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Abstract. Tumor necrosis factor‑like weak inducer of apop‑
tosis (TWEAK)/fibroblast growth factor‑inducible 14 (Fn14) 
signaling represents a critical regulatory axis in tissue repair 
and the inflammatory response. However, the impact of 
TWEAK on the characteristics of periodontal ligament stem 
cells (PDLSCs), which subsequently influence periodontal 
homeostasis, remains inadequately understood. To address 
this, PDLSCs were isolated from human periodontitis tissue 
and cultured to investigate the effects of TWEAK on PDLSC 
proliferation, migration and osteogenic differentiation using 
Cell Counting Kit‑8, TUNEL, Transwell and scratch assays, and 
alizarin red and alkaline phosphatase staining. Transcriptome 
sequencing and western blot analysis were used to explore the 
underlying molecular mechanisms. Additionally, the potential 
of targeting TWEAK in periodontitis treatment was evaluated 
using inflammatory PDLSCs (iPDLSCs) and a rat periodon‑
titis model. The present study demonstrated that low levels 
(1, 5 and 20 ng/ml) of TWEAK enhanced the proliferation 
and osteogenic differentiation of PDLSCs, with 1 and 5 ng/ml 
further enhancing their ability to promote M2 macrophage 
polarization. By contrast, elevated levels (100  ng/ml) of 
TWEAK impaired PDLSC proliferation, migration and 
osteogenic potential, activated the RANKL/osteoprotegerin 
(OPG) system, and promoted the M1 polarization of macro‑
phages induced by PDLSCs, with the Fn14/NF‑κB pathway 

serving a pivotal role in this regulatory process. The expres‑
sion levels of TWEAK, Fn14 and NF‑κB were significantly 
higher in iPDLSCs than in healthy donor‑derived PDLSCs, 
and these iPDLSCs exhibited reduced proliferation, migration 
and osteogenic potential, along with increased RANKL/OPG 
activation and M1 macrophage polarization. In iPDLSCs, 
inhibition of the TWEAK/Fn14/NF‑κB pathway enhanced 
cell proliferation, migration and osteogenic differentiation 
potential, and reversed the activation of the RANKL/OPG 
system and macrophage M1 polarization induced by iPDLSCs. 
Furthermore, high TWEAK levels were shown to accelerate 
the progression of rat periodontitis, while inhibition of the 
TWEAK/Fn14 pathway mitigated periodontitis‑induced 
periodontal tissue destruction in rats. Collectively, the present 
findings revealed the role of the TWEAK‑PDLSCs axis in 
the maintenance and disruption of periodontal homeostasis, 
and identified targeting of the TWEAK/Fn14/NF‑κB pathway 
in iPDLSCs during periodontitis as a promising therapeutic 
strategy.

Introduction

Tumor necrosis factor (TNF)‑like weak inducer of apop‑
tosis (TWEAK) and its homologous receptor, fibroblast 
growth factor‑inducible 14 (Fn14), are members of the TNF 
superfamily (1). TWEAK is widely expressed in monocytes, 
dendritic cells and natural killer cells, with macrophages 
and monocytes representing the principal sources of soluble 
TWEAK in inflamed tissues (2). Fn14 is expressed in various 
nonhematopoietic cells, including epithelial, endothelial, 
astrocytic, cancer, keratinocyte, mesenchymal and neuronal 
cells (3‑6). The TWEAK/Fn14 pathway serves pivotal roles in 
maintaining tissue homeostasis, facilitating repair after injury, 
and contributing to disease progression by influencing cellular 
proliferation, migration and angiogenesis, among other 
processes (7‑9). Previous studies have shown that TWEAK 
expression is increased in periodontal tissues and gingival 
crevicular fluid from patients with periodontitis  (10‑12). 
However, the roles of TWEAK in periodontal homeostasis 
and the progression of periodontitis remain poorly understood.

The periodontium consists of the cementum, alveolar bone 
and periodontal ligament (PDL). Periodontal tissues undergo 
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continuous remodeling to maintain the integrity of these struc‑
tures in response to stimuli such as microbial and mechanical 
forces  (13,14). As periodontal inflammation progresses, it 
can lead to alveolar bone destruction, a loss of PDL attach‑
ment and eventual tooth loss, impairing the patient's ability 
to chew, speak and maintain self‑esteem (15). The cellular 
components of the periodontium, particularly PDL stem 
cells (PDLSCs), serve crucial roles in both homeostasis and 
decompensation (16,17). PDLSCs are multipotent stem cells 
capable of self‑renewal and differentiation into various cell 
types within the PDL, including osteoblasts, ligament cells 
and cementoblasts (18). Furthermore, PDLSCs exert immuno‑
regulatory effects (19), influence osteoclast formation (20) and 
contribute to vascular remodeling (21) within the periodontal 
environment via paracrine signaling. Therefore, the present 
study aimed to investigate the influence of TWEAK on the 
characteristics of PDLSCs to elucidate its potential role in 
periodontal homeostasis and decompensation progression.

In the present study, human periodontitis tissue‑derived 
PDLSCs [inflammatory PDLSCs (iPDLSCs)] were isolated and 
cultured to assess the impact of various TWEAK concentrations 
on PDLSC proliferation, migration and osteogenic differentia‑
tion. Co‑culture techniques were further employed to evaluate 
the regulatory potential of TWEAK‑pretreated PDLSCs on 
osteoclast and macrophage activity. Transcriptomic analysis, 
coupled with in vitro validation, was used to elucidate the 
specific molecular mechanisms by which TWEAK influences 
PDLSCs characteristics. Additionally, the efficacy of targeting 
the TWEAK‑Fn14 pathway for the treatment of periodontitis 
was validated in both human periodontitis tissue‑derived 
PDLSCs (iPDLSCs) and a rat periodontitis model.

Materials and methods

Cell culture and identification. A total of 16 healthy premo‑
lars or third molars extracted for orthodontic purposes (donor 
characteristics: Mean age  ±  SD, 18.75±0.77  years; range, 
18‑20 years; male‑to‑female ratio, 9:7) and six third molars 
from patients with periodontitis (donor characteristics: 
Median age, 19 years; range, 18‑20 years; male‑to‑female 
ratio, 1:1) were obtained from the Affiliated Stomatological 
Hospital of Zunyi Medical University (Zunyi, China) between 
August 2023 and June 2025. The donors were systemically 
healthy and had not received any antibiotics or anti‑inflam‑
matory treatments within the preceding 2 weeks. All human 
tissue treatment protocols were approved by the Ethics 
Committee of the Affiliated Stomatological Hospital of Zunyi 
Medical University (approval no. ZYKQ‑IRB‑CT‑2023‑065; 
Zunyi, China), with written informed consent obtained from 
all participants. All samples were thoroughly rinsed with 
saline and incubated for 30 min at 4˚C in saline containing 
100 U/ml penicillin‑streptomycin (cat. no. 15140148; Gibco; 
Thermo Fisher Scientific, Inc.) prior to processing. The PDL 
tissue was scraped from the middle third of the tooth root 
surface, cut into small pieces and digested with collagenase I 
(cat. no. 9001‑12‑1; Beijing Solarbio Science & Technology 
Co., Ltd.) for 15 min at  37˚C. The cells were cultured in 
α‑Minimum Essential Medium (α‑MEM; cat. no. 12571063; 
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS (cat. no. 10099158; Gibco; Thermo Fisher Scientific, 

Inc.) and 100 U/ml penicillin‑streptomycin (cat. no. 15140148; 
Gibco; Thermo Fisher Scientific, Inc.). PDLSCs from the third 
generation (P3) to fifth generation (P5) were used for flow 
cytometry, cell proliferation assays, osteogenic induction, 
cell migration assays, and the extraction of cellular RNA and 
proteins. RAW264.7 mouse monocyte macrophage cells were 
purchased from HyCyte® (Suzhou Haixing Biological) and 
cultured in RPMI 1640 medium (cat. no. 11875119; Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
and 100 U/ml penicillin‑streptomycin. Both PDLSCs and 
RAW264.7 cells were cultured at 37˚C, with 5% CO2 and 
100% humidity.

For the identification of surface protein expression in 
PDLSCs, adherent cells were resuspended in 0.25% trypsin-
EDTA (cat. no. 25200114; Gibco; Thermo Fisher Scientific, 
Inc.) and incubated with CD44‑FITC (cat.  no.  555478; 
BD Biosciences), CD90‑FITC (cat.  no.  555595; BD 
Biosciences), CD105‑FITC (cat. no. 561443; BD Biosciences), 
CD29‑phycoerythrin (PE) (cat. no. 555443; BD Biosciences), 
CD73‑PE (cat. no. 550257; BD Biosciences), CD11b‑FITC (cat. 
no. 557396; BD Biosciences), CD31‑FITC (cat. no. 555445; BD 
Biosciences), CD34‑FITC (cat. no. 555821; BD Biosciences) and 
CD45‑FITC (cat. no. 555482; BD Biosciences) antibodies in the 
dark at 4˚C for 60 min. Subsequently, surface marker expres‑
sion was analyzed by flow cytometry (Beckman Cytomics™ 
FC 500; Beckman Coulter, Inc.). FlowJo v10.8.1 software (BD 
Biosciences) was used for the analysis and plotting of the flow 
cytometry results. In addition, images of primary cells scraped 
from PDL tissue and P1 PDLSCs were captured using a light 
microscope to observe the morphological characteristics of 
the PDLSCs.

PDLSCs were induced for adipogenic differen‑
tiation using the Human Adipogenic Differentiation Kit (cat. 
no. HUXXC‑90021; Oricell; Cyagen Biosciences Co., Ltd.) 
according to the manufacturer's instructions. Cells were 
treated with Solution A for 3 days, followed by Solution B for 
1 day, repeating this cycle five times under culture conditions 
of 37˚C with 5% CO2 and 100% humidity. After induction, 
cells were fixed with 4% paraformaldehyde (cat. no. P1110; 
Beijing Solarbio Science & Technology Co., Ltd.) at room 
temperature for 15 min, stained with Oil Red O for 1 h at 
room temperature to visualize lipid droplets, and images of 
adipogenically differentiated PDLSCs were captured using a 
light microscope.

Cellular immunofluorescence staining. The cells were 
cultured in confocal dishes (cat.  no. 801001; Wuxi NEST 
Life Science Co., Ltd.). After treatment with TWEAK or 
NF‑κB signaling pathway inhibitor (NF‑κB‑IN‑1), the cells 
were fixed with 4% paraformaldehyde (cat. no. P1110; Beijing 
Solarbio Science & Technology Co., Ltd.) for 15  min at 
room temperature. The cells were permeabilized with 0.5% 
Triton X‑100 (cat. no. T8200; Beijing Solarbio Science & 
Technology Co., Ltd.) at room temperature for 15 min. Antigen 
retrieval was performed by incubation with 0.4% pepsin 
(cat. no. CR2304020; Wuhan Servicebio Technology Co., Ltd.) 
at 37˚C for 30 min. Subsequently, cells were blocked with 5% 
BSA (cat. no. SW3015; Beijing Solarbio Science & Technology 
Co., Ltd.) for 1 h at room temperature. The diluted primary 
antibodies (1:200) were applied to the samples and these were 
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incubated overnight at 4˚C. Fluorescent dye‑conjugated anti‑
bodies, including Alexa Fluor 647‑conjugated goat anti‑rabbit 
(cat.  no.  A21244; Invitrogen; Thermo Fisher Scientific, 
Inc.) and Alexa Fluor 555‑conjugated goat anti‑mouse 
(cat. no. A21422; Invitrogen; Thermo Fisher Scientific, Inc.) 
antibodies, were diluted 1:400 and cells were incubated with 
these at room temperature for 30 min. The cell nuclei were 
stained with a DAPI solution (cat. no. C0065; Beijing Solarbio 
Science & Technology Co., Ltd.) at a 1:5,000 dilution at room 
temperature for 5 min. Images were captured using a confocal 
laser scanning microscope (Olympus FV1200 or Olympus 
VS200; Olympus Corporation). The primary antibodies 
used for immunofluorescence staining included the mouse 
anti‑receptor activator of nuclear factor‑κB ligand (RANKL) 
antibody (cat. no. sc‑52950; Santa Cruz Biotechnology, Inc.), 
rabbit anti‑osteoprotegerin (OPG) antibody (cat. no. ab73400; 
Abcam), mouse anti‑CD68 antibody (cat.  no.  ab201340; 
Abcam) and rabbit anti‑CD163 antibody (cat. no. ab182422; 
Abcam). ImageJ 1.8 (National Institutes of Health) was used 
to analyze the fluorescence intensity of the images.

TWEAK and NF‑κB‑IN‑1. Recombinant human cynomolgus 
TWEAK/TNF superfamily member 12 (TNFSF12) protein 
(mFc tag) (cat. no. 90094‑C04H; Sino Biological, Inc.) was 
dissolved in sterile water to obtain a stock solution concen‑
tration of 50 µg/ml. The stock solution was further diluted 
with α‑MEM to 1, 5, 20, 50 and 100 ng/ml, respectively, and 
the resulting TWEAK solutions were used to stimulate the 
cells for 48‑72 h at 37˚C. NF‑κB‑IN‑1 (cat. no. HY‑138537; 
MedChemExpress), a 4‑aryl curcumin analog, is an effective 
inhibitor of the NF‑κB signaling pathway. NF‑κB‑IN‑1 directly 
inhibits IKK, thus blocking the activation of NF‑κB (22). 
PDLSCs were pretreated with 5  µM NF‑κB‑IN‑1 for 4  h 
at 37˚C and then cultured in α‑MEM for 48‑72 h at 37˚C before 
western blot analysis.

Cell proliferation, apoptosis and colony formation assays. 
A Cell Counting Kit‑8 (CCK‑8) (cat. no. C0038; Beyotime 
Institute of Biotechnology) was used to assess cell proliferation. 
The cells were incubated with CCK‑8 reagent for 1 h, and the 
absorbance at 450 nm was measured using a microplate reader 
(Thermo Fisher Multiskan FC; Thermo Fisher Scientific, Inc.) 
to evaluate proliferation.

A One Step TUNEL Apoptosis Assay Kit (cat. no. C1088; 
Beyotime Institute of Biotechnology) was used to detect apop‑
tosis. Following the provided protocol, cells were fixed with 
4% paraformaldehyde (cat. no. P1110; Beijing Solarbio Science 
& Technology Co., Ltd.) at room temperature for 15 min and 
permeabilized with 0.3% Triton X‑100 (cat. no. T8200; Beijing 
Solarbio Science & Technology Co., Ltd.) at room tempera‑
ture for 5 min. Subsequently, cells were incubated with the 
prepared EdUTP labeling solution at 37˚C for 60 min, followed 
by incubation with the Click reaction mixture for 30 min at 
room temperature in the dark, during which apoptotic cells 
were labeled with the green fluorescent probe fluorescein 
(FITC). Finally, the nuclei were stained with DAPI solution 
(1:5,000 dilution; cat. no. C0065; Beijing Solarbio Science & 
Technology Co., Ltd.) for 5 min at room temperature. The cells 
were washed with PBS for 5 min at room temperature before 
and after each step, repeated three times. Subsequently, after 

the cells were mounted with an antifade mounting medium 
(cat. no. S2110; Beijing Solarbio Science & Technology Co., 
Ltd.), fluorescence images were captured using a confocal 
laser scanning microscope (Olympus FV1200; Olympus 
Corporation). A total of five random images were acquired 
for each sample, and the mean positive rate was calculated for 
statistical analysis, with six samples per group.

The colony formation experiment involved inoculating 
200 individual PDLSCs into each well of a six‑well plate. 
After culturing the cells in complete medium for 2 weeks, 
they were fixed with 4% paraformaldehyde (cat. no. P1110; 
Beijing Solarbio Science & Technology Co., Ltd.) at room 
temperature for 15 min, followed by staining with crystal 
violet (cat. no. C8470; Beijing Solarbio Science & Technology 
Co., Ltd.) at room temperature for 30 min. The cells were then 
washed thoroughly with PBS and air‑dried, and colony images 
were captured using a light microscope and DSLR cameras. 
A colony was defined as a cluster containing >50 PDLSCs.

Transwell migration and cell scratch wound healing experi‑
ments. The Transwell migration and cell scratch wound 
healing assays were used to assess cell migration. After 
48‑72 h of treatment with TWEAK or NF‑κB‑IN‑1, or >48 h 
post‑transfection, PDLSCs (2x105) diluted in serum‑free 
α‑MEM were seeded into the upper chamber of the Transwell 
insert (cat. no. 3422; Corning, Inc.), while the lower chamber 
contained α‑MEM supplemented with 10% FBS. After 24 h 
of incubation at 37˚C, the cells on the pore membrane of 
the Transwell insert were fixed with 4% paraformaldehyde 
(cat. no. P1110; Beijing Solarbio Science & Technology Co., 
Ltd.) at room temperature for 15 min, and the cells on the 
upper side of the membrane were thoroughly washed with 
PBS. Subsequently, the cells on the lower side of the Transwell 
membrane were stained with crystal violet (cat. no. C8470; 
Beijing Solarbio Science & Technology Co., Ltd.) at room 
temperature for 30 min, and the number of cells that had 
migrated through the membrane was counted and recorded 
under a light microscope.

For the wound healing assay, 5x105 PDLSCs, treated with 
TWEAK or NF‑κB‑IN‑1 for 48‑72 h or >48 h post‑transfec‑
tion, were seeded into each well of a 12‑well plate to achieve 
>90% confluence after 24  h. Subsequently, a wound was 
mechanically created using a 200‑µl pipette tip in the well of 
a plate to prevent the cells on both sides from coming into 
contact. The cells were washed with PBS and then cultured 
in serum‑free α‑MEM. Images of the same scratch wound 
area were captured under a light microscope at 0 and 24 h. 
ImageJ 1.8 (National Institutes of Health) was used to calculate 
the percentage of wound reduction in the same area between 0 
and 24 h to compare the migration rates of cells on both sides 
of the wound toward the cell‑free area.

Osteogenesis induction, Alizarin red staining and alkaline 
phosphatase (ALP) staining. The osteogenic induction solu‑
tion was prepared according to the instructions provided 
with the Human Related Stem Cell Osteogenic Induction 
Differentiation Kit (cat. no. HUXXC‑90021; Oricell; Cyagen 
Biosciences Co., Ltd.). When the cell confluence in the well 
plate reached 70%, the α‑MEM was replaced with osteogenic 
induction medium, and the medium was changed every 3 days 
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thereafter. After 14‑21 days of osteogenic induction, the cells 
were fixed with 4% paraformaldehyde at room temperature for 
15 min, and mineralized nodules were stained with Alizarin 
Red S (pH 5.1‑5.3) (cat. no. ALIR‑10001; Oricell; Cyagen 
Biosciences Co., Ltd.) at 37˚C for 30 min. During the ALP 
staining experiment, the cells were subjected to 6‑9 days of 
osteogenic induction. The cells were fixed with 4% para‑
formaldehyde at room temperature for 15 min, followed by 
staining with a BCIP/NBT Alkaline Phosphatase Staining Kit 
(cat. no. C3206; Beyotime Institute of Biotechnology) at 37˚C 
for 45 min to detect endogenous ALP. A light microscope was 
used to capture images of Alizarin Red and ALP staining, and 
ImageJ 1.8 (National Institutes of Health) was used for image 
processing.

Coculture of macrophages with PDLSCs. A Transwell cocul‑
ture system (cat. no. 3412; Corning, Inc.) was used, with 1x106 
pretreated PDLSCs or iPDLSCs seeded in the upper chamber 
and 5x105 macrophages cultured in the lower chamber. After 
2 days of coculture, the cells from the lower chamber were 
harvested for the immunofluorescence analysis as aforemen‑
tioned.

RNA‑sequencing analysis. Total RNA was extracted from 
PDLSCs using TRIzol reagent (cat.  no.  15596026CN; 
Invitrogen; Thermo Fisher Scientific, Inc.). Transcriptome 
sequencing was subsequently performed by Gene Denovo 
Co., Ltd. RNA integrity was assessed using the Agilent 2200 
Tapestation (cat. no. G2965AA; Agilent Technologies, Inc.), 
with each sample exhibiting an RNA integrity number 
equivalent of ≥7.0. mRNA was isolated from total RNA and 
fragmented into ~200 bp fragments prior to cDNA synthesis. 
Library preparation was performed using the TruSeq 
RNA LT Sample Prep Kit (cat. no. RS‑122‑2001; Illumina, 
Inc.) for adapter ligation and low‑cycle PCR enrichment. 
The purified library products were evaluated using the 
Agilent  2200 Tapestation and Qubit 2.0 (Thermo Fisher 
Scientific, Inc.), and then diluted to 10  pM. Sequencing 
was performed using the HiSeq 3000 platform (Illumina, 
Inc.), with paired‑end sequencing (2x150 bp) on a HiSeq 
3000 paired‑end flow cell, according to the manufacturer's 
protocol. Sequencing was carried out using the HiSeq 3000 
SBS Kit (cat. no. FC‑401‑3001; Illumina, Inc.).

Bioinformatics analysis was performed using the 
Omicsmart cloud bioinformatics platform (https://www.
omicsmart.com/#/). Briefly, the quality of the raw reads was 
first evaluated using FastQC (v0.11.9; https://www.bioin‑
formatics.babraham.ac.uk/projects/fastqc/). Low‑quality 
reads and adapters were trimmed using Trimmomatic 
(v0.39; http://www.usadellab.org/cms/index.php?page= 
trimmomatic) with default parameters. The high‑quality 
reads were then mapped to the reference genome (human, 
GRCh38; ht tps://genome.ucsc.edu/) using HISAT2 
(v2.2.1; https://daehwankimlab.github.io/hisat2/) with 
default settings. The resulting BAM files were sorted 
and indexed using SAMtools (v1.10; http://www.htslib.
org/). Differential gene expression analysis was performed 
using the DESeq2 package (v1.30.0; https://bioconductor.
org/packages/release/bioc/html/DESeq2.html) in R 
(v4.3.0; https://www.r‑project.org/) (23). Gene counts were 

normalized using the DESeq2 method, and differential 
expression was determined using a negative binomial 
distribution model. Genes with an adjusted P‑value <0.05 
and a log2 fold change >1 or <‑1 were considered signifi‑
cantly differentially expressed. Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analyses were performed using the 
clusterProfiler package (v3.18.1; https://www.bioconductor.
org/packages/release/bioc/html/clusterProfiler.html?utm/) in 
R. GO enrichment analysis was conducted across all three 
categories, including biological processes, molecular func‑
tions and cellular components. For KEGG analysis, pathways 
were considered significantly enriched with a P‑value <0.05. 
Enrichment results were visualized using bubble plots.

Short hairpin RNA (shRNA/sh)Fn14 and sh‑NOD‑like 
receptor thermal protein domain‑associated protein 3 
(NLRP3) lentiviral construction, and cell transfection. 
Lentiviral plasmids encoding shFn14 and shNLRP3 [contract 
nos. HYKY‑230106022‑DLV and HYKY‑250428041‑DLV; 
OBiO Technology (Shanghai) Corp., Ltd.] were pack‑
aged using a third‑generation lentiviral system. 293T cells 
(cat. no. CRL‑3216; American Type Culture Collection) were 
maintained at 37˚C in a humidified atmosphere containing 
5% CO2 and used as the packaging cell line. For transfection, 
20 µg lentiviral transfer plasmid (cat. no. 10879; Addgene, Inc.), 
15 µg packaging plasmids (psPAX2; cat. no. 12260; Addgene, 
Inc.) and 10 µg envelope plasmid (pMD2.G; cat. no. 12259; 
Addgene, Inc.) were co‑transfected at a ratio of 2:1.5:1 using 
Lipofectamine 3000 (cat.  no.  L3000008; Thermo Fisher 
Scientific, Inc.) at 37˚C. Viral supernatants were collected 
48 and 72 h post‑transfection at 4˚C, filtered through a 0.45‑µm 
filter at room temperature, and concentrated by ultracentrifuga‑
tion at 50,000 x g for 2 h at 4˚C. The average viral titer of the 
constructs was 2.99x108 TU/ml. The MOI for PDLSCs trans‑
fected with lentivirus was set at 30, and the calculation formula 
was as follows: Multiplicity of infection=virus titer (TU/ml) x 
virus volume (ml)/cell number. The lentivirus was combined 
with 1 mg/ml Polybrene Plus [cat. no. PTSJ‑GR001; OBiO 
Technology (Shanghai) Corp., Ltd.] in serum‑free and antibi‑
otic‑free α‑MEM, and the mixture was used to infect the cells 
for 24  h at 37˚C, after which they were cultured in complete 
medium at 37˚C for continued growth. After 48‑72 h, 0.5 mg/ml 
puromycin dihydrochloride (cat. no. ST551‑10 mg; Beyotime 
Institute of Biotechnology) was used to eliminate unsuccess‑
fully transfected cells for 48 h, and western blot analysis was 
performed to assess the transfection efficiency. Transfected 
cells were used for two passages, and to avoid potential effects 
of puromycin dihydrochloride on the proliferation, migration 
and differentiation capacity of PDLSCs, puromycin dihydro‑
chloride was not included in subsequent cultures. Subsequently, 
the transfected cells were maintained in complete medium. The 
target sequences for the shRNAs used in the present study were 
as follows: sh‑negative control, 5'‑TTC​TCC​GAA​CGT​GTC​
ACG​T‑3'; sh‑Fn14‑1, 5'‑AGG​AGA​GAG​AAG​TTC​ACC​ACC‑3'; 
sh‑Fn14‑2, 5'‑ACC​TGG​ACA​AGT​GCA​TGG​ACT‑3'; sh‑Fn14‑3, 
5'‑TCT​GAG​CCT​GAC​CTT​CGT​GCT‑3'; sh‑NLRP3‑1, 5'‑GTG​
GAT​CTA​GCC​ACG​CTA​ATG‑3'; sh‑NLRP3‑2, 5'‑CCG​TAA​
GAA​GTA​CAG​AAA​GTA‑3'; and sh‑NLRP3‑3, 5'‑GCG​TTA​
GAA​ACA​CTT​CAA​GAA‑3'.
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RT‑qPCR. Total RNA was extracted from human PDLSCs 
using the FastPure Cell/Tissue Total RNA Isolation Kit V2 
(cat. no. 7E730G3; Vazyme Biotech Co., Ltd.) at 4˚C. Following 
the normalization of the RNA concentration, the mRNA was 
reverse transcribed into cDNA using the HiScript III RT 
SuperMix for qPCR (+gDNA wiper) kit (cat. no. R323‑01; 
Vazyme Biotech Co., Ltd.) under the following conditions: 
25˚C for 5 min, 42˚C for 30 min and 85˚C for 5 min to inactivate 
the reverse transcriptase. Subsequently, relative qPCR analysis 
was conducted using the Taq Pro Universal SYBR qPCR 
Master Mix Kit (cat. no. Q712‑02; Vazyme Biotech Co., Ltd.) 
on the QuantStudio 6 Flex Real‑Time PCR System (Thermo 
Fisher Scientific, Inc.) under the following PCR conditions: 
Initial denaturation at 95˚C for 5 min, followed by 40 cycles 
of 95˚C for 10 sec and 60˚C for 30 sec, with fluorescence 
acquisition during the annealing/extension step. The data were 
analyzed using the 2‑ΔΔCq method (24) to quantify relative 
mRNA levels, with β‑actin serving as the internal control. 
The primers used were synthesized by Sangon Biotech Co., 
Ltd. The specific sequences of primers used were as follows: 
Runt‑related transcription factor 2 (RUNX2) forward, 5'‑CTT​
TAC​TTA​CAC​CCC​GCC​AGTC‑3' and reverse, 5'‑AGA​GAT​
ATG​GAG​TGC​TGC​TGG​TC‑3'; OPG forward, 5'‑CTG​GAA​
CCC​CAG​AGC​GAA​AT‑3' and reverse, 5'‑GCG​TTT​ACT​TTG​
GTG​CCA​GG‑3'; ALP forward, 5'‑TAA​GGA​CAT​CGC​CTA​
CCA​GCT​C‑3' and reverse, 5'‑TCT​TCC​AGG​TGT​CAA​CGA​
GGT‑3'; Sp7 transcription factor (SP7) forward, 5'‑CCT​CTG​
CGG​GAC​TCA​ACA​AC‑3' and reverse, 5'‑AGC​CCA​TTA​GTG​
CTT​GTA​AAG​G‑3'; and β‑actin forward, 5'‑CAG​CCT​TCC​
TTC​CTG​GGC​ATG‑3' and reverse, 5'‑ATT​GTG​CTG​GGT​
GCC​AGG​GCA​G‑3'.

Western blotting. The cells were lysed using RIPA lysis buffer 
(cat. no. P0013B; Beyotime Institute of Biotechnology) supple‑
mented with 1 mM PMSF (cat.  no. ST2573‑5g; Beyotime 
Institute of Biotechnology), and whole‑cell protein lysates were 
obtained by centrifugation at 12,000 x g for 20 min at 4˚C. The 
protein concentration was determined using a BCA protein 
content detection kit (cat. no. KGB2101‑1000; Nanjing KeyGen 
Biotech Co., Ltd.), and adjusted to a consistent level. Next, 
5X SDS‑PAGE protein loading buffer (cat. no. P0286‑15 ml; 
Beyotime Institute of Biotechnology) was added to the protein 
lysate, which was then heated in a 100˚C water bath for 5 min.

The 10 or 12.5% SDS‑PAGE gels were prepared with the 
Color PAGE Gel Rapid Preparation Kit (cat. no. PG112/PG113; 
Epizyme; Ipsen Pharma), and a 180  kDa Plus Prestained 
Protein Marker (cat. no. MP201‑01; Vazyme Biotech Co., Ltd.) 
was used to visualize the protein separation and distribution. 
A total of 20 µg of protein per lane was transferred from the 
SDS‑PAGE gel to a 0.2‑µm PVDF membrane using the wet 
transfer method, followed by blocking with 5% skim milk 
solution at room temperature for 2 h. The membranes were 
then incubated with primary antibody overnight at 4˚C. The 
following day, after incubation with the secondary antibody 
for 2 h at room temperature, Pierce™ ECL Western blotting 
Substrate (cat. no. 32209; Thermo Fisher Scientific, Inc.) was 
used to visualize the protein bands. The PVDF membrane 
was washed with TBS‑1% Tween‑20 (cat. no. T1085; Beijing 
Solarbio Science & Technology Co., Ltd.) solution between 
each step at room temperature. The following antibodies 

were used for western blotting: Rabbit anti‑Fn14 antibody 
(cat. no. bs‑2493R; BIOSS), rabbit anti‑NF‑κB p65 (D14E12) 
antibody (cat. no. 8242; Cell Signaling Technology, Inc.), rabbit 
anti‑phospho‑NFκB p65 (Ser536) antibody (cat. no. 3033; 
Cell Signaling Technology, Inc.), rabbit anti‑NLRP3 antibody 
(cat. no. bs‑41293R; BIOSS), mouse anti‑RUNX2 antibody 
(cat. no. ab76956; Abcam), rabbit anti‑Sp7/Osterix antibody 
[EPR21034] (cat. no.  ab209484; Abcam), rabbit anti‑OPG 
antibody (cat. no. ab73400; Abcam), mouse anti‑ALP antibody 
[2F4] (cat. no. ab126820; Abcam), rabbit anti‑TWEAK antibody 
(cat. no. PK93318; Abmart Pharmaceutical Technology Co., 
Ltd.), mouse anti‑β‑actin antibody (cat. no. T200068‑8F10; 
ZENBIO Biotechnology Co., Ltd.), goat anti‑mouse IgG H&L 
(HRP) (cat. no. 511103; ZENBIO Biotechnology Co., Ltd.) and 
goat anti‑rabbit IgG H&L (HRP) (cat. no. 511203; ZENBIO 
Biotechnology Co., Ltd.). All primary antibodies were diluted 
at a ratio of 1:1,000, and all secondary antibodies were diluted 
at a ratio of 1:5,000. Some of these antibodies were also 
employed in the immunofluorescence assays. The grayscale 
values of the bands were semi‑quantified using ImageJ 1.8 
software (National Institutes of Health).

Establishment of the rat periodontitis model. The animal 
experiments conducted, including the use of Avertin as 
an anesthetic, were approved by the Ethics Committee on 
Animal Welfare and Experimental Animal Care at Zunyi 
Medical University (approval no. ZMU21‑2504‑013; Zunyi, 
China). A  total of 20  male Sprague‑Dawley rats, aged 
6‑8 weeks (~250 g), were purchased from Beijing Huafukang 
Biotechnology Co., Ltd., and randomly assigned to four 
groups: Blank, PBS, TWEAK and TWEAK‑Fn14‑IN‑1. 
All animals were housed under specific pathogen‑free 
conditions at the Animal Experiment Center of Zunyi 
Medical University (Zunyi, China), with a temperature 
of 22‑25˚C, relative humidity of 40‑70%, a 12 h light/12 h 
dark cycle, and free access to food and water, and allowed 
1 week of acclimation before the experimental procedures. 
Periodontitis was induced in the maxillary second molars 
using the ligature method. No treatment was applied to 
the Blank group, whereas threads for the PBS group were 
placed in the periodontal ligature after being soaked in 
PBS containing 1  µg/ml lipopolysaccharide (LPS) from 
Porphyromonas  gingivalis (Pg. LPS; cat.  no. tlrl‑pglps; 
InvivoGen). For the TWEAK and TWEAK‑Fn14‑IN‑1 
groups, the threads were soaked in 1 µg/ml Pg. LPS solu‑
tions containing either 100  ng/ml TWEAK or 15  µM 
Fn14 inhibitor TWEAK‑Fn14‑IN‑1 (cat.  no.  HY‑113763; 
MedChemExpress), respectively. After anesthesia with 
1.25% Avertin (150 mg/kg; cat. no. B2910‑2x10 ml; BMC 
Life Science Co., Ltd.) administered intraperitoneally, 
ligatures were placed around the maxillary second molars. 
The blank control group did not undergo ligature place‑
ment. The silk threads were inspected every 3 days, and the 
medication was replenished accordingly. At the end of the 
4‑week period, the rats were humanely euthanized by gradu‑
ally increasing concentrations of CO2 (30‑70% vol/min) in 
the animal housing cage. Euthanasia was confirmed by the 
absence of any signs of activity, and cessation of both cardiac 
and respiratory functions. The maxillae were then harvested 
for subsequent analysis.
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Micro‑CT and histological analyses. After fixation with 
4% paraformaldehyde at 4˚C for 8 h, the rat maxillae were 
analyzed for periodontal bone loss using micro‑CT. The 
periodontal furcation area of the maxillary second molars was 
designated as the region of interest for all groups. Parameters 
such as the ratio of bone volume to total volume (BV/TV) and 
the vertical height of periodontal bone loss [measured from 
the cementoenamel junction (CEJ) to the lowest point of the 
alveolar bone] were quantified. Following decalcification 
with an EDTA decalcifying solution (cat. no. E1171; Beijing 
Solarbio Science & Technology Co., Ltd.), gradient dehydra‑
tion, clearing and embedding in paraffin, 6‑µm‑thick sections 
were prepared. Paraffin sections were deparaffinized in xylene 
and rehydrated through a graded descending ethanol series 
before histological and immunofluorescence staining.

Rehydrated sections were subjected to H&E staining 
using the H&E staining kit (cat. no. G1120; Beijing Solarbio 
Science & Technology Co., Ltd.). The staining procedure was 
as follows: Sections were stained with hematoxylin solution 
for 5 min and differentiated in differentiation solution for 
30 sec, followed by eosin staining for 30 sec. Excess stain was 
gently drained, and the sections were rapidly dehydrated and 
mounted with neutral resin. The aforementioned procedures 
were conducted at room temperature.

Masson's trichrome staining was performed using the 
Masson's Trichrome Staining Kit (cat. no. G1340; Beijing 
Solarbio Science & Technology Co., Ltd.). Briefly, sections 
were stained with Weigert's iron hematoxylin solution for 
10 min, rinsed with distilled water and differentiated in acidic 
differentiation solution for 10 sec. Subsequently, sections were 
stained with Biebrich scarlet‑acid fuchsin solution for 5 min, 
followed by treatment with phosphomolybdic acid solution for 
2 min. The sections were then counterstained with aniline blue 
solution for 2 min, rapidly dehydrated in 95% ethanol for 3 sec, 
further dehydrated in absolute ethanol for 15 sec, and finally 
mounted with neutral resin. All procedures were carried out at 
room temperature.

Tartrate‑resistant acid phosphatase (TRAP)/ALP 
staining was performed using the TRAP/ALP Stain Kit (cat. 
no. PAH0848; FUJIFILM Wako Pure Chemical Corporation) 
for osteoclast staining on rat maxillae sections. Briefly, TRAP 
staining solution was applied to the rehydrated sections, and 
the slides were incubated at 37˚C in the dark for 30 min. 
Subsequently, ALP staining solution was applied, and the 
slides were incubated at 37˚C in the dark for 1 h. Afterwards, 
the sections were counterstained with hematoxylin at room 
temperature for 5 min, rinsed with deionized water, dried 
at 37˚C and mounted with neutral resin.

Images of the rat maxilla periodontal tissues stained with 
H&E, Masson's trichrome and TRAP/ALP were captured using 
a light microscope. The number of osteoclasts (TRAP‑positive, 
multinucleated cells located in the bone resorption lacunae) 
in the periodontal tissues at the mesial root of the rat maxil‑
lary second molar was quantified using ImageJ 1.8 software 
(National Institutes of Health).

For immunofluorescence staining of rat maxilla paraffin 
sections, the tissue sections were dewaxed using xylene at 
room temperature and then rehydrated with a gradient of 
decreasing ethanol concentrations at room temperature. The 
tissue sections were subsequently permeabilized with 0.5% 

Triton X‑100 (cat.  no.  T8200; Beijing Solarbio Science & 
Technology Co., Ltd.) at room temperature for 15 min. Antigen 
retrieval was performed by incubating the sections with 0.4% 
pepsin (cat. no. CR2304020; Wuhan Servicebio Technology 
Co., Ltd.) at 37˚C for 30 min, followed by blocking with 5% 
BSA (cat. no. SW3015; Beijing Solarbio Science & Technology 
Co., Ltd.) for 1 h at room temperature. The tissue sections 
were washed with PBS for 5 min at room temperature before 
and after each step, repeated three times. Rabbit anti‑periostin 
antibody (cat. no. ab14041; Abcam), mouse anti‑RUNX2 anti‑
body (cat. no. ab76956; Abcam), mouse anti‑CD68 antibody 
(cat. no. ab201340; Abcam) and rabbit anti‑CD163 antibody 
(cat. no. ab182422; Abcam) were diluted 1:200 and incubated 
with the sections overnight at 4˚C. The following day, Alexa 
Fluor 647‑conjugated goat anti‑rabbit antibody (cat. no. A21244; 
Invitrogen; Thermo Fisher Scientific, Inc.) and Alexa Fluor 
555‑conjugated goat anti‑mouse antibody (cat. no. A21422; 
Invitrogen; Thermo Fisher Scientific, Inc.) were diluted 1:400 
and incubated with the sections at room temperature for 30 min. 
DAPI solution (cat. no. C0065; Beijing Solarbio Science & 
Technology Co., Ltd.) was applied at a 1:5,000 dilution and 
incubated with the sections at room temperature for 5 min for 
nuclear staining. Fluorescence images were acquired using the 
Olympus VS200 Whole Slide Scanning System (fluorescence 
confocal mode; Olympus Corporation), and the fluorescence 
intensity was analyzed using ImageJ 1.8 software (National 
Institutes of Health).

Statistical analysis. All data are presented as the mean ± SD. 
In vitro data were obtained from at least three independent 
experiments. Significant differences were analyzed using a 
two‑tailed unpaired Student's t‑test or one‑way ANOVA with 
Tukey's post hoc test, as appropriate. All statistical analyses and 
statistical graph generation were performed using GraphPad 
Prism 9.5 software (Dotmatics). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Identification of PDLSCs. Cell clusters were observed around 
the primary‑cultured human PDL tissue, and after passage to 
P1, these cells exhibited a spindle‑shaped morphology in vitro 
(Fig. 1A), consistent with the characteristics of PDLSCs (25). 
The PDL‑derived cells that expanded to P3 still retained the 
ability to form colonies (Fig. 1B). The expression profile of 
surface markers on the cells at P3 was further analyzed using 
flow cytometry. The cells expressed the mesenchymal surface 
markers CD44 (100%), CD90 (100%), CD29 (99.6%), CD73 
(100%) and CD105 (61.4%), but did not express the endothelial 
cell markers CD31 (0.2%) and CD34 (0.0%), or the panim‑
mune markers CD45 (0.1%) and CD11b (0.0%) (Fig.  1C). 
Additionally, these cells underwent osteogenic differentia‑
tion (Fig. 1D and E) and exhibited adipogenic differentiation 
potential (Fig. 1F) when cultured in osteogenic or adipogenic 
induction medium. In conclusion, the cells isolated from the 
PDL were identified as PDLSCs.

TWEAK influences the survival, migration and osteo‑
genic differentiation potential of PDLSCs. The ability of 
PDLSCs to survive and migrate within the periodontal 
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injury/inflammatory microenvironment and target specific 
tissue types for differentiation and regulation is essential 
for their functional role in tissue repair  (26). The present 
study investigated the effects of exogenous recombinant 
human TWEAK protein at various concentrations (0, 
1, 5, 20, 50 and 100 ng/ml) on the proliferation and apop‑
tosis of PDLSCs. Using the CCK‑8 assay, curves showing 
the effect of 0, 1, 5, 20, 50 and 100 ng/ml TWEAK on the 
proliferation of PDLSCs were plotted (Fig. 2A). On day 5, 
the proliferation of PDLSCs was significantly higher in 
the 1, 5, 20 and 50 ng/ml TWEAK groups compared with 
the 0 ng/ml TWEAK group (Fig. 2B). However, stimula‑
tion with 100  ng/ml TWEAK resulted in a decrease in 
PDLSC proliferation (Fig. 2A and B). Additionally, induc‑
tion with 100 ng/ml TWEAK resulted in a high number of 
TUNEL‑positive cells in PDLSCs (Fig. 2C and D), whereas 
the 0, 1, 5, 20 and 50 ng/ml TWEAK groups exhibited fewer 
TUNEL‑positive cells (Fig. 2D). Based on these findings, 
we hypothesized that lower concentrations of exogenous 

TWEAK (≤50 ng/ml) stimulated PDLSC proliferation, poten‑
tially reflecting the effect of increased TWEAK expression 
following early injury or inflammation in MSCs. However, 
higher concentrations of TWEAK (100 ng/ml) appeared to 
inhibit PDLSC proliferation and induced apoptosis.

The effect of TWEAK on the migratory behavior of PDLSCs 
differed from its effect on proliferation. Transwell migration 
experiments revealed that, compared with PDLSCs without 
TWEAK treatment, treatment with 1, 5, 20, 50 and 100 ng/ml 
TWEAK significantly reduced the number of migrating cells 
(Fig. 3A and B). Furthermore, the inhibitory effect of TWEAK 
on PDLSC migration became increasingly pronounced at 
higher concentrations (Fig. 3A and B). The results of the cell 
scratch wound healing assay further supported the findings 
from the Transwell migration experiment, indicating that 
the migration of PDLSCs toward the wound site progres‑
sively decreased with increasing TWEAK concentrations 
(Fig. 3C and D). Thus, it was concluded that TWEAK, regard‑
less of its concentration, disrupted the motility of PDLSCs, 

Figure 1. Identification of PDLSCs. (A) Observation of P0 and P1 PDLSCs under a light microscope. Scale bar, 500 µm. (B) PDLSC colonies stained with 
crystal violet dye. Scale bar, 200 µm. (C) Expression profile of surface markers in PDLSCs quantified using flow cytometry. (D) Mineralized nodules formed 
by PDLSCs after 14 days of osteogenic induction (stained with Alizarin Red S). Scale bar, 200 µm. (E) Alkaline phosphatase staining of PDLSCs following 
7 days of osteogenic induction. Scale bar, 200 µm. (F) Oil red O staining revealed the adipogenic differentiation potential of PDLSCs. Scale bar, 100 µm. P0, 
primary; P1, first‑passage; PDLSC, periodontal ligament stem cell.
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impairing their ability to migrate to sites of periodontal injury 
or inflammation.

Mineralization is a crucial characteristic of PDLSCs, and 
contributes to periodontal tissue homeostasis and the regen‑
eration of hard tissues (27). Following stimulation with lower 
concentrations of TWEAK (5, 20 and 50 ng/ml), both ALP 
staining (Fig. 3E and F) and the intensity of Alizarin Red 
staining (Fig. 3G and H) increased with increasing TWEAK 
concentrations. However, at a concentration of 100 ng/ml, both 
the ALP staining intensity (Fig. 3E and F) and the Alizarin 
Red staining intensity (Fig. 3G and H) in PDLSCs were signif‑
icantly reduced. The expression levels of osteogenesis‑related 
genes (RUNX2, SP7, ALP and OPG) and proteins (RUNX2, 
SP7, ALP and OPG) after TWEAK stimulation were further 
analyzed using RT‑qPCR (Fig.  3I) and western blotting 
(Fig. 3J and K). Consistent with the results of ALP staining 
(Fig. 3E and F) and Alizarin Red S staining (Fig. 3G and H), 

1, 5, 20 and 50 ng/ml TWEAK promoted RUNX2, SP7, ALP 
and OPG expression at both the mRNA (Fig. 3I) and protein 
(Fig. 3J  and K) levels. These results suggested that lower 
concentrations (5, 20 and 50 ng/ml) of TWEAK may enhance 
the mineralization of PDLSCs, thus promoting alveolar bone 
repair. However, this effect was limited, as the mineralization 
potential of PDLSCs sharply declined at a TWEAK concen‑
tration of 100 ng/ml.

TWEAK induces PDLSCs to regulate the balance of bone 
metabolism and macrophage polarization in vitro. RANKL 
and OPG interact with the NF‑κB receptor activator to regu‑
late the formation, activation and survival of osteoclasts during 
bone formation and remodeling under both physiological and 
pathological conditions (28). Immunofluorescence staining 
revealed that after TWEAK stimulation at concentrations 
of 20, 50 and 100 ng/ml, the expression levels of RANKL 

Figure 2. Effects of TWEAK on the proliferation and apoptosis of PDLSCs. (A) Line chart depicting the effects of various concentrations of TWEAK 
(0, 1, 5, 20, 50 and 100 ng/ml) on PDLSC proliferation over 5 days, as assessed using the CCK‑8 assay. (B) Statistical analysis of the CCK‑8 data from day 5 
of TWEAK stimulation shown in (A). (C) Statistical analysis of the average fluorescence intensity of TUNEL (green) following treatment with varying 
concentrations of TWEAK (0, 1, 5, 20, 50 and 100 ng/ml). (D) TUNEL assay detecting the effects of various concentrations (0, 1, 5, 20, 50 and 100 ng/ml) of 
TWEAK on PDLSC apoptosis. Scale bar, 200 µm. Statistical analysis was performed using a one‑way ANOVA. *P<0.05; ****P<0.0001. Data are presented as 
the mean ± SD (n=5 or 6). CCK‑8, Cell Counting Kit‑8; OD450, optical density at 450 nm; PDLSC, periodontal ligament stem cell; TWEAK, tumor necrosis 
factor‑like weak inducer of apoptosis.
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in PDLSCs were increased significantly (Fig. 4A and B). By 
contrast, stimulation with 1 or 5 ng/ml TWEAK resulted in a 
decrease in RANKL expression in PDLSCs (Fig. 4A and B). 

The expression levels of OPG exhibited a pattern similar to 
that observed for Alizarin Red staining (Fig. 3G and H), with 
a gradual increase observed following TWEAK stimulation 

Figure 3. Effects of TWEAK on the migration and osteogenic differentiation of PDLSCs. (A)  Effects of various concentrations of TWEAK 
(0, 1, 5, 20, 50 and 100 ng/ml) on the number of migrating PDLSCs, and (B) quantitative analysis of the number of migrating cells (n=6). Scale bar, 400 µm. 
(C) Effects of various concentrations of TWEAK on PDLSC migration toward scratch wounds over 24 h, and (D) quantitative analysis of the percentage of 
wound area reduction (n=12). Scale bar, 1 mm. (E) Effects of various concentrations of TWEAK on ALP staining in PDLSCs, and (F) quantitative analysis of 
grayscale values from ALP staining (n=6). Scale bar, 200 µm. (G) Alizarin Red staining revealed the effects of various concentrations of TWEAK on PDLSC 
mineralization, and (H) quantitative analysis of grayscale values from Alizarin Red staining (n=6). Scale bar, 200 µm. (I) Reverse transcription‑quantitative 
PCR was used to assess the mRNA expression levels of RUNX2, SP7, ALP and OPG in PDLSCs after TWEAK stimulation (n=4), with β‑actin serving as the 
internal control. (J) Western blot analysis of RUNX2, SP7, ALP and OPG protein expression in PDLSCs after TWEAK induction, and (K) semi‑quantitative 
analysis of the gel band intensity, using β‑actin as the internal control. Statistical analysis was performed using a one‑way ANOVA. *P<0.05; **P<0.01; 
***P<0.001; ****P<0.0001. Data are presented as the mean ± SD. ALP, alkaline phosphatase; IOD, integral optical density; ns, not significant; OPG, osteoprote‑
gerin; PDLSC, periodontal ligament stem cell; RUNX2, runt‑related transcription factor 2; SP7, Sp7 transcription factor; TWEAK, tumor necrosis factor‑like 
weak inducer of apoptosis.

https://www.spandidos-publications.com/10.3892/ijmm.2025.5679


XIAO et al:  TWEAK MODULATES PDLSCs VIA THE Fn14/NF-κB PATHWAY10

Figure 4. Effects of tumor necrosis factor‑like weak inducer of apoptosis on RANKL and OPG expression in PDLSCs and PDLSC‑induced macrophage 
polarization. (A) RANKL (red) and OPG (green) expression in PDLSCs was detected by immunofluorescence staining. Scale bar, 200 µm. Statistical analysis 
of the MOD values for (B) RANKL and (C) OPG, and (D) their ratio based on (A) (E) CD68 and CD163 expression in RAW264.7 macrophages was assessed 
by immunofluorescence staining. Scale bar, 200 µm. Statistical analysis of the MOD values for (F) CD68 and (G) CD163 based on (E). Statistical analysis was 
performed using a one‑way ANOVA. ***P<0.001; ****P<0.0001. Data are presented as the mean ± SD (n=5). MOD, mean optical density; ns, not significant; 
OPG, osteoprotegerin; PDLSC, periodontal ligament stem cell; RANKL, receptor activator of nuclear factor‑κB ligand.
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at 1, 5 and 20 ng/ml (Fig. 4A and C). By contrast, 100 ng/ml 
TWEAK did not affect OPG expression compared with that 
in the 0 ng/ml TWEAK group (Fig. 4A and C). Stimulation 
with 1, 5 or 20 ng/ml TWEAK reduced the RANKL/OPG 
ratio in PDLSCs, whereas treatment with 50 or 100 ng/ml 
TWEAK significantly increased this ratio (Fig. 4D). These 
results suggested that low concentrations of TWEAK 
(1, 5 or 20 ng/ml) may inhibit osteoclast formation through 
the RANKL/OPG system, whereas high concentrations of 
TWEAK (50 or 100 ng/ml) exert the opposite effect.

The role of MSCs in maintaining microenvironmental 
homeostasis and promoting tissue regeneration is medi‑
ated primarily by their regulation of immune cells (29). The 
polarization of M2 macrophages is crucial for the stability and 
regeneration of periodontal tissues, including the cementum 
and alveolar bone  (30,31). PDLSCs were pretreated with 
various concentrations of TWEAK before being cocultured 
with macrophages. Immunofluorescence staining was 
employed to assess the expression levels of CD68 and CD163 
in the cells, and the impact of coculturing macrophages with 
differently pretreated PDLSCs on macrophage polarization 
was determined. PDLSCs pretreatment with TWEAK at 
concentrations of 1 or 5 increased the expression of the M2 
polarization marker CD163 in macrophages (Fig. 4E and G), 
whereas the expression of the M1 polarization marker CD68 
remained unchanged (Fig. 4E and F). Pretreatment of PDLSCs 
with TWEAK at concentrations of 50 and 100 ng/ml signifi‑
cantly increased the expression of CD68 in macrophages 
after co‑culture (Fig. 4E and F), while markedly suppressing 
the expression of CD163 (Fig.  4E and G). These findings 
(Fig. 4E‑G) underscore the concentration‑dependent effect of 
TWEAK on the paracrine secretion of PDLSCs. In summary, 
we hypothesized that low levels of TWEAK could promote the 
regulation of periodontal bone metabolism and the immune 
microenvironment by PDLSCs. Conversely, higher levels of 
TWEAK disrupted the maintenance of periodontal tissue 
homeostasis mediated by PDLSCs.

TWEAK induces changes in the PDLSC transcriptome. 
The present study investigated the underlying mechanism 
of the effects of TWEAK on the properties of PDLSCs by 
selecting the 50 and 100 ng/ml TWEAK groups based on 
the proliferation capacity of PDLSCs (Fig. 2A and B) to 
examine transcriptome changes in both compensated and 
decompensated PDLSCs. The Venn diagram indicated 
that 11,475 genes were co‑expressed among the PDLSCs, 
PDLSCs treated with 50  ng/ml TWEAK and PDLSCs 
treated with 100 ng/ml TWEAK, with each group exhibiting 
118, 108 and 44 uniquely expressed genes, respectively, 
compared with the other two groups (Fig. 5A). A greater 
number of differentially expressed genes was identified 
between the PDLSC group and the PDLSC group treated 
with 50 ng/ml TWEAK, while the number of differentially 
expressed genes between the PDLSC group and the PDLSC 
group treated with 100 ng/ml TWEAK was markedly lower 
(Fig. 5B). These findings suggested that high concentrations 
of TWEAK (100 ng/ml) may inhibit PDLSC activity and 
promote programmed cell death (Fig. 2C and D).

GO analysis revealed that PDLSCs stimulated with 
50 ng/ml TWEAK were enriched in biological processes such 

as ‘Response to external stimulus’ and ‘Cellular response to 
chemical stimulus’ (Fig. 5C), suggesting that 50 ng/ml TWEAK 
may induce a stress‑like state in PDLSCs. The KEGG analysis 
revealed that, compared with the PDLSCs group, differentially 
expressed genes in PDLSCs treated with 50 ng/ml TWEAK 
were significantly enriched in the ‘TNF signaling pathway’, 
‘NF‑kappa B signaling pathway’ and ‘NOD‑like receptor 
signaling pathway’ (Fig. 5D) (32). Both TWEAK and Fn14 
belong to the TNF superfamily, implying that treatment with 
50 ng/ml TWEAK may effectively activate TWEAK/Fn14 
signaling in PDLSCs. Additionally, the NF‑κB pathway is 
recognized as one of the downstream signaling pathways of 
the TWEAK/Fn14 axis (33). A study has shown that NF‑κB 
and NLRP3 (34), key components of the NOD‑like receptor 
signaling pathway, are crucial for enhancing the involvement 
of PDLSCs in periodontitis. Therefore, we hypothesized that 
TWEAK‑Fn14 might regulate the characteristics of PDLSCs 
through NF‑κB and NLRP3.

GO analysis indicated that stimulation of PDLSCs with 
100  ng/ml TWEAK was associated with terms such as 
‘Response to virus’, ‘Defense response to virus’ and ‘Innate 
immune response’ (Fig. 5E), and the KEGG analysis results 
revealed that the ‘TNF signaling pathway’, ‘NF‑kappa B 
signaling pathway’ and ‘NOD‑like receptor signaling pathway’ 
were not among the top 10 enriched pathways (Fig. 5F). We 
hypothesized that this phenomenon may be attributed to 
the decompensated state of PDLSCs following 100 ng/ml 
TWEAK stimulation, as the proliferation of PDLSCs was 
significantly inhibited, and a substantial number of PDLSCs 
underwent apoptosis under these conditions (Fig. 2A‑D).

The levels of Fn14, NF‑κB, phosphorylated NF‑κB 
(P‑NF‑κB) and NLRP3 in PDLSCs were examined following 
stimulation with 50 or 100 ng/ml TWEAK to further elucidate 
whether NF‑κB and NLRP3 are downstream signaling path‑
ways of the TWEAK/Fn14 axis. Stimulation with 50 ng/ml 
TWEAK increased the levels of Fn14, NF‑κB, P‑NF‑κB and 
NLRP3 (Fig. 5G and H), whereas stimulation with 100 ng/ml 
TWEAK did not lead to a significant increase in NF‑κB or 
NLRP3 expression (Fig. 5G and H), which was consistent with 
the sequencing results (Fig. 5F). This phenomenon may be 
explained by the fact that high‑dose TWEAK likely induced 
an initial upregulation of NF‑κB, followed by a decline as 
cellular integrity was compromised, potentially via apoptosis 
(Fig. 2D); however, further evidence is required to support 
this hypothesis. Notably, although there was no statistical 
significance, P‑NF‑κB remained slightly elevated at 100 ng/ml 
(Fig. 5G and H), and the marked suppression of prolifera‑
tion, migration and osteogenesis, induction of apoptosis, and 
alterations in the RANKL/OPG ratio (Figs. 2‑4) demonstrated 
PDLSC decompensation under prolonged high TWEAK expo‑
sure. Subsequently, lentiviral transfection of PDLSCs with 
three Fn14‑targeting shRNAs demonstrated that shRNA‑3 
effectively reduced Fn14 expression (Fig. S1A and B), and this 
was selected for further studies. The direct involvement of Fn14 
was further confirmed by experiments showing that silencing 
of Fn14 in PDLSCs significantly decreased NF‑κB, P‑NF‑κB 
and NLRP3 levels (Fig.  5I  and  J). Furthermore, neither 
stimulation with 50 or 100 ng/ml TWEAK (Fig. 5G and H) 
nor inhibition of Fn14 expression (Fig. 5I and J) altered the 
P‑NF‑κB/NF‑κB ratio, indicating that TWEAK/Fn14 did not 

https://www.spandidos-publications.com/10.3892/ijmm.2025.5679


XIAO et al:  TWEAK MODULATES PDLSCs VIA THE Fn14/NF-κB PATHWAY12

Figure 5. Transcriptome analysis of the effect of TWEAK treatment on PDLSCs. (A) Venn diagram illustrating differentially expressed genes in PDLSCs 
following TWEAK treatment. (B) Multipoint differential scatter plot showing differentially expressed genes in PDLSCs following TWEAK treatment. (C) GO 
enrichment analysis comparing PDLSCs and PDLSCs treated with 50 ng/ml TWEAK. (D) KEGG enrichment analysis comparing PDLSCs and PDLSCs 
treated with 50 ng/ml TWEAK. (E) GO enrichment analysis comparing PDLSCs and PDLSCs treated with 100 ng/ml TWEAK. (F) KEGG enrichment 
analysis comparing PDLSCs and PDLSCs treated with 100 ng/ml TWEAK. (G) Western blot analysis was conducted to detect the levels of Fn14, NF‑κB, 
P‑NF‑κB and NLRP3 in PDLSCs stimulated with 50 and 100 ng/ml TWEAK. (H) Statistical analysis of protein band intensities from (G) (n=3). (I) Western 
blot analysis of the levels of Fn14, NF‑κB, P‑NF‑κB and NLRP3 in PDLSCs after Fn14 was silenced using an shRNA. (J) Statistical analysis of protein band 
intensities from (I) (n=3). Statistical analysis was performed using (G and H) one‑way ANOVA or (I and J) a two‑tailed Student's t‑test. *P<0.05; **P<0.01; 
***P<0.001. Data are presented as the mean ± SD. FC, fold change; Fn14, fibroblast growth factor‑inducible 14; GO, Gene Ontology; KEGG, Kyoto Encyclopedia 
of Genes and Genomes; NLRP3, NOD‑like receptor thermal protein domain‑associated protein 3; ns, not significant; P‑, phosphorylated; PDLSC, periodontal 
ligament stem cell; shRNA/sh, short hairpin RNA; TWEAK, tumor necrosis factor‑like weak inducer of apoptosis.
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significantly affect NF‑κB activation in PDLSCs. Overall, 
these results suggested that the TWEAK/Fn14 signaling axis 
could increase the levels of NF‑κB, P‑NF‑κB and NLRP3 in 
PDLSCs, thereby influencing their biological functions.

Inhibition of Fn14 and NF‑κB effectively attenuates 
TWEAK‑induced changes in PDLSC characteristics. The 
effects of inhibiting the Fn14/NF‑κB pathway on TWEAK-
induced alterations in PDLSC characteristics were 
investigated using an shRNA and the NF‑κB inhibitor 
NF‑κB‑IN‑1 to suppress Fn14 and NF‑κB expression, respec‑
tively. Silencing of Fn14 expression or pretreatment with 
NF‑κB‑IN‑1 significantly attenuated the stimulatory effect of 
50 ng/ml TWEAK on NF‑κB, P‑NF‑κB and NLRP3 levels 
(Fig. 6A and B). In contrast to NF‑κB‑IN‑1, which decreased 
the P‑NF‑κB/NF‑κB ratio, Fn14 silencing had no significant 
effect on this ratio (Fig. 6A and B). Furthermore, inhibition 
of both Fn14 and NF‑κB reversed the stimulatory effect of 
50 ng/ml TWEAK on PDLSC proliferation (Fig. 6C and D). 
ALP staining (Fig.  6E  and  G) and Alizarin Red staining 
(Fig. 6F and H) confirmed the results of the proliferation 
assays, which revealed that the suppression of Fn14 and NF‑κB 
expression reduced the osteogenic differentiation‑promoting 
effects of 50  ng/ml TWEAK on PDLSCs. Additionally, 
RT‑qPCR (Fig. 6I) and western blot (Fig. 6J and K) analyses 
confirmed that blocking of the Fn14/NF‑κB pathway reduced 
the expression levels of RUNX2, SP7, ALP and OPG in 
PDLSCs. Furthermore, inhibition of the Fn14/NF‑κB pathway 
prevented the TWEAK‑induced increase in the RANKL/OPG 
ratio in PDLSCs (Fig. 7A‑D). Compared with macrophages 
co‑cultured with PDLSCs pretreated with TWEAK, macro‑
phages co‑cultured with PDLSCs pretreated with TWEAK 
after Fn14 and NF‑κB inhibition exhibited lower CD68 
expression (Fig.  7E  and  F). Although CD163 expression 
showed no significant difference (Fig. 7E and G), these results 
still suggested that inhibition of Fn14 and NF‑κB could reverse 
the TWEAK‑induced promotion of M1 polarization in macro‑
phages by PDLSCs (Fig. 7E‑G). These results highlighted 
the crucial role of the Fn14/NF‑κB pathway in mediating 
TWEAK‑induced alterations in PDLSC characteristics.

Inhibition of the TWEAK/Fn14/NF‑κB/NLRP3 pathway 
enhances the functional properties of iPDLSCs. iPDLSCs 
were isolated from inflamed human periodontal tissue to 
investigate the potential therapeutic effects of targeting the 
TWEAK/Fn14/NF‑κB/NLRP3 pathway in iPDLSCs for 
the treatment of periodontitis. iPDLSCs were successfully 
cultured in vitro, and the expression of CD44 (99.7%), CD90 
(99.5%), CD29 (100%), CD73 (99.7%) and CD105 (26.8%) was 
maintained through passage 3, while the expression of CD31 
(0.13%), CD34 (0.081%), CD45 (0.52%) and CD11b (0.25%) 
was negligible (Fig. 8A).

Compared with those in PDLSCs derived from healthy 
tissues, the levels of TWEAK, Fn14, NF‑κB, P‑NF‑κB 
and NLRP3 in iPDLSCs were increased (Fig. 8B and C), 
whereas the ratio of P‑NF‑κB to NF‑κB showed no significant 
difference (Fig. 8B and C). In addition, iPDLSCs exhibited 
increased apoptosis (Fig. 8D and E), reduced proliferation 
(Fig. 8F and G), impaired migration (Fig. 8H‑K) and dimin‑
ished osteogenic differentiation potential (Fig. 8L‑R) compared 

with PDLSCs. Subsequently, the efficiency of silencing of 
Fn14 and NLRP3 in iPDLSCs using shRNAs was validated 
(Fig. S1C‑F). shFn14‑3 (Fig. S1C and D) and shNLRP3‑1 
(Fig. S1E and F) significantly reduced their expression and 
were thus used in subsequent experiments. Notably, inhibi‑
tion of Fn14, NF‑κB and NLRP3 expression in iPDLSCs led 
to a significant reduction in apoptosis (Fig. 8D and E), while 
promoting proliferation (Fig. 8F and G), migration (Fig. 8H‑K) 
and osteogenic differentiation (Fig. 8L‑R) compared with 
those in iPDLSCs.

iPDLSCs exhibited a higher ratio of RANKL/OPG 
expression (Fig. 9A‑D) and a greater ability to promote the 
M1 polarization of macrophages (Fig. 9E‑G) compared with 
PDLSCs. After inhibiting the expression of Fn14, NF‑κB 
or NLRP3, the expression of RANKL in iPDLSCs was 
downregulated (Fig. 9A and B), the expression of OPG was 
upregulated (Fig. 9A and C) and the ratio of RANKL/OPG 
expression was decreased (Fig. 9A and D). In addition, when 
iPDLSCs with inhibited expression of Fn14, NF‑κB and 
NLRP3 were cocultured with macrophages, their ability to 
promote the M1 polarization of macrophages was inhibited 
(Fig.  9E‑G). These results indicated that targeting of the 
TWEAK/Fn14/NF‑κB/NLRP3 pathway in iPDLSCs is a 
potential strategy for the treatment of periodontitis.

Fn14 inhibition alleviates periodontitis in rats. A rat periodon‑
titis model was treated with recombinant TWEAK protein and 
the Fn14 inhibitor TWEAK‑Fn14‑IN‑1 to further evaluate the 
potential role of the TWEAK/Fn14 pathway in the progression 
and treatment of periodontitis. Micro‑CT analysis revealed 
that, compared with healthy rats (control group), periodontitis 
rats (PBS group) exhibited marked alveolar bone resorption 
around the second molars (Fig. 10A), an increased distance 
from the alveolar bone crest (ABC) to the CEJ (Fig. 10B) 
and a marked decrease in the BV/TV at the furcation area 
(Fig. 10C). Furthermore, TWEAK exacerbated alveolar bone 
loss in periodontitis rats (Fig. 10A), increased the ABC‑CEJ 
distance (Fig.  10B) and decreased the BV/TV (Fig.  10C). 
Treatment with TWEAK‑Fn14‑IN‑1 effectively reduced alve‑
olar bone loss in periodontitis model rats (Fig. 10A), decreased 
the ABC‑CEJ distance (Fig. 10B) and partially restored the 
BV/TV (Fig. 10C).

The histopathological examination further validated 
the successful establishment of the rat periodontitis model 
(Fig.  10D‑M). In contrast to that in healthy periodontal 
tissues, the epithelial barrier in periodontitis samples was 
disrupted (Fig. 10D), with a disordered fiber alignment and 
collagen loss in the PDL (Fig. 10E). Additionally, although 
not statistically significant, there was a trend toward an 
increased number of osteoclasts in the PDL (Fig. 10F and G). 
Immunofluorescence staining further revealed an increase 
in the number of CD68+ macrophages within periodontitis 
tissues (Fig. 10H and K), accompanied by significant down‑
regulation of the homeostasis‑related proteins RUNX2 and 
periostin (Fig. 10I, L and M). The exogenous recombinant 
TWEAK protein further exacerbated damage to the epithe‑
lial barrier of periodontal tissues, with extensive immune 
cell infiltration observed beneath the epithelium (Fig. 10D). 
Immunofluorescence staining confirmed that these infiltrating 
cells were CD68+ macrophages (Fig.  10H,  J  and  K). The 
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Figure 6. Inhibition of Fn14 and NF‑κB effectively blocks TWEAK‑induced alterations in PDLSC characteristics. (A) Western blot analysis was conducted 
to assess the levels of Fn14, NF‑κB, P‑NF‑κB and NLRP3 in PDLSCs. (B) Statistical analysis of the intensities of the protein bands shown in (A) (n=3). 
(C) A CCK‑8 assay was performed to generate the proliferation curve of PDLSCs. (D) Statistical analysis of the OD450 values of cells from each group on day 
5 of the CCK‑8 assay, as presented in (C) (n=6). (G) Results of ALP staining and (E) the corresponding statistical analysis of PDLSCs after osteogenic induction 
(n=6). Scale bar, 400 µm. (H) Results of Alizarin Red staining and (F) the corresponding statistical analysis of PDLSCs following osteogenic induction (n=6). 
Scale bar, 400 µm. (I) Reverse transcription‑quantitative PCR was used to assess the mRNA expression levels of RUNX2, SP7, ALP and OPG in PDLSCs, with 
β‑actin serving as an internal reference (n=4). (J) Western blot analysis was performed to detect the protein expression levels of RUNX2, SP7, ALP and OPG in 
PDLSCs, and (K) the grayscale values of the gel images were semi‑quantitatively analyzed, with β‑actin used as an internal reference (n=3). Statistical analysis 
was performed using a one‑way ANOVA. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. Data are presented as the mean ± SD. ALP, alkaline phosphatase; CCK‑8, 
Cell Counting Kit‑8; Fn14, fibroblast growth factor‑inducible 14; IOD, integral optical density; NLRP3, NOD‑like receptor thermal protein domain‑associated 
protein 3; ns, not significant; OD450, optical density at 450 nm; OPG, osteoprotegerin; P‑, phosphorylated; PDLSC, periodontal ligament stem cell; RUNX2, 
runt‑related transcription factor 2; sh, short hairpin RNA; SP7, Sp7 transcription factor; TWEAK, tumor necrosis factor‑like weak inducer of apoptosis.
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Figure 7. Inhibition of Fn14 and NF‑κB effectively blocks TWEAK‑induced alterations in the microenvironmental regulatory potential of PDLSCs. 
(A) Expression levels of OPG (green) and RANKL (red) in PDLSCs were detected by immunofluorescence staining, followed by quantitative analysis of the 
MOD values for (B) RANKL and (C) OPG, and (D) the MOD ratio of RANKL/OPG (n=5). Scale bar, 200 µm. (E) Expression levels of CD68 and CD163 in 
RAW264.7 macrophages were detected by immunofluorescence staining, followed by quantitative analysis of the MOD values for (F) CD68 and (G) CD163 
(n=5). Scale bar, 200 µm. Statistical analysis was performed using a one‑way ANOVA. **P<0.01; ***P<0.001; ****P<0.0001. Data are presented as the mean ± SD. 
Fn14, fibroblast growth factor‑inducible 14; MOD, mean optical density; ns, not significant; OPGa, osteoprotegerin; PDLSC, periodontal ligament stem cell; 
RANKL, receptor activator of nuclear factor‑κB ligand; sh, short hairpin RNA; TWEAK, tumor necrosis factor‑like weak inducer of apoptosis.
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Figure 8. Inhibition of the TWEAK/Fn14/NF‑κB/NLRP3 pathway enhances the functional properties of iPDLSCs. (A) Expression profile of surface markers 
in iPDLSCs quantified using flow cytometry. (B) Levels of TWEAK, Fn14, NF‑κB, P‑NF‑κB and NLRP3 in PDLSCs, iPDLSCs, and iPDLSCs after the down‑
regulation of Fn14, NF‑κB and NLRP3, and (C) statistical analysis of the band density values (n=3). (D) Apoptosis levels in PDLSCs, iPDLSCs, and iPDLSCs 
after downregulation of Fn14, NF‑κB and NLRP3 were detected using the TUNEL assay, and (E) statistical analysis of the average fluorescence intensity of 
TUNEL was performed (n=5). Scale bar, 200 µm. (F) A Cell Counting Kit‑8 assay was used to assess the proliferative potential of PDLSCs, iPDLSCs, and 
iPDLSCs after the downregulation of Fn14, NF‑κB and NLRP3, and (G) statistical analysis of the OD450 values on day 5 of the experiment was performed 
(n=6). (H) Transwell migration assay evaluating the migratory potential of PDLSCs, iPDLSCs, and iPDLSCs after Fn14, NF‑κB or NLRP3 downregulation, 
with (I) quantification of the number of migrated cells (n=6). Scale bar, 400 µm. (J) Wound healing assay evaluating the migratory potential of PDLSCs, 
iPDLSCs, and iPDLSCs after Fn14, NF‑κB or NLRP3 downregulation, with (K) quantification of the percentage of wound closure (%) (n=16). Scale bar, 1 mm. 
(L) ALP staining was used to evaluate the mineralization potential of PDLSCs, iPDLSCs, and iPDLSCs after downregulation of Fn14, NF‑κB or NLRP3, 
with (M) quantification of the integral optical density of the ALP‑stained images (n=6). Scale bar, 400 µm. (N) Alizarin Red staining was used to evaluate the 
mineralization potential of PDLSCs, iPDLSCs, and iPDLSCs after downregulation of Fn14, NF‑κB or NLRP3, with (O) quantification of the integral optical 
density of the Alizarin Red‑stained images (n=6). Scale bar, 400 µm. (P) Reverse transcription‑quantitative PCR was used to evaluate the mRNA expression 
levels of RUNX2, SP7, ALP and OPG in PDLSCs, iPDLSCs, and iPDLSCs after the downregulation of Fn14, NF‑κB and NLRP3 (n=4). (Q) Western blotting 
was used to detect the expression levels of RUNX2, SP7, ALP and OPG in PDLSCs, iPDLSCs, and iPDLSCs after the downregulation of Fn14, NF‑κB and 
NLRP3, and (R) statistical analysis of the band density values was performed (n=3). Statistical analysis was performed using a one‑way ANOVA. *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001. Data are presented as the mean ± SD. ALP, alkaline phosphatase; Fn14, fibroblast growth factor‑inducible 14; IOD, integral 
optical density; iPDLSC, inflammatory PDLSC; NLRP3, NOD‑like receptor thermal protein domain‑associated protein 3; ns, not significant; OD450, optical 
density at 450 nm; OPG, osteoprotegerin; P‑, phosphorylated; PDLSC, periodontal ligament stem cell; RUNX2, runt‑related transcription factor 2; sh, short 
hairpin RNA; SP7, Sp7 transcription factor; TWEAK, tumor necrosis factor‑like weak inducer of apoptosis.
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integrity of the PDL structure was severely compromised 
(Fig. 10D and E), and the number of osteoclasts in periodontal 
tissues was significantly increased (Fig.  10F  and  G). By 
contrast, treatment with TWEAK‑Fn14‑IN‑1 protected the 
epithelial barrier of periodontal tissues (Fig. 10D), preserved 
the collagen fibers beneath the epithelium (Fig.  10E) and 
tended to maintain the mineralized tissue components 

(Fig.  10G) compared with the PBS group. Furthermore, 
TWEAK‑Fn14‑IN‑1 reduced the distribution of CD68+ macro‑
phages (Fig. 10H, J and K) in periodontal tissues and preserved 
the expression of RUNX2 and periostin in periodontal tissues 
(Fig. 10I, L and M) compared with the PBS group.

Taken together, these results suggested that TWEAK treat‑
ment significantly promoted the progression of periodontal 

Figure 9. Effect of inhibition of the tumor necrosis factor‑like weak inducer of apoptosis/Fn14/NF‑κB/NLRP3 pathway on the microenvironmental regulatory 
ability of iPDLSCs. (A) Immunofluorescence staining was used to detect the expression levels of RANKL and OPG in PDLSCs, iPDLSCs, and iPDLSCs after 
the downregulation of Fn14, NF‑κB and NLRP3, followed by statistical analysis of the average optical density values of (B) RANKL and (C) OPG, and (D) the 
RANKL/OPG ratio (n=5). Scale bar, 200 µm. (E) Immunofluorescence staining was used to detect the expression levels of CD68 and CD163 in macrophages 
cocultured with PDLSCs, iPDLSCs, and iPDLSCs after the downregulation of Fn14, NF‑κB and NLRP3, followed by statistical analysis of the average 
optical density values of (F) CD68 and (G) CD163 (n=5). Scale bar, 200 µm. Statistical analysis was performed using a one‑way ANOVA. *P<0.05; **P<0.01; 
****P<0.0001. Data are presented as the mean ± SD. Fn14, fibroblast growth factor‑inducible 14; iPDLSC, inflammatory PDLSC; MOD, mean optical density; 
NLRP3, NOD‑like receptor thermal protein domain‑associated protein 3; ns, not significant; OPG, osteoprotegerin; PDLSC, periodontal ligament stem cell; 
RANKL, receptor activator of nuclear factor‑κB ligand; sh, short hairpin RNA.
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inflammation and tissue destruction, whereas targeting of 
Fn14 alleviated the progression of periodontitis and protected 
periodontal tissue homeostasis.

Discussion

The TWEAK/Fn14 pathway is recognized as an immune 
switch that regulates tissue responses  (6). TWEAK/Fn14 
expression is upregulated in response to acute stimulation, 
and serves a role in tissue regeneration and repair (6). Previous 
studies have shown increased expression of TWEAK in 
periodontal tissues or gingival crevicular fluid, suggesting 
its involvement in the progression of periodontitis (10‑12). 
The present findings revealed that low concentrations of 
TWEAK enhanced the proliferation, osteogenesis and 
inhibition of osteoclast formation in PDLSCs, indicating 
that modest increases in TWEAK levels may promote 
periodontal homeostasis and counteract the progression of 
periodontitis. However, higher levels of TWEAK impaired 
PDLSCs proliferation, migration and osteogenic potential, 
while promoting their osteoclastogenic differentiation. All 
TWEAK concentrations (1‑100 ng/ml) suppressed PDLSC 
migration, in contrast to other inflammation‑related cyto‑
kines, such as IL‑17 (35), which promoted PDLSC migration 
at concentrations of 50 and 100 ng/ml. While the present 
study demonstrated this inhibition, the precise mechanism 
underlying TWEAK‑induced suppression remains unclear, 
which is a phenomenon not addressed in the present study. 
However, elucidating the mechanism of comprehensive inhi‑
bition of PDLSC migration by TWEAK is a key issue for 
future research. This could provide important insights into 
the altered mechanotransduction capabilities of stem cells in 
inflammatory microenvironments.

The bidirectional regulatory role of TWEAK extends to 
the modulation of the periodontal immune microenviron‑
ment. Previous studies have emphasized the close relationship 
between an imbalance in M1/M2 macrophage polarization 
and periodontal homeostasis, and that M1 macrophages 
exacerbate the progression of periodontitis  (36‑38). It has 
also been confirmed that PDLSCs promote M2 macro‑
phage polarization (19), which is beneficial for maintaining 
periodontal homeostasis. However, under inflammatory 
conditions, PDLSCs may undergo a transformation that 
promotes M1 macrophage polarization, thereby exacerbating 
periodontitis  (39). The present results suggested that the 
dynamic expression of the TWEAK protein serves a key role 
in the process by which PDLSCs promote the conversion of 
macrophages from the M1 phenotype to the M2 phenotype. 
Critically, iPDLSCs from patients with periodontitis exhib‑
ited hyperactivation of the TWEAK/Fn14/P‑NF‑κB/NLRP3 
pathway and an increased M1‑polarizing capacity. TWEAK 
is expressed predominantly by macrophages/monocytes 
under inflammatory conditions (7,40,41). In the present study, 
iPDLSCs expressed higher levels of TWEAK and Fn14 than 
PDLSCs. Additionally, TWEAK has been shown to directly 
regulate macrophage polarization (42). In periodontal tissues, 
the TWEAK/Fn14 pathway may therefore serve as a critical 
mechanism for the interaction between macrophages and 
PDLSCs, potentially serving a key role in maintaining 
periodontal homeostasis. Furthermore, the present study 

demonstrated that TWEAK treatment promoted M1 macro‑
phage infiltration in rat periodontitis tissues, whereas the use 
of TWEAK‑Fn14 inhibitors decreased the number of M1 
macrophages present in the periodontitis tissues. These find‑
ings suggest that targeting the TWEAK/Fn14 pathway could 
be a potential strategy for ameliorating immune dysregulation 
in periodontitis.

PDLSCs serve a pivotal role in maintaining periodontal 
tissue homeostasis  (26). The present study revealed that 
TWEAK‑mediated alterations in PDLSCs characteristics have 
the potential to remodel the periodontal microenvironment. 
Notably, the periodontal microenvironment consists of diverse 
cell populations, including fibroblasts, osteoblasts, osteo‑
clasts, cementoblasts and immune cells. Critically, TWEAK 
has been shown to modulate these cell types: It suppresses 
fibroblast activation and promotes regenerative macrophage 
differentiation in pulmonary fibrosis (43), and simultaneously 
stimulates osteoblast proliferation while inhibiting the miner‑
alization capacity (44). Therefore, TWEAK likely contributes 
to periodontal homeostasis and bone remodeling not only by 
directly targeting PDLSCs but also through the coordinated 
regulation of these auxiliary cell populations. Further investi‑
gations are needed to determine whether TWEAK modulates 
other cells within the periodontal niche via direct or indirect 
mechanisms.

At the molecular level, the present study demonstrated 
that TWEAK modulated the characteristics of PDLSCs via 
the NF‑κB signaling pathway, and similar mechanisms have 
been observed in other disease models. In ovarian cancer, 
TWEAK enhances cancer stem cell self‑renewal and upregu‑
lates the expression of SOX2 via NF‑κB pathway activation, 
thereby promoting tumor recurrence (45). By contrast, during 
liver regeneration, TWEAK inhibits precursor cell differen‑
tiation and promotes malignant transformation through the 
NF‑κB‑dependent expression of the DNA‑binding protein 
inhibitor ID‑1 (46). Notably, beyond its effects on NF‑κB, 
TWEAK activates multiple signaling cascades involved in 
disease progression, including promoting osteoclastogenesis 
in osteoporosis through the MAPK pathway (40), exacerbating 
inflammatory bone destruction in rheumatoid arthritis via 
PI3K/Akt activation (47), and regulating hair follicle stem 
cell proliferation and repair through the modulation of the 
Wnt/β‑catenin signaling pathway (48). This multifaceted inter‑
play suggests that, in periodontitis, the TWEAK/Fn14 axis 
may cooperate with the MAPK pathway or other signaling 
cascades in addition to the NF‑κB pathway. A key limitation 
of the present study is the lack of direct experimental assess‑
ment of the interactions between the TWEAK/Fn14 axis 
and non‑NF‑κB signaling pathways within the periodontal 
microenvironment. Future studies should aim to quantify 
these interactions experimentally. Additionally, although 
key findings were validated using patient‑derived iPDLSCs, 
experiments on macrophages utilized the RAW264.7 cell line 
rather than primary human periodontal macrophages, which 
represents a limitation of the present study. Future research 
is needed to further investigate the in vivo regulatory effects 
of TWEAK/Fn14‑mediated changes in PDLSCs on immune 
cells, including macrophages.

Pathological evidence indicates that alterations in the 
TNF and NF‑κB pathways are associated with changes in 
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Figure 10. Effects of TWEAK and TWEAK‑Fn14‑IN‑1 on the progression of rat periodontitis. (A) Micro‑CT images of the rat maxilla, with the distance 
between the two red short lines representing the CEJ‑ABC distance on the buccal side, and with statistical analysis of the (B) distance of CEJ‑ABC (n=6), and 
(C) BV/TV at the root bifurcation of the maxillary second molar (n=6). Scale bar, 1 mm. Images of (D) H&E and (E) Masson's trichrome staining of rat peri‑
odontal tissues. Scale bar, 1 mm (top) or 100 µm (bottom). (F) Representative images of TRAP/alkaline phosphatase double staining in the periodontal tissue 
of the rat maxillary second molar, with (G) quantification and statistical analysis of osteoclast numbers (TRAP‑positive, multinucleated cells located in the 
bone resorption lacunae) at the mesial root (n=6). Red triangles indicate osteoclasts. Scale bar, 50 µm. (H) Immunofluorescence staining of CD163 (green) and 
CD68 (red) in periodontal tissues, with (J) quantification of the mean fluorescence intensity of CD163 and (K) quantification of the mean fluorescence intensity 
of CD68 (n=6). Scale bar, 100 µm. (I) Immunofluorescence staining of RUNX2 (green) and Periostin (red) in periodontal tissues, with (L) quantification of 
the mean fluorescence intensity of RUNX2 and (M) quantification of the mean fluorescence intensity of Periostin (n=6). Scale bar, 100 µm. Blank represents 
the unmodeled group, PBS refers to the control group where PBS was used instead of TWEAK or TWEAK‑Fn14‑IN‑1 during modeling, and TWEAK and 
TWEAK‑Fn14‑IN‑1 represent experimental groups where the recombinant TWEAK protein or TWEAK‑Fn14‑IN‑1 inhibitor was applied, respectively. 
Statistical analysis was performed using a one‑way ANOVA. *P<0.05; **P<0.01; ****P<0.0001. Data are presented as the mean ± SD. ABC, alveolar bone crest; 
BV/TV, bone volume to total volume; CEJ, cementoenamel junction; Fn14, fibroblast growth factor‑inducible 14; MOD, mean optical density; ns, not signifi‑
cant; RUNX2, runt‑related transcription factor 2; TRAP, tartrate‑resistant acid phosphatase; TWEAK, tumor necrosis factor‑like weak inducer of apoptosis.
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PDLSC characteristics (49,50). Additionally, Fn14 activa‑
tion of the NLRP3 inf lammasome has been shown to 
exacerbate acute lung injury (51), whereas NLRP3 dysregu‑
lation disrupts the periodontal microenvironment, leading 
to persistent tissue damage (52). There is also evidence that 
both Pseudomonas aeruginosa (53) and LPS (54) specifi‑
cally increase NLRP3 expression in PDLSCs, suggesting 
that PDLSC‑mediated regulation of NLRP3 contributes 
to the disruption of periodontal homeostasis. The present 
study established the Fn14/NF‑κB/NLRP3 axis as the core 
mechanism through which NF‑κB activation drives NLRP3 
upregulation, directly mediating high‑TWEAK‑induced 
PDLSC dysfunction. This dysfunction is manifested by 
impaired osteogenic differentiation, enhanced capacity to 
induce osteoclast formation and increased promotion of M1 
macrophage polarization. The present study also revealed 
that key interventions, including Fn14 inhibitor application, 
shRNA‑mediated Fn14 silencing or pharmacological NF‑κB 
inhibition, effectively blocked NLRP3 hyperactivation, 
thereby reversing PDLSC dysfunction. This process was 
achieved by restoring proliferation and migration, increasing 
osteogenic marker expression, reducing the RANKL/OPG 
ratio, promoting anti‑inflammatory M2 macrophage polar‑
ization, and suppressing bone resorption and inflammation. 
Animal models further confirmed that Fn14 inhibitors 
significantly alleviated periodontitis‑induced bone destruc‑
tion. Therefore, targeting the Fn14/NF‑κB/NLRP3 axis not 
only repairs dysfunctional PDLSCs but also represents a 
novel therapeutic approach to reestablish the osteoimmu‑
nological balance and treat NLRP3‑mediated periodontal 
pathologies.

Fn14 is expressed at low levels in normal periodontal 
tissues and lacks a death domain (55), making it a promising 
therapeutic target for intervention in the progression of 
advanced periodontitis. Although pharmacological agents 
targeting the TWEAK/Fn14 axis, including monoclonal 
antibodies, fusion proteins, immunotoxins and nanopar‑
ticle‑based formulations, have been explored primarily in 
oncology research  (56‑59), their mechanistic principles 
hold considerable promise for periodontal therapy. Previous 
studies have shown that anti‑TWEAK monoclonal antibodies 
alleviated chronic inflammation and pathological remod‑
eling (60,61), a strategy for inhibiting TWEAK that may be 
applicable to periodontitis. The present findings suggest that 
these strategies not only counteract the pathogenic effects of 
elevated TWEAK concentrations but also modulate PDLSCs 
functionality within inflammatory microenvironments to 
promote tissue regeneration. Building on advancements in 
cancer therapeutics (56‑59), locally deliverable systems can 
be engineered for intrapocket administration to block the 
TWEAK/Fn14/NF‑κB/NLRP3 pathway in PDLSCs. This 
approach has the potential to reduce systemic side effects 
while enhancing regenerative outcomes (62), providing novel 
strategies to restore periodontal homeostasis. However, 
clinical implementation still requires further in vivo efficacy 
and safety evaluations.
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