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Abstract. Periodontitis is a chronic infectious disease that 
alters the cellular microenvironment and promotes bone 
absorption. Bone morphogenetic protein 9 (BMP9) serves an 
important role in proliferation and differentiation, and tumor 
necrosis factor‑alpha (TNF‑α) is an important contributor 
to bone resorption. The present study aimed to investigate 
the effect of osteogenic differentiation in the presence of 
BMP9 and TNF‑α in rat follicle stem cells (rDFCs). rDFCs 
were transfected with adenoviruses expressing BMP9 
(AdBMP9) and the expression levels of important proteins 
[BMP9, β‑catenin, glycogen synthase kinase 3β (GSK3β), 
phosphorylated‑GSK3β, calcium/calmodulin dependent 
protein kinase II and nemo like kinase] were determined using 
western blotting. The effect of osteogenesis was analyzed 
using reverse transcription‑quantitative PCR, in addition 
to alkaline phosphatase, Alizarin Red S, and hematoxylin 
and eosin staining methods. The results of the present study 
revealed that TNF‑α activated the canonical Wnt signaling 
pathway and suppressed osteogenesis. High concentrations 
of Dickkopf 1 (DKK1) reduced the osteogenic differentiation 
of AdBMP9‑transduced rDFCs, whereas low concentrations 
of DKK1 promoted BMP9‑induced bone formation, which was 
discovered to partially act via the canonical and non‑canonical 
Wnt signaling pathways. In conclusion, the findings of the 
present study suggested that the enhanced promoting effect 

of BMP9 alongside the treatment with low concentrations of 
DKK1 may be useful for treating periodontitis bone absorption.

Introduction

Periodontitis is a chronic inflammatory disease, of which the 
initiating factor, bacterial plaque, causes irreparable damage 
to the tooth‑supporting structures (1,2). Tissue regeneration 
is currently the most effective therapeutic method for severe 
periodontitis; however, the treatment effect is limited  (3). 
In 1992, Wise et al (4) successfully cultured rDFCs for the 
first time. Since, the stem cell properties of self‑renewal 
and multi‑directional differentiation potential in DFCs have 
been verified  (5‑8). Bone morphogenetic protein (BMP) 
has been discovered to facilitate the differentiation of 
stem cells into osteoblasts, which subsequently increased 
osteogenesis (9,10). Moreover, BMP9 induces cell differentia-
tion (11‑14). Gene transfection using adenovirus vectors has 
previously demonstrated efficacy (15). In a previous study, 
TNF‑α, a proinflammatory cytokine, lead to the absorption 
and destruction of periodontal bone and collagen fibers (16). 
Notably, Mukai et al (17) discovered that TNF‑α suppressed 
BMP2‑induced osteogenic differentiation.

Wnt signaling is involved in bone formation and bone 
resorption via two major molecular signaling pathways: The 
β‑catenin‑dependent canonical signaling pathway and the 
Ca2+‑dependent non‑canonical Wnt pathway  (18). Several 
studies have indicated that the canonical Wnt signaling served 
a two‑directional regulatory role in osteogenic differentiation; 
for example, Qiu et al (19) discovered that the expression levels 
of osteogenesis‑related factors alkaline phosphatase (ALP) 
and Runt‑related transcription factor 2 (RUNX2) were upregu-
lated in human mesenchymal stem cells via the activation of 
the canonical Wnt signaling pathway; and Jansen et al (20) 
conducted a tensile experiment on human pre‑osteoblasts and 
discovered that the elevated concentrations of β‑catenin at the 
early osteogenesis stagewere markedly reduced at the moderate 
and advanced osteogenesis stages, which subsequently induced 
the formation of a large amount of mineralized tissues (20). 
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These findings suggested that the canonical Wnt signaling 
pathway may suppress osteogenesis at the late differentiation 
stage. Additionally, numerous studies have also reported that 
osteogenic induction or an inflammatory microenvironment 
prompted canonical Wnt signaling to negatively regulate cell 
osteogenic differentiation; for instance, Liu et al (21) discovered 
that suppressing the Wnt/β‑catenin pathway and upregulating 
the Wnt/Ca2+ non‑canonical pathway enhanced the osteogenic 
differentiation of periodontal ligament stem cells under 
inflammation; and Xiang et al (22) further discovered that the 
Wnt5a protein promoted osteogenic differentiation and inter-
acted with the BMP2 signaling pathway (22). However, the 
Wnt canonical signaling pathway was reported to be inhibited 
by Dickkopf 1 (DKK1) (23‑25). The Wnt/β‑catenin pathway 
was also identified to be involved in osteoclastogenesis, 
osteoclast differentiation and bone resorption by influencing 
the expression levels of osteoprotegerin (24,25).

The present study aimed to determine the effects of TNF‑α 
on osteogenic differentiation and investigate the mechanisms 
of the Wnt signaling pathway in BMP9 adenovirus 
(AdBMP9)‑transduced rDFCs.

Materials and methods

Cell culture and adenovirus‑mediated transfection. Sprague 
Dawley rats (n=10; age, 6‑8 days old; male:female, 1:1; weight, 
20‑30  g) were purchased from the Experimental Animal 
Center of Chongqing Medical University (Chongqing, China). 
The rats were housed in cages under a 12‑h light/dark cycle 
with free access to food and water, at a temperature of 22‑25˚C 
and 50‑60% humidity; the rats were monitored every day. 
Rats were sacrificed with 35 mg/kg sodium pentobarbital 
(1%) followed by decapitation then soaked in 20% ethanol for 
10 min; respiratory arrest was confirmed following decapita-
tion. Dental sac tissues were obtained from the first and second 
mandibular molars, and rDFCs were obtained as previously 
described (6). rDFCs were cultured in DMEM (Invitrogen; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS 
(Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin 
and 100 mg/ml streptomycin (Sigma‑Aldrich; Merck KGaA), 
and maintained at 37˚C in a humidified atmosphere containing 
5% CO2.

Flow cytometric analysis and multi‑lineage differentia-
tion were performed for the characterization of mesenchymal 
stem cells, as previously described (6). The identification of 
rDFCs and the determination of appropriate concentrations of 
TNF‑α (10 ng/ml; GenScript) and DKK1 (0.1 and 0.4 µg/ml; 
Sino Biological, Beijing China) were determined based on 
previously published studies (6,8).

At 80% confluence (passage 3), cells were digested 
by 0.25% trypsin, re‑suspended and re‑cultured at 37˚C 
in a humidified atmosphere containing 5% CO2 for 24 h. 
AdBMP9 (MOI=100) and polybrene (1 µm/ml) were added 
to the adherent culture according to previously described 
methods (6,14). Following the addition of AdBMP9, cells were 
incubated for 4 h, then 2 ml complete medium was added 
followed by incubation for 24 h at 37˚C in an atmosphere 
containing 5% CO2. The green fluorescence was observed 
under a f luorescence microscope (magnification, x40) 
AdGFP(MOI=100) was used as the vector control. Cells were 

subsequently collected for further experimentation. Ad‑BMP9 
and Ad‑GFP were provided by Dr Tong‑Chuan He (Molecular 
Oncology Laboratory, University of Chicago Medical Centre, 
USA).

ALP staining. A total of 5x104 cells/well were plated into 24‑well 
plates and cultured in a conventional osteogenic medium for 
7 days at 37˚C (Beyotime Institute of Biotechnology). After 
transfection with AdBMP9, TNF‑α (10 ng/ml, GenScript) and 
DKK1 (0.1 or 0.4 µg/ml; Sino Biological Inc.) were added 
into the medium and cultured at 37˚C in an atmosphere 
containing 5% CO2. The medium was refreshed every three 
days. At 7 days post‑culture, cells were fixed with 4% para-
formaldehyde at room temperature for 2 h and washed with 
distilled, deionized water. Stained cells were observed under 
a light microscope (magnification, x100). ALP staining was 
performed using an ALP staining kit (Beyotime Institute of 
Biotechnology), according to the manufacturer's protocol.

Alizarin Red S staining. Cells (5x104 cells/well) were plated 
into 24‑well plates and cultured in a conventional osteogenic 
medium at 37˚C for 14 days. TNF‑α (10 ng/ml) and DKK1 
(0.1 or 0.4 µg/ml) were added into the medium and cultured 
at 37˚C in an atmosphere containing 5% CO2. The medium 
was refreshed every three days. Following 14 days of culture, 
mineralized matrix nodules were stained for calcium precipi-
tation using Alizarin Red S. Briefly, cells were fixed with 4% 
paraformaldehyde at 20˚C for 15 min and then washed with 
distilled, deionized water. Subsequently, the cells were stained 
with Alizarin Red S (Beyotime Institute of Biotechnology) at 
room temperature for 30 min, followed by three washes with 
deionized water. Deionized water was added into each well to 
prevent cells from drying before they were observed under a 
light microscope (magnification, x40).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) and reverse transcribed into cDNA using 
the iScript™cDNA Synthesis kit (Bio‑Rad Laboratories, Inc.) 
according to the manufacturer's protocol. Reverse transcrip-
tion was performed using the following temperature protocol: 
85˚C for 2 min and 37˚C for 30 min. Subsequently, qPCR was 
performed using SYBR‑Green Master mix (Thermo Fisher 
Scientific, Inc.). The sequences of the primers used for qPCR 
are presented in Table I. Primers used for qPCR amplification 
are presented in Table I, and β‑actin was used as the internal 
control. The following thermocycling conditions were used for 
qPCR: 94˚C for 2 min; followed by 35 cycles of denaturation 
at 95˚C for 30 sec, annealing at 64˚C for 30 sec, and extension 
72˚C for 30 sec. Relative gene expression was calculated using 
the 2‑ΔΔCq method (26) and normalized to the internal reference 
gene β‑actin.

Western blotting. Cells were washed in precooled PBS twice 
and total protein was extracted from cells using RIPA lysis 
buffer (Pierce; Thermo Fisher Scientific, Inc.), containing 
protease inhibitor, phosphatase inhibitor and 1 mM PMSF. 
The cells were incubated on ice for 30 min and the lysate was 
subsequently collected in a 1.5 ml tube and centrifuged at 
10,000 x g for 10 min at 4˚C. The supernatant was transferred 



Molecular Medicine REPORTS  22:  3141-3150,  2020 3143

into 1.5 ml new tubes, followed by the addition of 5X loading 
buffer (volume 1:4), which was then boiled for 5‑8 min and 
stored at ‑20˚C until use. Total protein was quantified using 
a bicinchoninic acid protein assay kit (Beyotime Institute of 
Biotechnology) and proteins (30 µg) were separated via 8% 
SDS‑PAGE. The separated proteins were subsequently trans-
ferred via the wet method (6,8,14) to PVDF membranes and 
blocked with PBS containing 0.2% Tween‑20 and 5% non‑fat 
milk at 4˚C for 2 h. The membranes were then incubated 
overnight at 4˚C with the following primary antibodies over-
night at 4˚C: Anti‑BMP9 (cat. no. ab35088; 1:1,000; Abcam), 
anti‑β‑catenin (cat. no. ab6302; 1:1,000; Abcam), anti‑phos-
phorylated (p)‑glycogen synthase kinase 3β (GSK3β; cat. 
no. ab131097; 1:1,000; Abcam), anti‑GSK3β (cat. no. ab93926; 
1:1,000; Abcam), anti‑calcium/calmodulin dependent protein 
kinase  II (CaMKII; cat. no.  ab52476; 1:1,000; Abcam), 
anti‑nemo like kinase (NLK; cat. no.  ab26050; 1:1,000; 
Abcam) and anti‑β‑actin (cat. no. 4970; 1:1,000; Cell Signaling 
Technology, Inc.). Following the primary antibody incubation, 
the membranes were incubated at room temperature for 2 h 
with a HRP‑conjugated goat anti‑rabbit (cat. no. ab205718; 
1:3,000; Abcam) and anti‑mouse (cat. no. 58802; 1:3,000; 
Cell Signaling Technology, Inc.). Protein bands were visual-
ized using an ECL chemiluminescent substrate kit (Beyotime 
Institute of Biotechnology) and densitometric analysis was 
performed using ImageJ software (version 1.52; National 
Institutes of Health).

Animal experimental design. The present study was approved 
by the Institutional Animal Experimental Ethics Committee of 

Chongqing Medical University (Chongqing, China). A total of 
20 4‑week‑old Sprague Dawley rats (male; weight, 200‑250 g) 
were purchased from the Experimental Animal Center of 
Chongqing Medical University. The rats were housed in cages 
under a 12‑h light/dark cycle with free access to food and water, 
at 22‑25˚C and 50‑60% humidity. Animal health and behavior 
was monitored every day. The rats were randomly divided into 
4 groups (n=5 per group): i) AdBMP9 group; ii) AdBMP9 + 
0.1 µg/ml DKK1; iii) AdBMP9 + 0.4 µg/ml DKK1; and iv) 
AdBMP9 + TNF‑α and received implants respectively as 
detailed below. All cells had been previously co‑cultured 
for 7  days with hydroxyapatite (40  mg/ml; Biomaterials 
Engineering Research Center of Sichuan University), a scaffold 
material, at 37˚C (14).

Rats were anaesthetized using an intraperitoneal injec-
tion of 35 mg/kg sodium pentobarbital (1%). The periapical 
alveolar bone of the first and second molars was exposed 
by surgery and an osseous defect (2x3x3 mm) was created. 
Cells got 7‑day‑co‑cultured with hydroxyapatite. The defect of 
was filled with rDFCs‑hydroxyapatite in accordance with the 
grouping of each rat (4x106 cells; 20 mg; injection site, peri-
apical defect; age of rats at injection, 8 weeks) then covered 
with a collagen membrane (5x5 mm; Bopei Biotech Co., Ltd). 
The wound was closed with interrupted sutures. The 4th 

week following surgery was chosen as the humane endpoint; 
although the rats were in a good mental state and exhibited 
good locomotor activity, the scientific goal of the research has 
been achieved, thus, it was of little significance to continue 
the experiment. The rats were transferred from the rearing 
room into the testing room at ≥30 min prior to the initiation 

Table I. Primer sequences for reverse transcription‑quantitative PCR.

Gene	 Primer sequence (5'→3')

β‑actin	 F: TGCTATGTTGCCCTAGACTTCG
	R : GTTGGCATAGAGGTCTTTACG
Collagen type 1 α1	 F: CAAGAAGTCCCTGCTCCTCCA
	R : GGGAGGTCTTGGTGGTTTTGTAT
Cyclin D1	 F: GTTCATTTCCAACCCACCCTC
	R : CGTTGTGCGGTAGCAGGAGA
Alkaline phosphatase	 F: GGCACCTGCCTTACCAACTCT
	R : GTTGTGGTGTAGCTGGCCCTTA
Osteocalcin	 F: TTTCTGCTCACTCTGCTGACC
	R : CAGCACAACTCCTTCCTACCA
Runt‑related transcription factor 2	 F: CAGCTGCTTAGACGCTGGATT
	R : AGGCGGGACACCTACTCTCATA
c‑Myc	 F: CAGCTGCTTAGACGCTGGATT 
	R : GTAGAAATACGGCTGCACCGA
β‑catenin	 F: GAGCCTGCCATCTGTGCTCT
	R : ACGCAAAGGTGCATGATTTG
Calcium/calmodulin‑dependent protein kinase type II α chain	 F: AACTGACCAGGCACAGACG
	R : CCCTAATGTCTTCCGCCTGC
Serine/threonine protein kinase NLK	 F: TGGGCAACAACAGCCATATTT
	R : ATGGTGCGCCTTAACTGTAGC

F, forward; R, reverse.
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of the experiment. Subsequently, rats were anesthetized with 
an intraperitoneal injection of 35 mg/kg sodium pentobarbital 
(1%) and sacrificed by decapitation; respiratory arrest and 
death were confirmed. 

The alveolar bones were extracted and fixed in 4% para-
formaldehyde for 48 h at room temperature. Subsequently, 
sections (1 mm3) were stained with hematoxylin for 5 min at 
room temperature and eosin for 3 min at room temperature. 
Stained sections were observed under a light microscope 
(magnification, x100).

Statistical analysis. Data are presented as the mean ± SD of ≥3 
independent experiments. Statistical analysis was performed 
using SPSS 21.0 software (IBM Corp.). Data from the 
different groups were compared and analyzed using a one‑way 
ANOVA, followed by a Bonferroni's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

TNF‑α suppresses the osteogenic dif ferentiation of 
AdBMP9‑transduced rDFCs. rDFCs are polygonal or fusi-
form in morphology (6,8,14). rDFCs were transfected with 
AdBMP9 or AdGFP and green fluorescence was detected 
at 24 h post‑transfection (Fig. 1A). In addition, following 
AdBMP9 transfection for 24  h, the expression levels of 
BMP9 were upregulated compared with the AdGFP and 
blank groups (Fig. 1B). To determine the effect of TNF‑α on 
AdBMP9‑induced osteogenic differentiation, rDFCs were 
transfected with AdBMP9 prior to treatment with 10 ng/ml 
TNF‑α, which was selected as the stimulatory concentration for 
use in the experiments (8). Cells were collected 7‑ and 14‑days 
post‑transfection and analyzed via ALP staining and Alizarin 
Red S staining, respectively. The results revealed that TNF‑α 
treatment not only the reduced osteogenic medium‑induced 
osteogenesis, but it also downregulated BMP9‑induced 

osteogenic differentiation (Fig. 2A). The expression levels 
of bone‑related genes, ALP, collagen type 1 α1 (COLI), and 
the late osteogenesis marker osteocalcin (OCN), were further 
analyzed, in addition to the osteogenic differentiation‑related 
transcription factor, RUNX2. RT‑qPCR analysis discovered 
that the expression levels of these genes were significantly 
upregulated in the rDFCs + AdBMP9 group compared with 
the rDFCs group; however, these expression levels were signif-
icantly downregulated in the rDFCs + AdBMP9 + TNF‑α 
group (Fig. 2B‑E). These results indicated that AdBMP9 may 
promote the osteogenic differentiation of rDFCs, which may 
be suppressed by TNF‑α.

TNF‑α regulates the Wnt signaling pathway during the 
BMP9‑induced osteogenic differentiation of rDFCs. Wnt 
signaling has been discovered to be crucial for BMP9‑induced 
osteogenic differentiation (8,24). AdGFP was used in prelimi-
nary western blotting experiments as the vector control as a 
comparison to the effects of AdBMP9 (Fig. 3A and C). After 
TNF‑α stimulation, the expression levels of β‑catenin and 
p‑GSK3β in the TNF‑α and BMP9 + TNF‑α groups were 
upregulated compared with the control and BMP9 groups, 
respectively (Fig. 3B). The expression levels of CaMKII and 
NLK were also downregulated following TNF‑α stimulation 
in the TNF‑α and BMP9 + TNF‑α groups compared with the 
control and BMP9 groups, respectively (Fig. 3D). CaMKII 
and NLK are parts of the non‑canonical Wnt signaling 
pathway (21,23) Thus, these results suggested that TNF‑α may 
inhibit the non‑canonical Wnt signaling pathway. Cyclin D1 
and c‑Myc are downstream genes in the canonical Wnt 
signaling pathway (27,28). The RT‑qPCR results demonstrated 
that the expression levels of cyclin D1 and c‑Myc were signifi-
cantly upregulated in the TNF‑α stimulation group compared 
with the non‑TNF‑α stimulation group (Fig. 3E), indicating 
that the canonical Wnt signaling pathway of rDFCs may be 
activated by TNF‑α. 

Figure 1. Ad‑BMP9‑transfected rDFCs. (A) The cell morphology and fluorescence activity of rDFCs transfected with AdBMP9 or AdGFP for 24 h (magnifica-
tion, x200). (B) Western blotting was used to analyze the expression levels of BMP9 in rDFCs following transfection with AdBMP9. rDFCs, rat follicle stem 
cells; Ad, adenovirus; BMP9, bone morphogenetic protein 9.
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Effect of DKK1 treatment on AdBMP9‑induced osteogenic 
differentiation of rDFCs. DKK1 is an inhibitor of the 
Wnt/β‑catenin signaling pathway  (8,23). The present study 
selected 0.1 and 0.4 µg/ml DKK1 as the stimulatory concentra-
tions to treat the rDFCs with. Following the treatment with the 
higher concentration of DKK1 or TNF‑α, AdBMP9‑induced 
osteogenic differentiation was reduced compared with the 
AdBMP9 group (Fig. 4A); however, the addition of low concen-
trations of DKK1 promoted osteogenesis. The RT‑qPCR analysis 
revealed a similar result; the expression levels of RUNX2, 
OCN and COLI were significantly upregulated following 
the treatment with lose dose DKK1 in AdBMP9‑transduced 
rDFCs compared with the rDFCs + AdBMP9 group (Fig. 4E). 
However, TNF‑α treatment and high dose DKK1 treatment 
significantly downregulated the expression levels of these genes 
compared with the rDFCs + AdBMP9 group (Fig. 4E). In addi-
tion, the expression levels of β‑catenin, p‑GSK3β and cyclin 
D1 were downregulated following the treatment with 0.1 and 
0.4 µg/ml DKK1 compared with the rDFC + AdBMP9 group 
(Fig. 4B and D). Thus, these findings suggested that DKK1 
may suppress the canonical Wnt/β‑catenin signaling pathway. 
Furthermore, following the treatment with 0.4 µg/ml DKK1, 
the expression levels of CaMKII and NLK were upregulated 
compared with the rDFCs + AdBMP9 group, which suggested 
the partial enhancement of the non‑canonical Wnt signaling 
pathway (Fig. 4C and D). Conversely, low dose DKK1 (0.1 µg/ml) 

downregulated the expression levels of CaMKII and NLK 
compared with the rDFCs + AdBMp9 group, which suggested 
the inhibition of the non‑canonical Wnt signaling pathway. The 
abovementioned results suggested that high concentrations of 
DKK1 may activate non‑canonical Wnt signaling and suppress 
canonical Wnt signaling, whereas low concentrations of DKK1 
may suppress both canonical and non‑canonical Wnt signaling 
in AdBMP9‑transduced rDFCs. 

Furthermore, the effect of restoring a bone defect was evalu-
ated in a Sprague Dawley rat model. H&E staining demonstrated 
that TNF‑α and high dose DKK1 treatment promoted a small 
amount of bone formation from AdBMP9‑transduced rDFCs. 
Conversely, a mass of newly formed bone and numerous blood 
vessels were observed in Sprague Dawley rats that were treated 
with AdBMP9‑transduced rDFCs and low dose DKK1 (Fig. 4F). 

These results suggested that high concentrations of DKK1 
and TNF‑α may act via the non‑canonical and canonical Wnt 
signaling pathways to downregulate bone formation, whereas 
low concentrations of DKK‑1 may promote BMP‑9‑induced 
osteogenic differentiation via inhibition of the non‑canonical 
and canonical Wnt signaling pathways.

Discussion

rDFCs are the precursor cells of periodontal ligament cells, 
cement cells and osteoblasts, which form periodontal tissue at 

Figure 2. TNF‑α suppresses AdBMP9‑induced osteogenic differentiation of rDFCs. (A) ALP (magnification, x40) and Alizarin Red S staining (magnifica-
tion, x100) of cells were performed on days 7 and 14, respectively. BMP9 enhanced ALP activity and matrix mineralization and TNF‑α reduced the effect 
of osteogenesis. Reverse transcription‑quantitative PCR was used to analyze the expression levels of the osteogenic markers (B) ALP, (C) COL1, (D) OCN 
and (E) RUNX2 on day 7 post‑transfection. The expression levels of these markers were upregulated by BMP9 but downregulated by TNF‑α. **P<0.01 and 

***P<0.001. rDFCs, rat follicle stem cells; Ad, adenovirus; BMP9, bone morphogenetic protein 9; TNF‑α, tumor necrosis factor α; ALP, alkaline phosphatase; 
COL1, collagen type 1 α1; OCN, osteocalcin; RUNX2, runt‑related transcription factor 2. 
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the late dental development stage via cellular migration and 
differentiation (5‑7). AdBMP9 acts on cells as an exogenous 
factor to safely and effectively transfect the target gene into the 
target cell (8‑13). The present study transfected cells with an 
adenovirus to construct an AdBMP9‑transduced rDFC model.

TNF‑α levels were reported to be markedly increased in 
the gingival crevicular fluid of patients with periodontitis and 
the expression levels of TNF‑α have been closely associated 
with the severity of periodontitis (29,30). Previous studies have 
identified that TNF‑α suppressed cell osteogenic differentia-
tion (8,21,31,32). It was also discovered that high concentrations 
of TNF‑α suppressed the expression of osteogenesis‑related 
factors, such as ALP, OCN and RUNX2 in mesenchymal stem 
cells (33,34). 

The effect of TNF‑α on AdBMP‑induced osteogenic 
differentiation has been discovered to be associated with 
periodontal tissue engineering (17,32,34). Thus, the purpose 
of the present study was to investigate the effect of TNF‑α 
on the AdBMP9‑induced osteogenic differentiation of rDFCs. 
The results of the present study indicated that AdBMP9 

promoted osteogenesis in rDFCs. However, the osteogenic 
effect was markedly reduced following TNF‑α stimulation, 
indicating that TNF‑α may suppress the AdBMP9‑induced 
early and advanced stages of osteogenesis in rDFCs. Similarly, 
some studied reported that TNF‑α prevented the osteogenic 
differentiation of cells under BMP2/7 induction. BMP2 and 
BMP9 belong to the same BMP family  (12,35,36). BMP9 
has been proven to be one of the strongest osteogenic factors, 
demonstrating an ability to repair and regenerate bone 
defects (12,13). Consequently, BMP9 was also suggested to 
potentially promote bone regeneration in TNF‑α‑induced 
bone defects.

The present study preliminarily discovered that TNF‑α 
suppressed the osteogenic differentiation of rDFCs. However, 
the regulatory molecular mechanisms of this pathway remain 
unclear. A large number of previous studies have indicated 
that the Wnt signaling pathways served an important role in 
the osteogenic differentiation of stem cells (18,21,23,25,37,38). 
Therefore, the present study analyzed the expression levels of 
important proteins involved in the Wnt signaling pathways. 

Figure 3. TNF‑α influences the Wnt signaling pathways. (A) Western blotting was used to analyze the expression levels of β‑catenin, p‑GSK3β and GSK3β 
in the blank, AdGFP and AdBMP9 groups. (B) Western blotting revealed that TNF‑α (10 ng/ml) treatment upregulated the expression levels of β‑catenin and 
p‑GSK3β. (C) Western blotting was used to analyze the expression levels of CaMKII and NLK in the blank, AdGFP and AdBMP9 groups. (D) Western blot-
ting revealed that the expression levels of CaMKII and NLK were downregulated by TNF‑α (10 ng/ml) treatment. (E) Cyclin D1 and c‑Myc expression levels 
were detected using reverse transcription quantitative PCR. TNF‑α upregulated the expression levels of cyclin D1 and c‑Myc. ***P<0.001. rDFCs, rat follicle 
stem cells; Ad, adenovirus; BMP9, bone morphogenetic protein 9; TNF‑α, tumor necrosis factor α; GSK3β, glycogen synthase kinase 3β; p‑, phosphorylated; 
CaMKII, calcium/calmodulin‑dependent protein kinase type II α chain; NLK, serine/threonine protein kinase NLK. 
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Figure 4. Effect of DKK1 on AdBMP9‑induced osteogenic differentiation of rDFCs. (A) Alkaline phosphatase staining (magnification, x40) was performed 
on day 7 post‑transfection and Alizarin Red S staining (magnification, x100) was performed on day 14 post‑transfection. ALP staining intensity was enhanced 
in BMP9 group and AdBMP9+DKK1 (0.1 µg/ml) group when compared with the BMP9+TNF‑α group and AdBMP9+DKK1 (0.4 µg/ml) group. More 
calcified nodules were found in BMP9 group and AdBMP9+ DKK1 (0.1 µg/ml) group compared with the BMP9+TNF‑α group and AdBMP9+ DKK1 
(0.4 µg/ml) group. (B) Effect of DKK1 on canonical Wnt signaling in AdBMP9‑transduced rDFCs. Western blotting revealed that DKK1 downregulated the 
expression levels of β‑catenin and p‑GSK3β. (C) Effect of DKK1 on non‑canonical Wnt signaling in AdBMP9‑transduced rDFCs. The results revealed that 
0.4 ng/ml DKK1 upregulated the expression levels of CaMKII and NLK, whereas 0.1 ng/ml DKK1 downregulated CaMKII expression levels. No obvious 
differences were observed in NLK expression levels. (D) RT‑qPCR was used to analyze the mRNA expression levels of β‑catenin, cyclin D1, CaMKII 
and NLK. (E) RT‑qPCR was used to determine mRNA expression levels of the bone markers RUNX2, OCN and COLI. The expression levels of these 
markers were upregulated following 0.1 ng/ml DKK1 treatment but downregulated with 0.4 ng/ml DKK1 and TNF‑α (10 ng/ml). (F) Hematoxylin and eosin 
staining of sections of new bone formation from Sprague Dawley rats (magnification, x40). ***P<0.001. rDFCs, rat follicle stem cells; Ad, adenovirus; BMP9, 
bone morphogenetic protein 9; TNF‑α, tumor necrosis factor α; DKK1, Dickkopf 1; GSK3β, glycogen synthase kinase 3β; p‑, phosphorylated; CaMKII, 
calcium/calmodulin‑dependent protein kinase type II α chain; NLK, serine/threonine protein kinase NLK; COL1, collagen type 1 α1; OCN, osteocalcin; 
RUNX2, runt‑related transcription factor 2; RT‑qPCR, reverse transcription‑quantitative PCR.
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The experimental results revealed that following TNF‑α inter-
ference, the canonical Wnt/β‑catenin signaling pathway was 
activated and the Wnt/Ca2+ non‑canonical signaling pathway 
was inhibited. Previous studies have also suggested that the 
canonical Wnt/β‑catenin pathway may prevent the differentia-
tion process of certain stem cells, such as the odontoblast‑like 
differentiation of dental pulp stem cell and the osteogenic 
differentiation of adipose derived stromal cells (37,39), which 
is consistent with the results of the present study.

The primary mechanism of action of the canonical 
Wnt/β‑catenin signaling pathway is as follows: The Wnt 
protein binds to the cell surface membrane Frizzled 
receptor, which activates the Dishevelled receptor family, 
suppresses the downstream Axin/GSK3β/adenomatous 
polyposis coli complex and thus, represses the degradation 
of β‑catenin (21,23). Subsequently, β‑catenin enters the cell 
nucleus, interacts with the TCL/LEF transcription factor and 
promotes the expression of specific genes (40,41). GSK3β is a 
protein kinase which phosphorylates β‑catenin, thus inducing 
its degradation through the ubiquitin proteasome pathway (42). 
The results of the present study revealed that compared with 
the AdBMP‑transfected cells without TNF‑α stimulation, 
the TNF‑α treatment upregulated the expression levels of 
β‑catenin and p‑GSK3β. TNF‑α upregulated expression levels 
of cyclin D1 and c‑Myc, which are downstream target genes of 
the canonical Wnt signaling pathway.

Wnt signaling can be categorized into the canonical and 
non‑canonical Wnt/Ca2+ signaling pathway  (23). However, 
to the best of our knowledge, whether the non‑canonical 
Wnt pathway is involved in the osteogenic differentiation of 
stem cells following TNF‑α stimulation remained unclear. 
CaMKII and NLK are key proteins of wnt non‑canonical 
signaling pathway (23,43) NLK translocates into the nucleus 
and suppress the regulatory effect of the β‑catenin/TCF/LEF 
polymer on gene transcription, thus affecting cellular func-
tion  (43,44). The present study discovered that TNF‑α 
treatment downregulated the expression levels of CaMKII and 
NLK in AdBMP9‑transduced rDFCs. These results indicated 
that the Wnt/β‑catenin signaling pathway may be activated 
by TNF‑α, whereas the non‑canonical Wnt/Ca2+ signaling 
pathway may be suppressed.

The aforementioned results of the present study prelimi-
narily verified that TNF‑α may suppress the osteogenic 
differentiation of rDFCs, which was closely associated with the 
activation of the canonical Wnt/β‑catenin signaling pathway 
and the suppression of the Wnt/Ca2+ non‑canonical signaling 
pathway. To further verify the roles of the Wnt signaling path-
ways in AdBMP9‑indued osteogenic differentiation of rDFCs 
with TNF‑α, the Wnt canonical signaling inhibitor DKK1 
was used. The results of the western blotting experiments 
revealed that high concentrations of DKK1 upregulated the 
expression levels of CaMKII and NLK, while low concentra-
tions of DKK1 downregulated the expression levels of these 
proteins. β‑catenin expression levels were downregulated 
by DKK1 at both high and low concentrations; however, 
the inhibitory effect was higher following high dose DKK1 
treatment compared with low dose DKK1. These results 
suggested that Wnt/β‑catenin signaling may be suppressed 
by both high and low concentrations of DKK1, whereas the 
Wnt/Ca2+ non‑canonical pathway may be activated by high 

concentrations of DKK1 and suppressed by low concentrations 
of DKK1. The RT‑qPCR results revealed that low concentra-
tions of DKK1 significantly upregulated the expression levels 
of RUNX2, OCN and COLI. Conversely, TNF‑α treatment 
and high concentrations of DKK1 downregulated the expres-
sion levels of these genes. These results suggested that low 
concentrations of DKK1 may promote AdBMP9‑induced 
osteogenic differentiation. 

These results highlighted the close association between the 
canonical and Wnt/Ca2+ non‑canonical signaling pathways, 
suggesting that the two pathways may exert their functions 
simultaneously to regulate stem cell differentiation. Under 
an inflammatory microenvironment, the dynamic balance 
between the canonical and non‑canonical signaling pathways 
is reportedly broken, which thereby affects the stem cell 
function (21,25,31,34). 

TNF‑α has been reported as an important inflammatory 
factor responsible for periodontal bone defects resulting from 
periodontitis (17,32). In the present study, TNF‑α suppressed 
the AdBMP9‑induced osteogenic differentiation of rDFCs by 
activating the canonical Wnt signaling pathway and repressing 
the non‑canonical signaling pathway. The results indicated that 
DKK1 also influenced canonical and non‑canonical signaling 
pathways, thereby affecting the osteogenic differentiation of 
cells. These findings suggested that regulating the balance 
between the Wnt canonical and non‑canonical signaling 
pathways may be promising for restoring the osteogenic 
differentiation of rDFCs. 

Collectively, the results of the present study indicated 
that TNF‑α may interact with the Wnt signaling pathway to 
suppress osteogenesis. Thus, the enhanced promoting effect of 
BMP9 following treatment with low concentrations of DKK1 
may be useful for treating periodontitis bone absorption.

In conclusion, the results of the present study provided 
novel evidence for studying stem cell function in relation to 
TNF‑α and DKK1, thus providing an opportunity for stem 
cells to be applied in clinical studies in the future. However, 
the present study did not investigate the effects of the feedback 
loop of TNF‑α and DKK1, which may provide an additional 
mechanism of crosstalk between BMPs and Wnt signaling. 
Therefore, further scientific research is required to determine 
the interaction between signaling pathways in vivo and in vitro, 
which will enable the optimization of therapies for bone tissue 
engineering.
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