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Background: Periodontitis is a chronic inflammatory disease characterized by progressive alveolar bone 
loss. This study explored the role of exosomes derived from periodontal ligament stem cells (PDLSCs-
Exo) in repairing alveolar bone defects in periodontitis.
Results: PDLSCs-Exo significantly promoted new bone formation and collagen deposition in the defect 
area while reducing pro-inflammatory factors and enhancing M2 macrophage polarization. The knock-
down of semaphorin 4D (SEMA4D) or plexin B1 (PLXNB1) further enhanced exosome-mediated repair,
whereas their overexpression attenuated it. Additionally, the upregulation of PLXNB1 reversed the repar-
ative effects of SEMA4D downregulation on alveolar bone defects in periodontitis.
Conclusions: PDLSCs-Exo promotes M2 macrophage polarization by inhibiting the SEMA4D/PLXNB1 axis, 
alleviating local inflammation and accelerating alveolar bone defect repair in periodontitis. This finding 
provides a novel theoretical basis for the clinical treatment of periodontitis-related alveolar bone defects
and identifies potential therapeutic targets for improving the efficacy of bone defect repair.
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1. Introductio n

Periodontitis ranks as the second most prevalent oral disorder 
globally, with its incidence rate surpassing 40% [1]. Periodontitis 
is a chronic inflammatory disease that progressively destroys the 
periodontal supporting structures, leading to alveolar bone resorp-
tion and eventual tooth exfoliation [2]. Current understanding of 
its pathogenesis indicates that impaired osteogenic capacity and 
disrupted osteoimmun e homeostasis represent the primary obsta-
cles to effective alveolar bone regeneration [3]. Current clinical 
interventions, such as removal of local irritants, antibiotic therapy, 
and surgical bone procedures, are primarily aimed at controlling 
infection and restoring structural integrity. However, these
approaches fall short in simultaneously promoting new bone for-
mation and reestablishing a pro-regenerative immune environ-
ment [4]. Therefore, developing novel treatment strategies that 
not only enhance osteogenesis but also correct immune imbal-
ances is critical for achieving effective in situ reconstruction of
alveolar bone in periodontal disease.

Periodontal ligament stem cells (PDLSCs) represent a popula-
tion of multipotent mesenchymal stem cells that hold considerable 
promise for regenerating periodontal tissues, owing to their inher-
ent abilities of self-renewal and capacity for multi-lineage differen-
tiation [5,6,7]. In recent years, exosomes derived from stem cells 
have attracted significant attention as key mediators of intercellu-
lar communication. They carry various bioactive molecules (such
as proteins and nucleic acids) and exhibit immunomodulatory
and tissue regenerative capabilities [8,9,10,11,12]. Emerging 
evidence suggests that periodontal ligament stem cell-derived exo-
somes (PDLSCs-Exo) may exhibit therapeutic potential for promot-
ing alveolar bone regeneration in periodontitis [13,14,15,16]. 

Macrophages serve as pivotal regulators in periodontal inflam-
mation and subsequent tissue regeneration processes. M1 macro-
phages are primarily involved in pro-inflammatory responses and
exacerbate alveolar bone loss, whereas M2 macrophages possess
anti-inflammatory and pro-repair functions [17,18,19]. Therefore, 
modulating macrophage polarization toward the M2 phenotype 
is considered a promising strategy for treating periodontitis, par-
ticularly in promoting alveolar bone regeneration [20,21,22]. 

This study aims to investigate the role and underlying mecha-
nisms of PDLSCs-Exo in the repair of alveolar bone defects in peri-
odontitis. Using a rat model of periodontitis with alveolar bone 
defects, the effects of PDLSCs-Exo were evaluated on alveolar bone 
regeneration, levels of pro-inflammatory cytokine s, and macro-
phage polarization through histological, immunohistochemical
(IHC), enzyme-linked immunosorbent assay (ELISA), and molecular
biological techniques. Previous studies have shown that sema-
phorin 4D (SEMA4D) is upregulated in osteoporosis, and downreg-
ulation of SEMA4D promotes osteoblast activity [23]. Specifically, 
this study focuses on the regulatory role of the SEMA4D and its 
receptor plexin B1 (PLXNB1) axis in PDLSCs-Exo-mediated M2 
macrophage polarization and alveolar bone defect repair, which
could provide new therapeutic targets and strategies for treating
periodontitis.
2

2. Materials and methods

2.1. Isolation, culture, and identifica tion of PDLSCs

All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee and were performed in accordance 
with its guidelines. Seventy-two five-week-old male Sprague-
Dawley (SD) rats were obtained from the Guangdong Medical Lab-
oratory Animal Center. The animals were housed under standard-
ized conditions (temperature of 25 ± 1°C, humidity of 55–65%,
and a 12 h light/dark cycle) with ad libitum access to food and
water. The rats were acclimatized for one week before the
experiments.

Periodontal ligament (PDL) tissues were aseptically harvested 
from the first and second molars of six SD rats following gingival 
tissue excision. The collected tissue specimens were then subjected 
to enzymatic digestion for 60 min at 37°C with gentle agitation,
using a solution containing 3 mg/mL collagenase type I and
4 mg/mL dispase II [24]. Subsequently, the resulting cell suspen-
sion was filtered through a 70 lm nylon mesh and seeded at a 
low density (1 × 103 to 1 × 104 cells/cm2 ) into culture dishes.
The growth medium consisted of Dulbecco’s Modified Eagle Med-
ium (DMEM; Gibco, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco) and 1% penicillin–streptomycin (Hyclone, USA).

After a 10 d culture period, the cells were fixed with 4% 
paraformaldehyde (Servicebio, China). Colony formation was 
assessed by staining with methylene blue (Sigma-Aldrich, USA), 
and cell clusters containing 50 or more cells were identified as a
single colony. For all subsequent experimental procedures, cells
from passages 2 to 5 were utilized.

Flow cytometry was employed to analyze the surface antigen 
expression of PDLSCs. In brief, the digested PDLSCs were stained 
with the following anti-rat antibodies: integrin beta-1 (CD29, PE-
conjugated; BioLegend, USA), Thy-1 cell surface antigen (CD90, 
PE-conjugated; BioLegend), and melanoma cell adhesion molecule 
(CD146, PE-conjugated; BioLegend) as positive markers for mes-
enchymal stem cells (MSCs); integrin alpha-M (CD11b, FITC-
conjugated; BioLegend), hematopoietic progenitor cell antigen
(CD34, FITC-conjugated; BioLegend), and protein tyrosine phos-
phatase, receptor type, C (CD45, Alexa Fluor 647-conjugated; Bio-
Legend) as negative hematopoietic lineage markers. The stained
cells were then analyzed using a flow cytometer (Becton Dickinson,
USA).

To evaluate osteogenic differentiation capacity, cells were cul-
tured under osteoinductive conditions according to estab lished
methods [25]. Mineralized matrix deposition was quantified using 
Alizarin Red S staining (Cyagen, USA). For adipogenic differentia-
tion, cells were exposed to a differentiation cocktail consisting of 
1 lM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, 
200 lM indomethacin, and 10 lg/mL insulin. All reagents were 
obtained from Sigma-Aldrich, with the exception of insulin (Gibco). 
Following 14 d of induction, intracellular lipid droplet formation 
was assessed by Oil Red O staining (Sigma-Aldrich) after fixation
with 4% paraformaldehyde.
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2.2. Cell transfection

For overexpressing SEMA4D and PLXNB1, full-length sequences 
were synthesized and subcloned into the pcDNA3.1 vector, with 
the empty pcDNA3.1 vector used as the negative control (NC). 
For inhibiting SEMA4D and PLXNB1, specific small interfering RNAs 
(siRNAs) were synthesized, with a non-targeting siRNA (si-NC)
serving as the NC. Cell transfection was performed using Lipotrans-
fectamine 3000 (Thermo Fisher Scientific, USA) according to the
manufacturer’s instructions. Exosomes were isolated from PDLSCs
48 h after transfection.

2.3. Isolation and Identification of PDLSCs-Exo

Exosomes were isolated using differential ultracentrifugation
[26]. Briefly, PDLSCs at passage 3 from SD rats were maintained 
in 10 cm culture dishes. Cells were grown in complete medium 
until approximately 80% confluence was attained, after which the 
medium was replaced with serum-free medium for an additional 
48 h period. The conditioned medium was collected and subjected 
to centrifugation at 300 × g for 15 min at 4°C. Following removal of 
the pellet, the supernatant was further centrifuged at 3,000 × g for
15 min. The resulting supernatant was then ultracentrifuged at
100,000 × g twice, with each run lasting 70 min. Protein concentra-
tion of the isolated exosomes was measured using a Bicinchoninic
Acid (BCA) Protein Assay Kit (Thermo Fisher Scientific), yielding a
total protein amount of 630 lg. The exosome pellet was resus-
pended in ice-cold phosphate-buffered saline (PBS) and stored at
−80°C until further analysis.

The morphology of exosomes was observed using transmission 
electron microscopy (TEM; Philips TECNAI 20, Netherlands). Parti-
cle size distribution was analyzed by nanoparticle tracking analysis
(NTA). Expression of exosomal markers CD9 (Proteintech, China),
CD63 (Proteintech), and TSG101 (Proteintech) was detected by
Western blot.

2.4. Preparation of PDLSCs-e xo composite hydrogel

A nanocomposite hydrogel was prepared by mixing 5% gelatin 
(Sigma, USA) dissolved in ddH2O  at  3  7°C with a ddH2O solution
containing 10% Laponite® (Nanocor, China) [27]. PDLSCs-Exo were 
loaded into the hydrogel at a 1:1 vol ratio at 4°C. The controlled 
release capability of the hydrogel was evaluated through a release 
assay. Briefly, 500 lL of the PDLSCs-Exo-hydrogel mixture was ali-
quoted into a microcentrifuge tube, and 200 lL of PBS was gently 
layered on top. Following incubation at 37°C for 24 h, the super-
natant was collected, and the total protein content released was
quantified using a BCA kit (Thermo Fisher Scientific). Subsequently,
the supernatant was replaced with 200 lL of fresh PBS, and the
procedure was repeated daily for 28 d.

2.5. Establishment of a rat model of periodontitis with alveolar bone
defects

In dental research, the rat experimental periodontitis model 
induced by molar ligation is widely used to investigate the patho-
logical mechanisms of periodontitis. Ligating the cervix of rat
molars leads to plaque accumulation, periodontal inflammation,
and alveolar bone resorption, which closely resemble the manifes-
tations of human periodontitis [28,29,30,31]. A periodontitis model 
was constructed in SD rats ( n = 66) according to previously
reported methods [32]. Following anesthesia with intraperitoneal 
sodium pentobarbital (60 mg/kg; Sigma-Aldrich), 5-0 silk sutures 
were placed around the cervical region of maxillary right second 
molars. After 3 weeks, the ligatures were taken out, and food resi-
dues, plaque, and calculus in the periodontal area were completely
3

cleaned. To examine the impact of PDLSCs-Exo on repairing peri-
odontal bone defects, a standardized alveolar bone defect with a 
diameter and depth of 3 mm was made on the palatal side of the
maxillary right second molar in periodontitis rats using a dental
drill [33]. During the procedure, continuous saline irrigation and 
intermittent low speed drilling were applied to minimize thermal
injury [34]. Rats with alveolar bone defects were divided into the 
following 11 groups (n = 6 per group): Control (no treatment), 
Hydrogel (hydrogel treatment), Hydrogel + Exo (PDLSCs-Exo com-
posite hydrogel treatment), Hydrogel + Exo-si-NC (PDLSCs-Exo-si-
NC composite hydrogel treatment), Hydrogel + Exo-si-SEMA4D 
(PDLSCs-Exo-si-SEMA4D composite hydrogel treatment), 
Hydrogel + Exo-si-PLXNB1 (PDLSCs-Exo-si-PLXNB1 composite 
hydrogel treatment), Hydrogel + Exo-pcDNA3.1-NC (PDLSCs-Exo-
pcDNA3.1-NC composite hydrogel treatment), Hydrogel + Exo-pc 
DNA3.1-SEMA4D (PDLSCs-Exo-pcDNA3.1-SEMA4D composite 
hydrogel treatment), Hydrogel + Exo-pcDNA3.1-PLXNB1 (PDLSCs-
Exo-pcDNA3.1-PLXNB1 composite hydrogel treatment),
Hydrogel + Exo-si-SEMA4D + pcDNA3.1-NC (PDLSCs-Exo-si-SEM
A4D + pcDNA3.1-NC composite hydrogel treatment), and
Hydrogel + Exo-si-SEMA4D + pcDNA3.1-PLXNB1 (PDLSCs-Exo-si-S
EMA4D + pcDNA3.1-PLXNB1 composite hydrogel treatment). Peni-
cillin at 10,000U/day was injected intraperitoneally for 3 d to pre-
vent infection. All rats were euthanized after 4 weeks of treatment.

2.6. Biochemical analysis

The concentrations of specific biochemical markers in serum 
were quantified using established commercial assay kits and auto-
mated instrumentation. Creatine kinase-MB (CK-MB) and cardiac 
troponin I (cTnI) levels were determined employing corresponding 
commercial kits (Nanjing Jiancheng, China) in strict accordance 
with the provided protocols. Concurrently, aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) activities in serum 
were analyzed utilizing a Beckman automatic biochemical ana-
lyzer (Roche, Germany). Furthermore, renal function parameters
were assessed by measuring serum creatinine (Scr) and blood urea
nitrogen (BUN) concentrations. The Scr level was evaluated with a
colorimetric technique, while BUN was quantified using a dedi-
cated creatinine assay kit (Nanjing Jiancheng), with both proce-
dures adhering meticulously to the manufacturers’ instructions.

2.7. Histological analysis

The maxillary right jaw samples were fixed in 4% paraformalde-
hyde, decalcified in 10% ethylenediaminetetraacetic acid, dehy-
drated through a graded ethanol series, and embedded in 
paraffin. Sections were cut at a thickness of 5 lm. Hematoxylin
and eosin (H&E; Sigma) staining and Masson’s trichrome (Sigma)
staining were performed according to the manufacturers’
instructions.

IHC staining was carried out as previously described [35]. 
Briefly, sections were deparaffinized, rehydrated, and subjected 
to antigen retrieval. The sections were incubated with primary 
antibodies against iNOS (1:200; Servicebio, China) or CD206 
(1:200; Servicebio, China) at 4°C overnight, followed by incubation 
with secondary antibodies at room temperature for 1 h. Visualiza-
tion was performed using diaminobenzidine (DAB; Servicebio,
China), and the sections were counterstained with hematoxylin
(Servicebio, China). Finally, the stained sections were observed
under a microscope (Olympus, Japan).

2.8. E LISA

Commercial ELISA kits (Shanghai Enzyme-linked Biotechnology 
Co., Ltd., China) were utilized to determine the serum concentra-
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tions of TNF-a, IL-1b, and IL-6 in rats, following the manufacturer’s
protocols.

2.9. Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from samples using Trizol reagent 
(Invitrogen, USA). Subsequent cDNA synthesis was performed fol-
lowing the manufacturer’s protocol with a commercial reverse 
transcription kit (Funeng, China). Quantitative real-time PCR 
assays were then carried out on the resulting cDNA templates 
using a SYBR Green PCR kit (Funeng). The thermal cycling protocol 
comprised an initial denaturation step at 95°C for 30 s, followed by 
40 cycles of denaturation at 95°C for 5 s and a combined annealing/
extension step at 60°C for 30 s. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used as the endogenous control gene to
normalize target gene expression. The relative expression levels
of the target genes were calculated employing the comparative
2−DDCt method. All primer sequences utilized in this study are
listed in Table 1. 

2.10. Western blot

Total protein was extracted using radioimmunoprecipitation 
assay lysis buffer (Beyotime, China), and protein concentration 
was determined using a BCA assay kit (Thermo Fisher Scientific). 
Protein samples were separated by 10% sodium dodecyl sulfate– 
polyacrylamide gel electrophoresis and subsequently transferred 
onto polyvinylidene fluoride membranes (Millipore). Following a 
1 h blocking step with 5% skim milk, the membranes were incu-
bated with primary antibodies overnight at 4°C. After washing,
the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (1:2000; Abcam) for 2 h at room
temperature. Protein bands were visualized using an enhanced
chemiluminescence substrate (Beyotime) and imaged with a
chemiluminescence detection system. The primary antibodies used
included those against SEMA4D (1:600; ABclonal Technology,
China), PLXNB1 (1:600; Proteintech Group, Inc., USA), and GAPDH
(1:1000; Abcam).

2.11. Co-Immunoprecipitation (Co-IP)

PDLSCs were lysed in Pierce IP Lysis Buffer (Thermo Fisher Sci-
entific). The lysates were incubated overnight at 4°C with anti-
SEMA4D antibody or control IgG. Immune complexes were cap-
tured using Protein A/G agarose beads (Thermo Fisher Scientific)
for 4 h, washed and then analyzed by Western blot.

2.12. Statistical analysis

All data are presented as mean ± standard deviation. Statistical 
evaluations were conducted using Statistical Package for the Social 
Sciences 22.0 software. For comparisons between two groups, Stu-
dent’s t-test was applied, while differences among multiple groups
were analyzed by one-way analysis of variance with subsequent
Tukey’s test. A value of p < 0.05 was considered statistically
significant.
Table 1 
Primer Sequences for RT-qPCR.

Gene Sequence 

SEMA4D F: 5′-CGGAGAGGTAGGTCTGGTGA-3 ′
R: 5′-GTTAAGGCACTCCGTCTGCT-3 ′

PLXNB1 F: 5′-CGAGGCGGAGGAGTGGATGG-3 ′
R: 5′-CGAGGCTGGACAGGAGGATGAG-3 ′

GAPDH F: 5′-GCTGAGTATGTCGTGGAGT-3 ′
R: 5′-GTTCACACCCATCACAAAC-3 ′

4

3. Results 

3.1. Isolation and Identification of PDLSCs

After 10 d of low-density culture, cells isolated from the rat
periodontal ligament formed distinct clonal clusters (Fig. 1A). The 
multipotent differentiation potential characteristic of mesenchy-
mal stem cells was evaluated by osteogenic and adipogenic induc-
tion assays. Alizarin Red S staining confirmed mineralization, and
Oil Red O staining identified lipid droplet accumulation (Fig. 1B, 
C). Flow cytometric analysis showed a surface marker profile typ-
ical of mesenchymal stem cells: positive for CD29, CD90, and
CD146, and negative for CD11b, CD34, and CD45 (Fig. 1D). Collec-
tively, these results confirm that the isolated cells exhibit defining 
propertie s of mesenchymal stem cells and are therefore identified
as PDLSCs [36]. 

3.2. Isolation and identification of PDLSCs-exo

Exosomes were isolated from the supernatant of cultured 
PDLSCs and subsequently characterized. Transmission electron 
microscop y showed that the vesicles displayed a characteristic
cup-shaped or spherical morphology (Fig. 2A). Nanoparticle track-
ing analysis indicated that their size distribution was predomi-
nantly between 90 and 150 nm (Fig. 2B). Western blot analysis 
confirmed the presence of the exosomal surface markers CD9,
CD63, and TSG101 (Fig. 2C). Together, these results demonstrate 
the successful isolation of exosomes from PDLSC cultures.

3.3. PDLSCs-exo promote the repair of alveolar bone defects in
periodontitis

A nanocomposite hydrogel was used to deliver PDLSCs-Exo 
locally for the evaluation of their therapeutic effect on alveolar 
bone defects in periodontitis. The encapsulation efficiency of
PDLSCs-Exo within the hydrogel reached 92% (Fig. 3A). The cumu-
lative release profile indicated that 44.50% of the exosomes were 
released by day 7, which increased to 77.10% by day 28 (Fig. 3B), 
demonstrating that the nanocomposite hydrogel acted as an effec-
tive sustained-release carrier. Biosafety assessment of the Hydro-
gel + Exo formulation was conducted by measuring serum 
biomarkers of cardiac (cTnI, CK MB), hepatic (ALT, AST), and renal
(BUN, Scr) function. No significant abnormalities were observed
in any of the measured biomarkers (Fig. S1), confirming its favor-
able biosafety profile. Histological evaluation via H&E staining 
indicated greater new bone formation in the alveolar bone defect
sites of the Hydrogel + Exo group than in the control group
(Fig. 3C). Correspondingly, Masson’s trichrome staining displayed 
enhanced collagen deposition in the treated defect areas
(Fig. 3D). Immunohistochemical analysis revealed a decrease in 
iNOS-positive cells and an increase in CD206-positive cells in the
Hydrogel + Exo group (Fig. 3E, F), which supports the role of 
PDLSCs-Exo in promoting M2 macrophage polarization. Addition-
ally, ELISA results demonstrated significantly lower serum concen-
trations of the pro-inflammatory cytokines TNF a, IL 1b, and IL 6
following treatment (Fig. 3G, H, I). 

3.4. Downregulation of SEMA4D or PLXNB1 enhances the therapeutic 
effect of PDLSCs-exo on alveolar bone defect repair in periodontitis

Reduced expression of SEMA4D and its receptor PLXNB1 was 
observed in the Hydrogel + Exo group, as evidenced by RT qPCR 
andWestern blot analyses (Fig. 4A, B). To investigate the functional 
role of these proteins, siRNA-mediated knockdown of SEMA4D or 
PLXNB1 was performed in PDLSCs prior to exosome isolation.

move_t0005
move_f0005
move_f0010
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Fig. 1. Isolation and Identification of PDLSCs. (A) Cell morphology observed by methylene blue staining; (B) Osteogenic differentiation assessed by Alizarin Red S staining; 
(C) Adipogenic differentiation assessed by Oil Red O staining; (D) Surface marker expression of PDLSCs analyzed by flow cytometry. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
Quantitative PCR confirmed the successful incorporation of si SE-
MA4D and si PLXNB1 into the secreted exosomes (Fig. 4C, D). His-
tological assessment with H&E staining indicated enhanced bone 
regeneration in the alveolar defect area in groups receiving Hydro-
gel loaded with Exo si SEMA4D or Exo si PLXNB1, relative to the
group treated with control exosomes (Fig. 4E). Correspondingly, 
Masson’s trichrome staining showed greater collagen deposition 
in the defect sites of these knockdown groups (Fig. 4F). Immuno-
histochemical analysis revealed a further decline in iNOS positive 
cells and a stronger increase in CD206 positive cells following
treatment with exosomes carrying si SEMA4D or si PLXNB1
(Fig. 4G, H), indicating that suppression of either SEMA4D or 
PLXNB1 augments the ability of PDLSCs Exo to induce M2 macro-
phage polarization. Moreover, ELISA results showed that serum 
concentrations of the pro inflammatory cytokines TNF a, IL 1b,
and IL 6 were further lowered in these treatment groups (Fig. 4I, 
J, K). 

3.5. Overexpression of SEMA4D or PLXNB1 attenuates the therapeutic 
effect of PDLSCs-exo on alveolar bone defect repair in periodontitis

Plasmids encoding pcDNA3.1-SEMA4D or pcDNA3.1-PLXNB1 
were introduced into PDLSCs before exosome harvest. RT qPCR
5

confirmed the efficiency of transfection and the successful packag-
ing of these constructs into the secreted exosomes (Fig. 5A, B). 
H&E-stained sections demonstrated that alveolar bone defects in 
groups receiving Hydrogel incorporated with Exo pcDNA3.1 SEM 
A4D or Exo pcDNA3.1 PLXNB1 exhibited less new bone formation
compared to those treated with control exosomes (Fig. 5C). Simi-
larly, Masson’s trichrome staining revealed reduced collagen depo-
sition at the defect sites in these overexpression groups (Fig. 5D). 
Immunohistochemical analysis showed a higher number of 
iNOS positive cells and a lower number of CD206 positive cells in
both the Hydrogel + Exo pcDNA3.1 SEMA4D and Hydrogel + Exo
pcDNA3.1 PLXNB1 groups (Fig. 5E, F). These results imply that ele-
vated expression of either SEMA4D or PLXNB1 compromises the 
ability of PDLSCs Exo to promote a shift toward the M2 macro-
phage phenotype. Consistent with this pro-inflammatory trend,
ELISA analysis detected increased serum levels of TNF a, IL 1b,
and IL 6 in these treatment groups (Fig. 5G, H, I). 

3.6. SEMA4D functions through its receptor PLXNB1

To further explore the functional significance of the SEMA4D/ 
PLXNB1 signaling axis, an in-silico analysis was conducted using 
the STRING database to predict a potential interaction between

move_f0025
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Fig. 2. Isolation and Identification of PDLSCs-Exo. (A) Exosome morphology observed by TEM; (B) Particle size distribution of exosomes analyzed by NTA; (C) Exosomal
markers detected by Western blot.

Fig. 3. PDLSCs-exo promote the repair of alveolar bone defects in periodontitis. (A, B) Exosome release assay; (C) H&E staining; (D) Masson’s trichrome staining; (E, F) IHC 
staining of M1 (iNOS) and M2 (CD206) macrophage markers; (G, H, I) Serum levels of pro-inflammatory cytokines (TNF-a, IL-1b, and IL-6) measured by ELISA. All quantitative
data are expressed as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
SEMA4D and PLXNB1 (Fig. 6A). This predicted interaction was then 
biochemically verified through co-immunoprecipitation experi-
ments (Fig. 6B). Further functional analysis demonstrated that
6

the concurrent overexpression of PLXNB1 counteracted the alveo-
lar bone reparative effects achieved by SEMA4D knockdown
(Fig. 6C–I). 

move_f0030
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Fig. 4. Downregulation of SEMA4D or PLXNB1 enhances the therapeutic effect of PDLSCs-exo on alveolar bone defect repair in periodontitis. (A, B) Expression of 
SEMA4D and PLXNB1 detected by RT-qPCR and Western blot; (C, D) Transfection and packaging of si-SEMA4D or si-PLXNB1 into exosomes verified by RT-qPCR; (E) H&E 
staining; (F) Masson’s trichrome staining; (G, H) IHC staining of M1 (iNOS) and M2 (CD206) macrophage markers; (I, J, K) Serum levels of pro-inflammatory cytokines (TNF-a,
IL-1b, and IL-6) measured by ELISA. All quantitative data are expressed as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Fig. 5. Overexpression of SEMA4D or PLXNB1 attenuates the therapeutic effect of PDLSCs-exo on alveolar bone defect repair in periodontitis. (A, B) Transfection and 
packaging of pcDNA3.1-SEMA4D or pcDNA3.1-PLXNB1 into exosomes verified by RT-qPCR; (C) H&E staining; (D) Masson’s trichrome staining; (E, F) IHC staining of M1 (iNOS) 
and M2 (CD206) macrophage markers; (G, H, I) Serum levels of pro-inflammatory cytokines (TNF-a, IL-1b, and IL-6) measured by ELISA. All quantitative data are expressed as
mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

7
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Fig. 6. SEMA4D functions through its receptor PLXNB1. (A) The interaction between SEMA4D and PLXNB1 was predicted using the STRING database; (B) The interaction 
was validated by Co-IP assay; (C) H&E staining; (D) Masson’s trichrome staining; (E, F) IHC staining of M1 (iNOS) and M2 (CD206) macrophage markers; (G, H, I) Serum levels
of pro-inflammatory cytokines (TNF-a, IL-1b, and IL-6) measured by ELISA. All quantitative data are expressed as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
4. Discussion 

The compromised regeneration of alveolar bone in periodontitis 
patients is primarily driven by a combination of diminished bone-
forming and blood vessel-forming abilities, persistent inflamma-
8

tory overactivation, and the consequent breakdown of immune-
bone equilibrium [33]. Nevertheless, existing therapeutic strate-
gies for periodontitis fail to achieve satisfactory alveolar bone 
regeneration. Stem cell therapy has been demonstrated as an effec-
tive method for bone repair [37]. A number of studies have sug-
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gested that the therapeutic effects of MSCs are mainly exerted 
through paracrine mechanisms. As key paracrine factors secreted
by MSCs, exosomes hold potential applications in the field of tissue
regeneration.

PDLSCs, a category of dental stem cells, are a subset of MSCs 
extracted from the PDL. Possessing the ability of self-renewal, they 
can differentiate into multiple lineages, including odontoblasts/os-
teoblasts, adipocytes, and neuron-like cells. In comparison with
other MSCs, PDLSCs offer greater accessibility, involve fewer ethi-
cal issues, and are more economical [38]. These merits render them 
appropriate candidates for bone repair. Accumulating evidence has 
shown that exosomes derived from dental stem cells are capable of
promoting tissue regeneration [39]. As a result, the present study 
hypothesized that PDLSCs-Exo might serve as a promising
approach for repairing alveolar bone defects.

Exosomes have an unstable structure, maintaining their integ-
rity for fewer than 48 h at room temperature [40] and even less 
time at 37°C. During this period, their exposed functional compo-
nents (proteins and RNA) undergo rapid degradation and metabo-
lism. To extend the retention time of PDLSCs-Exo and improve its 
therapeutic potential, a nanocomposite hydrogel composed of
gelatin and Laponite® was employed as a delivery vehicle. Gelatin,
a widely adopted biological scaffold material, is frequently used for
encapsulating diverse bioactive agents [41]. Nevertheless, it exhi-
bits limitations such as temperature sensitivity, insufficient 
sustained-release capacity, and poor injectability at 20°C [42]. 
Laponite® ((Na0.7 + [(Si8Mg5.5Li0.3)O20(OH)4]0.7-)), a synthetic 
nanoclay, offers favorable characteristics including a high specific 
surface area and net negative surface charge. These properties
facilitate the adsorption of positively charged biomolecules and
enable controlled release through electrostatic interactions
[43,44]. Incorporating Laponite® into gelatin enhances multiple 
physical attributes of the hydrogel, such as improving colloidal sta-
bility and enabling better injectability. Moreover, studies have 
demonstrat ed that Laponite® contributes to the sustained release
of encapsulated biological molecules, an effect that intensifies with
increasing Laponite® concentration [27,45]. In this study, the 
nanocomposite hydrogel achieved the sustained release of 
PDLSCs-Exo over 28 d, confirming its role in providing controlled 
exosome delivery. Moreover, it was found that PDLSCs-Exo
significantly promoted the formation of new bone and collagen
deposition in the area of alveolar bone defects.

Macrophages constitute a pivotal immune cell subset critically 
involved in the pathogenesis of periodontitis, where they con-
tribute significantly to phagocytic clearance and the regulation of 
immune responses. Evidence suggests that an elevated ratio of 
pro-inflammatory M1 macrophages is associated with intensified
inflammation within periodontal tissues. These cells release
cytokines such as TNF-a, IL-1b, and IL-6, which perpetuate inflam-
matory cascades and drive tissue degradation [46,47,48]. Accord-
ing to a study by Liu et al. [49], aspirin was found to inhibit M1 
macrophage activation, leading to significant improvement in alve-
olar bone repair. In this study, PDLSCs-Exo was shown to suppress 
M1 macrophage polarization, promote M2 phenotype switching,
and significantly reduce circulating levels of pro-inflammatory
cytokines (TNF-a, IL-1b, and IL-6).

The Sema4D/Plexin B1 signaling axis, where Sema4D is secreted 
by osteoclasts and binds to Plexin B1 on osteoblasts, has been
demonstrated to suppress osteoblast activity and bone formation
[50,51,52]. In this study, PDLSC-derived exosomes were found to 
effectively reduce the expression levels of both SEMA4D and its 
receptor PLXNB1. Further experimental results demonstrated that 
downregulation of SEMA4D or PLXNB1 enhanced the promotive 
effect of PDLSCs-Exo on alveolar bone defect repair in periodontitis,
while upregulation of SEMA4D or PLXNB1 attenuated this effect.
Additionally, it was found that overexpression of PLXNB1 reversed
9

the reparative benefits of SEMA4D downregulation on alveolar 
bone defects in periodontitis, indicating that SEMA4D functions
through its receptor PLXNB1.

However, this study has several limitations. First, the molecular 
mechanisms through which PDLSCs-Exo modulate the expression 
of SEMA4D and PLXNB1 were not examined in depth. Subsequent 
studies ought to investigate the upstream regulatory factors of 
SEMA4D and PLXNB1. Additionally, even though the impact of
PDLSCs-Exo on alveolar bone defect repair was assessed using a
rat model of periodontitis, rodent models are unable to fully repro-
duce human disease states or satisfy the demands for the clinical
translation of biomaterials [53]. Therefore, future investigations 
should incorporate large animal models to further evaluate the 
therapeuti c effectiveness of PDLSCs-Exo in repairing alveolar bone
defects associated with periodontitis.

5. Conclusi ons

In summary, this study demonstrates for the first time that 
PDLSCs-Exo facilitate M2 macrophage polarization through sup-
pression of the SEMA4D/PLXNB1 signaling pathway, which in turn 
attenuates local inflammatory responses and enhances the regen-
eration of alveolar bone defects in a periodontitis model. This
newly identified mechanism offers a promising therapeutic
approach for the treatment of periodontal bone loss.
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