morphology of BMSC-derived exosomes observed via TEM, and the size
distribution of exosomes determined by nanoparticle tracking analysis (NTA) (A.b). (B) The CD9 and CD81 protein levels of BMSCs and exosomes as
determined by western blot analysis. (C) Cell viabilities of RAW264.7 co-cultured with exosomes derived from the BMExo and BMExo-Gin groups
were evaluated by a CCK-8 assay on days 1, 3, and 7 (n = 10; NS, no significance). (D) The live/dead staining of RAW264.7 co-cultured with
exosomes derived from the BMExo and BMExo-Gin groups on days 1, 3, and 7.
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confirmed overexpression and increased activity of gingipains in

stage III–IV periodontitis, which significantly contributs to

tissue destruction.

Gingipains exert significant effect on cell activity and

proliferation. Zhang et al. demonstrated that gingipains

stimulation increases apoptosis in human skull osteoblasts and

MC3T3-E1 cells, which is marked by elevated caspase-3 levels

and DNA fragmentation (Zhang et al., 2017). They attributed the

apoptosis to F-actin breakage caused by integrin b1 degradation

and RhoA suppression. Specifically, Kgp, is a major driver of

osteoblast apoptosis (Qiu et al., 2018). Similarly, our study

showed that gingipains at concentrations of 3 mg/mL or higher

inhibited BMSCs proliferation after 3 days, with their effect

correlating positively with concentration. Studies on the effect of

gingipains on osteogenic differentiation are limited. Our results

indicate that 3 mg/mL gingipains suppress osteogenic differentiation

in BMSCs by downregulating osteogenic genes, proteins, and ALP

activity. Furthermore, transmission electron microscope analysis
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revealed extensive organelle damage in gingipain-treated BMSCs,

which is consistent with the apoptosis-associated nuclear

deformation reported by Bhardwaj and Saraf (Bhardwaj and

Saraf, 2016). These results highlight the negative effects of

gingipains on periodontal regeneration through the inhibition of

BMSCs proliferation and osteogenic differentiation.

Moreover, gingipains contribute to bone loss by increasing

osteoclast formation, particularly in macrophages induced by

RANKL (Fitzpatrick et al., 2009). They increase RANKL-induced,

TRAP-positive multinucleated cells and upregulate osteoclastic

genes, such as CTSK, NFATC1, and TRAF6 (Mo et al., 2020b).

Gingipain (Kgp) also degrades OPG and promotes the secretion of

RANKL in osteoblasts (Mo et al., 2020b; Yasuhara et al., 2009) to

further induce osteoclast differentiation. Our study confirmed that

gingipain-stimulated BMExo increases the RANKL/OPG ratio in

RAW264.7 cells, and promotes osteoclastogenesis without exerting

cytotoxic effects, as evidenced by CCK-8 assays and live/

dead staining.
FIGURE 6

Exosomes from the BMExo-Gin group promote the osteoclastic differentiation of RAW264.7 cells. (A) Expression of RANKL and OPG protein in the
supernatant of the control group, BMExo group, and BMExo-Gin group (n = 6; NS, no significance; *P < 0.05). (B) CTSK, NFATC1, and TRAP mRNA
expression of RAW264.7 cells in the control, BMExo, and BMExo-Gin groups on days 3 and 7 (n = 6; *P < 0.05). (C) Expression of CTSK, NFATC1, and
CD40L/CD154 in RAW264.7 cells on days 3 and 7 (a). Relative protein expression was quantified using ImageJ software (b) (n = 3; *P < 0.05). (D)
TRAP staining of RAW264.7 cells after co-culture with the exosomes of the control, BMExo, and BMExo-Gin groups for 3 days.
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Exosomes are important mediators of intercellular

communication in bone metabolism. They carry proteins, lipids,

and miRNAs that are involved in the regulation of osteoblast and

osteoclast activity (Fan et al., 2021). We demonstrated that

gingipain-stimulated exosomes (BMExo-Gin) enhanc osteoclastic

gene and protein expression (CTSK, NFATC1, TRAP) in RAW264.7

cells, as evidenced by TRAP staining. Notably, miRNAs within

exosomes attenuate osteogenic and osteoclastic differentiation (Liu

et al., 2023), which suggests that exosomal miRNAs have an

important role in bone metabolism and osteoclastogenesis.

We sequenced exosomes from the BMExo and BMExo-Gin

groups to identify differentially expressed miRNAs. Microarray

analysis revealed a significant downregulation of miR-146a-5p in

the BMExo-Gin group. which was previously shown to inhibit

osteoclastogenesis (Lin et al., 2019) and protect female mice

against age-related bone loss (Zheng et al. , 2021). Its

downregulation in BMExo likely promotes the osteoclastic

differentiation of macrophages. Thus, to validate the role of miR-

146a-5p, RAW264.7 cells were transfected with miR-146a-5p
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inhibitors and mimics. MiR-146a-5p knockdown enhanced

osteoclastic differentiation in vitro, whereas its overexpression

suppressed it. Similarly, animal experiments confirmed that

exosomes from the BMSC-Gin group reduced new bone

formation, an effect reversed by miR-146a-5p agomir. These

results suggest that miR-146a-5p overexpression may be a

therapeutic strategy for treating alveolar bone defects.

Bioinformatic analyses and dual-luciferase reporter assays

identified TRAF6 as a direct target of exosomal miR-146a-5p.

TRAF6 regulates various pathways, such as NF-kB and JNK,

which are important for osteoclastogenesis. As RANK contains

three TRAF6 binding sites (Gohda et al., 2005), RANKL can

activates the RANKL/RANK/TRAF6 axis and downstream c-Fos

pathways (Yao et al., 2021). Shao et al. demonstrated that miR-146

induces chondrocyte apoptosis by targeting the TRAF6-mediated

NF-KB signaling pathway (Shao et al., 2020). Similarly, in a study

on pancreatic ductal adenocarcinoma (PDAC), in vitro and in vivo

experiments confirmed that miR-146a-5p is targeted to the 3′-
untranslated region (3′-UTR) of TRAF6. This interaction inhibits
FIGURE 7

miR-146a-5p deficiency facilitates the osteoclastic differentiation of RAW264.7 cells in vitro. (A) Heat map diagram of the differential expression of
exosomal miRNAs identified by miRNA microarray analysis. (B) Expression of osteoclastic-associated genes (NFATC1, CTSK, and TRAP) in RAW264.7
cells transfected with miR-146a-5p mimics (Mimic group), control mimics (Ctr Mimic group), inhibitor (Inhi group), and control inhibitor (Ctr Inhi
group) (n = 6; *P < 0.05). (C) Expression of NFATC1, CTSK, and CD40L/CD154 protein levels in RAW264.7 cells (Mimic, Ctr Mimic, Inhi, and Ctr Inhi
group) (a). Relative protein expression was quantified by ImageJ software (b) (n = 3; *P < 0.05). (D) TRAP staining of RAW264.7 cells (Mimic, Ctr
Mimic, Inhi, and Ctr Inhi groups). *P < 0.05.
frontiersin.org

https://doi.org/10.3389/fcimb.2025.1614126
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Dong et al. 10.3389/fcimb.2025.1614126
the growth of PDAC cells and reduces the TRAF6/NF-kB p65/P-

glycoprotein pathway (Meng et al., 2020).

BMExo-Gin downregulated miR-146a-5p activates the

RANKL/RANK/TRAF6 axis in RAW264.7 cells. Subsequently,

NF-kB activation is enhanced, which promotes the release of pro-

inflammatory factors, such as TNF-a and IL-6. However, miR-

146a-5p reversed gingipain-induced osteoclastogenesis by

suppressing TRAF-6. This suggests its potential as a targeted drug
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that may ameliorate alveolar bone defects in patients with

severe periodontitis.
Conclusion

Our study elucidated how gingipains disrupt bone metabolism

by exerting dual effects on osteogenesis and osteoclastogenesis.
FIGURE 8

TRAF6 was identified as a downstream target of miR-146a-5p. (A) miR-146a-5p’s potential binding sites on the 3′ UTR of TRAF6. (B) Luciferase
expression levels in cells transfected with miR-146a-5p determined by dual-luciferase reporter assays. (NS, no significance; **P < 0.01). (C, F) miR-
146a-6p expression after transfection detected using qRT-PCR (n = 6; *P < 0.05) and western blot analysis (n = 3). (D) TRAF6 expression after
transfection detected by qRT-PCR (n = 6; *P < 0.05). (E, G) Expression levels of osteoclastic-associated genes (n = 6; *P < 0.05) and proteins (n = 3)
(NFATC1, CTSK, and TRAP) of RAW264.7 cells with or without TRAF6 and miR-146a-5p transfection.
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Gingipains directly inhibited BMSC proliferation and osteogenic

differentiation while indirectly promoting osteoclastic

differentiation via BMExo. This process involves the miR-146a-

5p/TRAF6 signaling pathway, offering a potential therapeutic

target. Further research is needed to fully clarify TRAF6’s role

in osteoclastogenesis.
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