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Abstract. Periodontal ligament stem cells (PdlScs) are 
vital for the regeneration of periodontal tissue. Transforming 
growth factor (TGF) β1, a potent stimulator of tissue 
regeneration, is extensive and abundant in the bone matrix. 
However, the effect of TGF-β1 in periodontal differentiation 
remains to be elucidated. The present study aimed to evaluate 
the effect of TGF-β1 on human PdlScs. PdlScs were 
isolated using CD146 microbeads, and characterized by flow 
cytometry. The present study demonstrated that treatment 
with TGF-β1 induced PdlSc senescence, characterized 
by increases in senescence-associated beta-galactosidase 
activity and elevation of both p16 and p21 expression. 
Furthermore, TGF-β1 treatment demonstrated the capacity 
to induce the production of reactive oxygen species (roS). 
of note, addition of a roS scavenger successfully rescued 
the TGF-β1-induced PdlSc senescence. Thus, the present 
results indicated that TGF-β1 may serve a vital role in 
PdlSc senescence, and thus represent a potential target 
involved in the fabrication and formation of hard tissue for 
clinical treatment.

Introduction

Periodontal ligament (Pdl) is the connective tissue located 
between the alveolar bone and tooth root. if Pdl is severely 
damaged by periodontitis, regeneration is difficult (1). 
Periodontal ligament stem cells (PdlScs) are essential 

for periodontal tissue regeneration, which often forms 
a cementum/Pdl-like structure after transplantation 
in vivo (1,2). However, the mechanisms responsible for regu-
lating PdlSc differentiation have yet to be fully elucidated. 
PDL regeneration involves fiber fabrication and hard tissue 
formation, such as alveolar bone and cementum. It is signifi-
cative for the stimulation of PdlScs to differentiate into 
osteoblast, cementoblast and ligaments in damaged periodontal 
tissue regeneration. The use of morphogens and growth factors 
have been shown to stimulate PdlSc differentiation (3-5).

Transforming growth factor (TGF) β1 is a potent stimulator 
of tissue regeneration, and is abundant in the bone matrix (6,7). 
a previous study found that TGF-β1 can improve bone regen-
eration in animal models of guided tissue regeneration (8). 
However, a previous study reported that TGF-β1 inhibited 
primary Pdl cell cementogenic and osteogenic differentiation 
via competition with bone morphogenetic protein 2 (9). The 
differential effects of TGF-β1 on fibrogenesis, chondrogenesis 
and osteogenesis have been identified by comparing in vivo 
and in vitro experiments, suggesting a controversial role for 
TGF-β1 in periodontal differentiation (10,11).

cellular senescence results in irreversible cell cycle 
arrest, as well as a series of morphological and func-
tional changes, which may further inhibit the potential 
for self-renewal in PdlScs (12-14). The acquisition of a 
senescence-associated secretory phenotype (SaSP) rein-
forces senescence and stimulates the immune system to clear 
the senescent cells (15). cellular senescence can be induced 
by various stimuli and stressors, including dna damage, 
metabolic insults, oxidative stresses, oncogene activation 
and epigenetic changes (16-18). a number of studies suggest 
that TGF-β1 is also capable of inducing senescence in tumor 
and other cells (19-21). However, whether TGF-β1 induces 
PDLSC senescence has yet to be clarified. Thus, the present 
study attempted to investigate the effect of TGF-β1 on the 
senescence of PdlScs and its association to reactive oxygen 
species (roS) generation, in order to elucidate the function 
of TGF-β1 in periodontal differentiation.

Materials and methods

Human PDLSC culture and treatment. Pdl tissues were 
collected from healthy third molar teeth extracted from ten 
male and eight female dental surgery patients aged between 
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18 and 25 years old who had visited the department of 
Periodontology in the Affiliated Hospital of Qingdao University 
from February 2018 to april 2019. The study guidelines were 
approved by the Review Board of the Affiliated Hospital of 
Qingdao university. normal periodontal tissues were digested 
using dispase (4 mg/ml; Sigma-aldrich; Merck KGaa) and 
collagenase (3 mg/ml; Sigma-aldrich; Merck KGaa) for 1 h 
at 37˚C. Cell suspensions were cultured in α-MeM (Hyclone; 
Ge Healthcare life Sciences) supplemented with 20% fetal 
bovine serum (Hyclone; Ge Healthcare life Sciences) and 1% 
streptomycin and penicillin at 37˚C in 5% CO2. PdlScs were 
isolated from third-passage periodontal ligament cells using 
a cluster of differentiation (cd)146 microbead kit (Miltenyi 
Biotec GmbH) according to the manufacturer's instructions. 
For characterization of the isolated cells, the PdlScs were 
pre-incubated with Human TruStain FcX™ (Fc receptor 
Blocking Solution; cat. no. 422301; Biolegend, inc.) for 10 min 
at room temperature, and then stained with the following 
antibodies for 30 min at 4˚c: anti-human Pe-conjugated 
cd34 (cat. no. 12-0349-42), cd44 (cat. no. 12-0441-82), cd45 
(cat. no. 12-9459-42), cd90 (cat. no. 12-0909-42) and cd105 
(cat. no. 12-1057-42) antibodies (eBioscience; Thermo Fisher 
Scientific, Inc.). Flow cytometry analysis was performed on a 
FACS Calibur flow cytometer (BD Biosciences) and analyzed 
using WinMdi version 2.9 software (http://www.cyto.purdue.
edu/flowcyt/software/Winmdi.htm).

For cell treatments, the isolated PdlScs were starved 
in serum-free α-MeM overnight and then cultured in 
fresh serum-free α-MeM supplemented with TGF-β1 
(10 ng/ml; PeproTech, inc., ) alone, or in combination with 
n-acetyl-l-cysteine (nac; 10 mM; Beyotime institute of 
Biotechnology) or lY364947 (2 µM; Selleck chemicals).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
rna was extracted from cultured PdlScs with Trizol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and then 
reverse-transcribed to cdna using a PrimeScript rT reagent 
kit (Takara Bio, inc.) according to the manufacturer's protocols. 
qPcr analysis was performed on a light cycler 96 (roche 
diagnostics GmbH) using SYBr Green mix (Takara Bio, inc.). 
Samples were initially denatured for 30 sec at 95˚C, followed 
by 40 cycles of denaturation for 5 sec at 95˚C and annealing for 
30 sec at 60˚C. Primers used for qPCR are listed in Table I. The 
2‑∆∆Cq method normalized to GAPDH was used for quantifica-
tion (22). experiments were repeated three times independently.

ROS measurement. roS were detected using a MitoSoX red 
Superoxide Indicator (Invitrogen; Thermo Fisher Scientific, 
Inc.), or hydrogen peroxide‑specific peroxy orange 1 (PO1; 
aPexBio Technology llc) probe. Following treatment with 
TGF-β1, PdlScs were incubated with 5 µM MitoSoX red 
for 10 min, or 5 µM PO1 for 30 min at 37˚C. Fluorescence was 
detected by a FACSCalibur flow cytometer (BD Biosciences) 
and analyzed using WinMdi version 2.9 software.

Western blot analysis. PdlScs treated with TGF-β1 were lysed 
in 2% SdS lysis buffer (Beyotime institute of Biotechnology). 
The concentration of protein lysates were assayed using a 
Pierce™ Bca protein assay kit (cat. no. 23225; Thermo Fisher 
Scientific, Inc.). A total of 20 µg of protein was resolved via 

12% SdS-PaGe and transferred to 0.45-µm PVdF membranes. 
Following 1 h of blocking with 5% skimmed milk at room 
temperature, PVdF membranes were incubated with the 
following primary antibodies: anti-α-tubulin (1:5,000; 
cat. no. 11224-1; ProteinTech Group, inc.); anti-p21 (1:1,000; 
cat. no. ab109520; abcam); anti-p16 (1:1,000; cat. no. ab108349; 
abcam); and anti-superoxide dismutase2 (Sod2; 1:1,000; 
cat. no. ab13533; abcam), and then reacted with horseradish 
peroxidase (HrP)-conjugated secondary antibodies (1:5,000; 
cat. no. 31460; invitrogen; Thermo Fisher Scientific, inc.). 
α-tubulin was used as internal reference. Signals were visual-
ized using an enhanced chemiluminescent HrP substrate 
(cat. no. WBKlS0050; eMd Millipore) and imageJ (version 
1.50i; national institutes of Health) was used for densitometry.

ELISA. an eliSa kit (cat. no. KHc0081; invitrogen; Thermo 
Fisher Scientific, Inc.) was used to detect levels of interleukin 
(il)-8 in the cell culture supernatants, according to the manu-
facturer's instructions.

Senescence‑associated beta‑galactosidase (SA‑β‑Gal) 
staining. The PdlScs were treated with TGF-β1 alone or 
combined with nac or lY364947 for 48 h. Sa-β-gal activity 
was detected with the Sa-β-gal staining kit (cat. no. rG0039; 
Beyotime institute of Biotechnology), in accordance with the 
manufacturer's protocols.

Statistical analysis. data are shown as mean ± standard 
deviation. one-way analysis of variance (anoVa) followed 
by Tukey's post-hoc test was used for comparisons between 
>2 groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Isolation and characterization of PDLSCs. PdlScs were 
isolated using cd146 microbeads. The majority of PdlScs 

Table i. Primers used for reverse transcription-quantitative 
Pcr.

Gene Primer Sequence (5'-3')

GaPdH Forward aGGGcTGcTTTTaacTcTGGT
 reverse ccccacTTGaTTTTGGaGGGa
il-6 Forward GaTGaGTacaaaaGTccTGaTcca
 reverse cTGcaGccacTGGTTcTGT
il-8 Forward TTGGcaGccTTccTGaTTTc
 reverse TGGTccacTcTcaaTcacTcTca
il-18 Forward caccccGGaccaTaTTTaTTaTaaGT
 reverse TGTTaTcaGGaGGaTTcaTTTccTT
P21 Forward GccTGGacTGTTTTcTcTcG
 reverse aTTcaGcaTTGTGGGaGGaG
P16 Forward cacGGGTcGGGTGaGaGT
 reverse cccaacGcaccGaaTaGTTac

il, interleukin.



Molecular Medicine rePorTS  20:  3123-3130,  2019 3125

exhibited a fibroblastic spindle morphology, and a small round 
or triangular shape (Fig. 1a and B). The mesenchymal stem 
cell (MSc) properties of PdlScs were then characterized, 
by detecting their expression levels for MSc-specific cell 
surface antigens by flow cytometry. As presented in Fig. 1c, 
PDLSCs highly expressed the MSC‑specific markers CD44, 
cd90 and cd105. in addition, the cells were negative for the 
hematopoietic stem cell marker cd34 and the pan-leukocyte 
marker cd45.

TGF‑β1 induces PDLSC senescence. β-Galactosidase 
activity is a specific marker for cellular senescence, and is 
observed only in senescent cells (23). as shown in Fig. 2, 
following treatment with TGF-β1, the percentage of positive 
PdlScs for Sa-β‑gal staining was significantly increased. 
TGF-β1 treatment also significantly increased the mRNA 
and protein expression levels of p16 and p21 (Fig. 3). To 
confirm the effect of TGF‑β1 on PdlSc senescence, the 
TGF-β signaling pathway was blocked with a specific 
TGFβr inhibitor, lY364947. it was identified that the 
percentage of Sa-β-gal positive cells decreased signifi-
cantly (Fig. 2), and the expression levels of p21 and p16 
were also downregulated (Fig. S1), following treatment with 
lY364947. These results indicated that TGF-β1 treatment 
induced PdlSc senescence.

it has been reported that senescent cells release a series 
of inflammatory cytokines, a process that further reinforces 
cellular senescence (15). To investigate whether senescent 
PdlScs develop a complex SaSP, the expression of several 
key inflammatory mediators was investigated in the present 
study. elevated il-18 and il-8 mrna levels (Fig. 4a) and 
secreted il-8 protein levels (Fig. 4B) were observed in 
TGF-β1-induced senescent PdlScs; by contrast, il-6 mrna 
expression levels were unchanged (Fig. 4a).

TGF‑β1 treatment increases ROS production in PDLSCs. 
roS was detected using the MitoSox red probe, and 
the results demonstrated that treatment with TGF-β1 for 
48 h markedly increased roS production in PdlScs 
(Fig. 5a and B). H2o2was also detected with a Po1 probe. 
detection of Po1 further confirmed the TGF-β1-induced 
roS production (Fig. 5a and B). additionally, the protein 
expression levels of Sod2, which is a mitochondrial matrix 
enzyme and protects mitochondria against roS insult (24), 
were obviously downregulated following TGF-β1 treatment 
(Fig. 5c), suggesting the involvement of Sod2 expression 
levels in cellular senescence.

Senescence of PDLSCs is rescued by NAC. To evaluate 
the role of roS in TGF-β1-induced PdlSc senescence, 

Figure 1. characterization of PdlScs. (a) Pdl cell clusters exhibited radiating or whirlpool-like morphology. The central structure in this image is a fragment 
of PDL tissue. Scale bar, 200 μm (B) CD146+ PDLSCs were small, round, fusiform and triangular. Scale bar, 100 μm. (C) PDLSCs were positive for the stem 
cell markers CD44, CD90 and CD105, but negative for CD34 and CD45, as detected by flow cytometry. PDL, periodontal ligament; PDLSCs, PDL stem cells.
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Figure 2. β-galactosidase activity in PdlScs after TGF-β1 treatment. PdlScs were treated with 10 ng/ml TGF-β1 alone, or in combination with 10 mM 
nac or 2 µM lY364947, for 48 h. Senescence was assayed by Sa-β‑gal staining. (A) Representative images. Scale bar, 50 μm. (B) The percentage of 
Sa-β-gal-positive cells in PdlScs in each treatment group. results are presented as mean ± standard deviation. **P<0.01, with comparisons indicated by 
lines. data are representative of three independent experiments. PdlScs, periodontal ligament stem cells; TGF-β1, transforming growth factor-β1; nac, 
n-acetyl-l-cysteine; Sa-β-Gal, senescence-associated beta-galactosidase.

Figure 3. expression of p16 and p21 in PdlScs after TGF-β1 treatment. (a) mrna and (B and c) protein expression levels of p16 and p21 in PdlScs 
treated with TGF-β1 (10 ng/ml) alone, or in combination with 10 mM nac, for 48 h. results are presented as mean ± standard deviation. **P<0.01, with 
comparisons indicated by lines. data are representative of three independent experiments. PdlScs, periodontal ligament stem cells; TGF-β1, transforming 
growth factor-β1; nac, n-acetyl-l-cysteine.



Molecular Medicine rePorTS  20:  3123-3130,  2019 3127

the physiological mitochondrial roS scavenger nac was 
used in the senescence assay. The results demonstrated that 
nac effectively impaired TGF-β1-induced roS production 
in PdlScs (Fig. 5A and B). NAC treatment significantly 
suppressed TGF-β1-induced Sa-β-Gal activity (Fig. 2), 
p16 and p21 expression (Fig. 3), as well as il-8 and il-18 
production (Fig. 4). These results indicated that roS were 
an important mediator of the TGF-β1-induced PdlSc 
senescence.

Discussion

PdlScs which are positive for cd146 or STro-1 have greater 
osteogenic potential and colony-forming ability than cd146 or 
STro-1-negative PdlScs (25,26). The present study inves-
tigated the effect of TGF-β1 on cd146+ PdlSc senescence. 
PdlScs also possess characteristics of MScs, such as cell 
surface MSc-specific marker expression (cd44+, cd73+, 
cd90+, cd105+, cd45-, cd31- and cd34-) (27,28). in accor-
dance with that, the present study characterized the isolated 
PdlScs by flow cytometry, and found that the isolated 
PDLSCs successfully expressed the MSC‑specific markers 
cd44, cd90 and cd105, and were negative for cd34 and 

the pan-leukocyte marker cd45. The data from the present 
study demonstrated that TGF-β1 increased Sa-β-Gal activity 
and roS production in PdlScs. The expression levels of the 
aging-related p16 and p21 proteins were also significantly 
increased following TGF-β1 treatment. in addition, expression 
of the mitochondrial matrix enzyme Sod2 was decreased in 
TGF-β1-treated PdlScs. addition of the roS scavenger nac 
repressed the roS production and PdlSc senescence induced 
by TGF-β1. The data from the present study thus demonstrated 
that TGF-β1 induced PdlSc senescence through the increase 
of roS production.

Periodontal disease (PD) is characterized by inflammation 
and tissue destruction in the periodontal apparatus. PdlScs 
are critical to the Pdl tissue reconstruction process and are 
known to differentiate into osteoblastic or cementoblastic cells 
to form calcified tissue (29,30). Previous studies have indicated 
that TGF-β1 could cause tumor cell senescence (19,20). The 
present study demonstrated that TGF-β1 significantly increased 
Sa-β-Gal activity in PdlScs, suggesting that PdlScs were 
undergoing senescence. cellular senescence can result in 
phenotype changes and low proliferation of PdlScs (12-14), 
which may further attenuate the efficiency of PDLSC‑based 
transplantation. PdlSc expression of aging regulators p16 

Figure 4. effects of TGF-β1 on cytokine production. (a) mrna levels of the indicated genes in PdlScs treated with TGF-β1 (10 ng/ml) alone, or in 
combination with 10 mM nac, for 72 h. (B) The levels of secreted il-8 in cultured PdlSc supernatants were detected by eliSa. results are presented as 
mean ± standard deviation. **P<0.01, with comparisons indicated by lines. data are representative of three independent experiments. TGF-β1, transforming 
growth factor-β1; il, interleukin.
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and p21 was also upregulated significantly following TGF‑β1 
treatment.

Senescent cells usually produce a series of cytokines, 
chemokines, and other soluble factors, a phenotype called 
SaSP, which is believed to reinforce senescence (13,15). in the 
present study, elevated il-8 and il-18 expression was detected 
following TGF-β1 treatment, suggesting that TGF-β1 was 
capable of instigating inflammation in PDLSCs. IL‑8 can cause 
extensive infiltration of neutrophils, which serve an essential 
role in the inflammatory process (31). additionally, the levels 
of il-8 in periapical lesions has been reported to correlate 
with pain in patients with apical periodontitis (32). in a recent 
study, il-18 was demonstrated to promote matrix metallopep-
tidase secretion by activating the nF-κB signaling pathway in 

human periodontal ligament fibroblasts, indicating that IL‑18 
is involved in chronic periodontitis development (33).

The findings of the present study reveal a new role for 
TGF-β1 signaling in PdlSc senescence and SaSP produc-
tion. it should also be noted that TGF-β1 serves important 
roles in cell growth, differentiation and transformation (34). in 
addition, the complete deletion of TGF-β1 is developmentally 
lethal (34). concerning the periodontal regeneration, TGF-β1 
signaling deficiency affects cementoblast differentiation and 
periodontal wound-healing, indicating that a normal level 
of TGF-β1 is biologically required and thereby protective 
of the periodontium (35,36). Therefore, appropriate TGF-β1 
suppression can present a therapeutic basis for treating 
periodontitis. cellular senescence was initially considered 

Figure 5. roS production in PdlScs after TGF-β1 treatment. (a) PdlScs were treated with 10 ng/ml TGF-β1 alone, or in combination with 10 mM 
NAC, for 48 h. ROS production was assayed by MitoSOX Red or peroxy orange 1 staining and flow cytometry analysis. Representative plots are shown. 
(B) Quantification of results from panel A. (C) Protein expression levels of SOD2 in TGF‑β1-treated PdlScs. **P<0.01, with comparisons indicated by lines. 
data are representative of three independent experiments. roS, reactive oxygen species; PdlScs, periodontal ligament stem cells; TGF-β1, transforming 
growth factor-β1; SOD2, superoxide dismutase2; MFI, mean fluorescence intensity.
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a fail-safe mechanism for tumor suppression (37). However, 
several studies have shown that senescent cells promote the 
growth of premalignant or malignant cells, at least partly via 
SaSP (38,39). A specific SASP component, IL‑6 also serves 
an established role in liver regeneration and repair (40). in 
addition, during periodontal regeneration and wound repair, 
a phase of inflammation and granulation is indispensable (41), 
thus making TGF-β1-induced SaSP a likely contributor to the 
process of regeneration.

our previous study found that TGF-β1 treatment enhanced 
roS production in corneal endothelium cells and further 
induced cellular senescence (42), which raised the hypothesis 
that roS could be involved in PdlSc senescence. The results 
of the present study demonstrated that roS production was 
significantly upregulated in TGF‑β1-treated PdlScs. The 
results also demonstrated that the expression levels of Sod2, 
which can protect mitochondria against roS insult (24), 
were significantly decreased in PDLSCs following TGF‑β1 
treatment. To further examine the role of roS in TGF-β1 
induced PdlSc senescence, PdlScs were treated with 
the roS scavenger nac in combination with TGF-β1. The 
results revealed that NAC significantly inhibited the TGF‑β1 
induced roS production and Sa-β-Gal activity, suggesting 
that TGF-β1-induced PdlScs senescence depended on roS 
production.

in conclusion, the present study demonstrated that TGF-β1, 
a potent stimulator for tissue regeneration, promoted PdlSc 
senescence and this effect was dependent on roS induction.
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