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Abstract. Periodontitis is a common inflammatory disorder 
affecting the tissues surrounding the teeth, which can lead 
to the destruction of periodontal tissue and tooth loss. 
Resveratrol, a natural phytoalexin, exerts multiple biological 
effects. For example, its anti‑inflammatory activity has been 
widely studied for the treatment of inflammatory bowel disease 
for a number of years. However, its effect on bone repair and 
new bone formation in an inflammatory microenvironment is 
not well understood. Accordingly, the effect of resveratrol on 
inflammation‑affected human periodontal ligament stem cells 
(hPDLSCs) requires further investigation. In the present study, 
the effect of tumor necrosis factor‑α (TNF‑α), resveratrol, or 
the combination of both on the osteogenic differentiation of 
hPDLSCs, as well as the underlying mechanisms involved, were 
investigated. Cell Counting Kit‑8 assay, alkaline phosphatase 
staining, Alizarin red staining, Oil Red O staining, reverse 
transcription‑quantitative PCR and western blotting were 
used in the present study. It was demonstrated that resveratrol 
enhanced hPDLSC osteogenesis and reversed the inhibitory 
effects of TNF‑α on this process. Further mechanistic studies 
indicated that resveratrol exerted anti‑inflammatory activity 
by activating the ERK1/2 pathway, decreasing the secretion of 
interleukin (IL)‑6 and IL‑8 induced by TNF‑α, and enhancing 
hPDLSCs osteogenesis. The present study suggested that 

resveratrol may be a novel and promising therapeutic choice 
for periodontitis.

Introduction

Conventional therapies have succeeded in controlling 
periodontal inflammation but cannot restore the damage to 
periodontal tissues (1). In previous years, tissue engineering 
technologies have offered a promising approach for complete 
periodontal tissue regeneration  (2). A previous study also 
indicated that human periodontal ligament stem cells 
(hPDLSCs) possess multi‑potency and can differentiate into 
cementoblast‑like cells, adipocytes and collagen‑forming 
cells (3). Thus, hPDLSCs are a promising stem cell population 
for complete periodontal tissue regeneration.

Decreased estrogen levels are the primary cause of osteo-
porosis in menopausal women. Accordingly, estrogen can be 
used to prevent postmenopausal osteoporosis (4). After bone 
maturation, this tissue is constantly remodeled throughout 
adult life (5). Estrogen plays an important role in maintaining 
the balance between bone resorption and bone formation (6). 
Phytoestrogens are a group of naturally existing compounds in 
plants with mammalian estrogen‑like activity (7). Resveratrol, 
a well‑known phytoestrogen, is a phenolic compound that 
exists in red wines, peanuts, mulberries and the berry skins of 
the majority of grape cultivars (8). Previous studies have shown 
that resveratrol has estrogenic activity (9,10). It also has several 
biological effects including anticancer activity (11), cardiovas-
cular protection (12) and anti‑inflammatory properties (13).

Furthermore, the bone protective activities of resvera-
trol have attracted extensive interest (14,15). One study has 
demonstrated that resveratrol promotes the proliferation and 
differentiation of osteoblastic MC3T3‑E1 cells in vitro (16). 
Dai  et  al  (17) reported that resveratrol stimulates human 
mesenchymal stem cell (MSC) proliferation and osteoblast 
differentiation via ERK‑dependent ERK1/2 activation. 
Previously, resveratol was also found to enhance the osteogen-
esis of human MSCs by upregulating Runt‑related transcription 
factor 2 (Runx2) gene expression via the NAD‑dependent 
protein deacetylase sirtuin‑1 (SIRT1)/forkhead box protein O3 
(FOXO3A) axis (18).
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Tumor necrosis factor-α (TNF‑α) plays a critical role in 
inflammation, which can be rapidly secreted by macrophages 
and T lymphocytes (19). Accordingly, it is involved in several 
inflammatory bone diseases such as rheumatoid arthritis and 
periodontitis (20,21). This cytokine can also inhibit the osteo-
genic differentiation of MSCs. However, although it has been 
hypothesized that resveratrol could positively regulate the 
osteoblastic differentiation of hPDLSCs in an inflammatory 
microenvironment induced by TNF‑α, this has previously not 
been elucidated.

In the present study, the effect of resveratrol and TNF‑α 
on hPDLSC proliferation and osteoblast differentiation was 
investigated.

Materials and methods

Tissue collection and cell culture. hPDLSCs were collected 
from wisdom teeth and premolars extracted from 20 indi-
viduals aged 12‑20 years. Volunteers included 15 males and 
five females with a mean age of 14 years (age, 12‑20 years). 
The recruitment was carried out between June and September 
2017. All procedures were performed at the Department 
of Oral & Maxillofacial Surgery (School of Stomatology, 
Shandong University), and written informed consent was 
obtained from each participant and the legal guardians of 
all children. The extracted teeth were placed in α‑Minimal 
Essential Medium (α‑MEM; Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with penicillin (400 U/ml) and strepto-
mycin (400 mg/ml) on ice and were delivered to the Shandong 
Provincial Key Laboratory of Oral Tissue Regeneration 
immediately. Periodontal membranes were scraped from the 
middle third of the healthy non‑carious root surface and cut 
into 1.0 mm3 fragments with an aseptic scalpel, as previously 
described (22). The fragments were tiled on the bottom of 
a culture bottle and cultured in α‑MEM supplemented with 
20% FBS (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml 
penicillin G and 100 µg/ml streptomycin. The culture bottle 
was turned over 4 h later and incubated at 37˚C with 5% CO2. 
When the cells grew to 80% confluence, cells were digested 
with 0.25% trypsin. Single cell colonies were subcultured 
as previously described (23), and cells at passages 3‑5 were 
used for the following experiments. hPDLSC morphology was 
assessed using an inverted microscope at a magnification of 
x100 and x200.

Cell proliferation assay. The effect of resveratrol on hPDLSC 
viability was investigated using a Cell Counting Kit‑8 (CCK‑8) 
assay (Dojindo Molecular Technologies, Inc.), according to 
the manufacturer's instructions. hPDLSCs were seeded into 
96‑well plates at a density of 3x103 per well. Cells were then 
cultured with complete medium (α‑MEM containing 10% 
FBS) for 24 h at 37˚C. After the cells attached to the flask, the 
culture medium was changed to complete medium containing 
TNF‑α (1,5 and 10 ng/ml; PeproTech) and/or Resveratrol (0.1,1 
and 10 µM; Sigma‑Aldrich; Merck KGaA). The medium was 
subsequently changed every three days. On day one, three 
and five, the culture medium in each well was substituted 
for 10% CCK‑8 reagent (100 µl). Next, the 96‑well plate was 
incubated for 2 h in an incubator at 37˚C. Absorbance was 
recorded at a wavelength of 450 nm using a SPECTROstar 

Nano ultraviolet spectrophotometer (Spectro Analytical 
Instruments GmbH).

Flow cytometry. To analyze cell surface marker proteins, 
hPDLSCs at passage 3 were collected using 0.25% trypsin and 
resuspended in PBS. In brief, 1x106 cells in suspension were 
incubated with fluorescent dye‑conjugated monoclonal anti-
bodies at 4˚C for 20 min in the dark, washed three times using 
PBS (Corning, Inc.), and then analyzed using a flow cytom-
eter and FlowJo® software (version 10.5.2; BD Biosciences) 
was used to analyze the data. The antibodies used for these 
experiments were CD34‑PE (cat. no. 12‑0349‑41; 5 µl/test; 
eBioscience; Thermo Fisher Scientific, Inc.), CD44‑PE (cat. 
no. 12‑0441‑81; 0.125 µg/test; Affymetrix; Thermo Fisher 
Scientific, Inc.), CD90Thy‑1‑PE (cat. no. 15‑0909‑42; 5 µl/test; 
Affymetrix; Thermo Fisher Scientific, Inc.), CD105‑APC (cat. 
no. 17‑1057‑42; 5 µl/test; Affymetrix; Thermo Fisher Scientific, 
Inc.) and CD45‑PE (cat. no. 12‑0451‑82; 0.125 µg/test; eBio-
science; Thermo Fisher Scientific, Inc.).

Alkaline phosphatase (ALP) staining and activity assay. ALP 
is an osteogenic marker expressed at the early stage of osteo-
genic differentiation (24). For ALP staining, hPDLSCs were 
cultured in the osteogenic induction medium (Cyagen Science 
& Technology Co., Ltd.) for 14 days. The cells were then washed 
with PBS and fixed with 4% paraformaldehyde at 4˚C for 
30 min. A 5‑bromo‑4‑chloro‑3‑indolyl phosphate (BCIP)/nitro 
blue tetrazolium (NBT) ALP staining kit (Beyotime Institute 
of Biotechnology) was used for ALP staining according to 
manufacturer's instructions, and the stained samples were 
observed with an inverted fluorescence microscope (x100). 
For ALP activity assays, cells were seeded in 6‑well plates 
at the density of 2x105 per well. After 14 days of incubation, 
hPDLSCs were washed with PBS and scraped into 100 µl 
of radioimmunoprecipitation assay buffer (Beijing Solarbio 
Science & Technology Co., Ltd.) containing 1% phenylmeth-
ylsulphonyl fluoride (Beijing Solarbio Science & Technology 
Co., Ltd.). The collected cells were sonicated at 20 KHz for 
15 sec on ice, and the lysates were centrifuged at 12,000 x g for 
15 min at 4˚C. Then, ALP activity in each sample was assayed 
using the ALP assay kit (Nanjing Jiancheng Bioengineering 
Institute) according to manufacturer's instructions. Briefly, 
50 µl of buffer solution, 30 µl of supernatant, and 50 µl of 
matrix liquid were added to each well of a 96‑well plate and 
mixed. The plate was then incubated at 37˚C for 15 min. The 
absorbance was measured at 520 nm after 150 µl of coloration 
solution was added to each well. ALP activity was normalized 
to total protein amounts which determined by bicinchoninic 
acid assay kit (Beijing Solarbio Science & Technology Co., 
Ltd), according to manufacturer's instructions.

Alizarin red staining and calcium content assay. hPDLSCs 
were seeded in 6‑well plates at 1.5x105 cells per well and cultured 
for 21 days in osteogenic medium with or without resveratrol 
treatment, as indicated in the experiments (Resveratrol 1 µM; 
TNF‑α 10 ng/ml). After treatment, the cells were washed three 
times with PBS and fixed with 4% paraformaldehyde at room 
temperature for 30 min. After three washes with deionized 
water, hPDLSCs were stained with 1% alizarin red (pH 4.2, 
Beijing Solarbio Science & Technology Co., Ltd.) for 10 min 
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at room temperature. Then, 600 µl of 10% (w/v) cetylpyri-
dinium chloride (Sigma‑Aldrich; Merck KGaA) was added to 
the stained wells and the absorbance of the extracted dye was 
assayed at 562 nm using a spectrophotometer (SPECTROstar 
Nano).

Oil Red O staining. For adipogenic induction, hPDLSCs 
(1x104/well) were seeded in a 24‑well plate. Then, the cells 
were exposed to adipogenic induction medium that included 
α‑MEM containing 10% FBS, 0.2  mmol/l indomethacin 
(Sigma‑Aldrich; Merck KGaA), 2  µM dexamethasone 
(Beijing Solarbio Science & Technology Co., Ltd.), 0.01 g/l 
insulin (Sigma‑Aldrich; Merck KGaA) and 0.5  mmol/l 
isobutyl‑meth‑ylxanthine (Sigma‑Aldrich; Merck KGaA). 
Following 4  weeks of induction, the lipid droplets were 
stained with Oil Red O (cyagen Biosciences, Suzhou, china) 
for 30 min at room temperature, and then observed with an 
inverted fluorescent microscope (Olympus Corporation) at a 
magnification of x400.

Reverse transcription‑quantitative PCR (RT‑qPCR). hPDLSCs 
(2x105/well) were seeded in 6‑well plates. Total RNA was isolated 
after seven, 14 and 21 days of culture using TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufacturer's 
protocol. cDNA was synthesized from 1.0 µg of total RNA using 
RevertAid First Strand cDNA Synthesis kit (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. qPCR was performed utilizing the Roche Light Cycler 
480 with a 10 µl reaction volume. The reaction system contained 
5 µl SYBR® Premix Ex Taq™ (Takara Bio, Inc.), 1 µl cDNA, 
0.2 µl of each primer and 3.6 µl RNase‑free H2O, following 
the manufacturer's protocol. The thermal cycling conditions 
were as follows: Incubation at 95˚C for 15 min, 45 cycles of 
denaturation at 95˚C for 5 sec and annealing at 60˚C for 35 sec, 
and a final extension at 72˚C for 3 min. The relative expression 
levels of ALP, Runx2, Interleukin (IL)‑6 and IL‑8 were normal-
ized to those of GAPDH. The following primers were used for 
RT‑qPCR: GAPDH forward, 5'‑GCA​CCG​TCA​AGG​CTG​AGA​
AC‑3' and reverse, 5'‑TGG​TGA​AGA​CGC​CAG​TGG​A‑3'; Runx2 
forward, 5'‑TCC​ACA​CCA​TTA​GGG​ACC​ATC‑3' and reverse, 
5'‑TGC​TAA​TGC​TTC​GTG​TTT​CCA‑3'; ALP forward, 5'‑ATG​
GGA​TGG​GTG​TCT​CCA​CA‑3' and reverse, 5'‑CCA​CGA​AGG​
GGA​ACT​TGT​C‑3'; IL‑6 forward, 5'‑ATA​ACC​ACC​CCT​GAC​
CCA​AC‑3' and reverse, 5'‑CCC​ATG​CTA​CAT​TTG​CCG​AA‑3' 
and IL‑8 forward, 5'‑TCA​GAG​ACA​GCA​GAG​CAC​AC‑3' and 
reverse, 5'‑GGC​AAA​ACT​GCA​CCT​TCA​CA‑3'. The relative 
gene expression was calculated using the 2‑ΔΔCq method (25), 
normalizing to GAPDH levels.

Western blotting. To measure protein levels, hPDLSCs were 
cultured in a 6‑well plate at a density of 2x105 per well for 
further treatment. Cells were cultured with osteogenic induc-
tion medium, osteogenic induction medium + Resveratrol 
1 µmol/l, osteogenic induction medium + TNF‑α 10 ng/ml or 
osteogenic induction medium + Resveratrol 1 µmol/l + TNF‑α 
10 ng/ml, respectively. After 3 weeks of osteogenic induction, 
cells were rinsed three times with PBS before being collected 
with RIPA buffer (Beyotime Institute of Biotechnology) for 
30 min on ice. Then, the protein concentrations were measured 
using a bicinchoninic acid assay (Beijing Solarbio Science & 

Technology co., Ltd.). Next, 10 µg protein samples were sepa-
rated using 10% SDS‑PAGE gels and then transferred to PVDF 
membranes (Bio‑Rad Laboratories, Inc.). The membranes 
were blocked with 5% non‑fat milk for 1 h at room tempera-
ture, incubated with primary antibodies overnight at 4˚C, and 
then incubated with horseradish peroxidase (HRP)‑conjugated 
anti‑rabbit or anti‑mouse IgG (cat. no. SA00001‑2 and SA00011; 
both at 1:10,000 dilution; Proteintech Group, Inc.) for 1 h at 
room temperature. The bands were detected using the chemi-
luminescent HRP substrate (EMD Millipore) and scanned 
utilizing an Amersham Imager 600 (GE Healthcare Life 
Sciences). Semi‑quantitative analysis of western blotting was 
performed with the Image J software (version 1.47; National 
Institutes of Health). GAPDH is used as reference protein in 
the study. The primary antibodies and dilution ratios were as 
follows: Rabbit anti‑human ALP (cat. no. ab108337; 1:20,000; 
Abcam), rabbit anti‑human GAPDH (cat. no. cst2118; 1:1,000; 
Cell Signaling Technology, Ltd.), rabbit anti‑human Runx2 (cat. 
no. cst12556s; 1:1,000: Cell Signaling Technology, Ltd.), rabbit 
anti‑human ERK1/2 (cat. no. cst4695; 1:1,000; Cell Signaling 
Technology, Ltd.), and rabbit anti‑phosphorylated (p)‑ERK1/2 
(cat. no. cst4370; 1:1,000; Cell Signaling Technology, Ltd.).

ERK1/2 pathway activation and inhibition studies. To activate 
the ERK1/2 pathway, hPDLSCs (2x105 per well) were seeded in 
a 6‑well plate. The cells were cultured with α‑MEM containing 
10% FBS at 37˚C for 24 h. Then, the cells were maintained in 
α‑MEM containing 0.5% FBS for 48 h to synchronize the cells 
and reduce basal ERK1/2 activity (26). PD98059 (10‑5 mol/l), 
an inhibitor of the upstream mitogen‑activated protein kinase 
(MAPK)‑ERK 1 pathway (27), was added to the serum‑free 
culture media 1 h prior to the application of resveratrol, to 
assess its effect on ERK1/2 pathway activity. Then, the lysates 
were collected for western blotting.

ELISA. To further clarify the effect of resveratrol (1 µmol/l) 
or resveratrol (1  µmol/l) plus PD98059 (10‑5  mol/l) on 
TNF‑α‑induced inflammatory cytokine production, after 
TNF‑α treatment, the levels of secreted IL‑6 and IL‑8 within 
the conditioned medium were measured using an ELISA kit 
(IL‑6 cat. no. 430507 and IL‑8 cat. no. 431507; BioLegend, 
Inc.) according to the manufacturer's instructions. The optical 
density values were measured using a microplate reader at 
450 and 570 nm, and values at 570 nm were subtracted from 
the absorbance at 450 nm for subsequent data analysis.

Statistical analysis. All experiments were performed in trip-
licate. The significance of differences among the groups was 
assessed by one‑way ANOVA followed by Tukey's post‑hoc 
test. The significance of differences among multiple groups 
at different time points was assessed by two‑way ANOVA 
followed by Tukey's post‑hoc test. Data were analyzed using 
GraphPad Prism (version 6; GraphPad Software, Inc.). All data 
are presented as the mean ± standard deviation (SD). P<0.05 
was considered to indicate a statistically significant difference.

Results

Characterization of hPDLSCs. The characteristics of 
hPDLSCs were confirmed by examining their morphology, 
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multi‑potency, and expression of cell surface markers. After 
seven days of incubation, hPDLSCs displayed a typical 
spindle‑shaped morphology (Fig. 1A and B). Flow cytometry 
analysis showed that the hPDLSCs did not express CD34 or 
CD45 but expressed CD44, CD90 and CD105 (Fig. 1C‑G). 
After three weeks of culture in osteogenic induction medium, 
some mineralized nodules were found in the well (Fig. 1C), 
and lipid droplets were also observed after four weeks of 
induction (Fig. 1D).

Cell viability of hPDLSCs after resveratrol and TNF‑α 
treatment. Resveratrol (10‑8 to 10‑5 M) was reported to increase 
human bone marrow‑derived mesenchymal stem cell (BMSC) 
growth dose‑dependently  (17). To investigate the effect of 
resveratrol and TNF‑α on hPDLSC cell viability, cells were 
treated with resveratrol and/or TNF‑α at different concen-
trations (resveratrol: 0.1, 1 and 10 µmol/l; TNF‑α: 1, 5 and 
10 ng/ml). The CCK‑8 assay was then performed on day one, 
three, and five. The CCK‑8 assay demonstrated that resvera-
trol could increase hPDLSC viability. Furthermore, increases 
in hPDLSC viability were identified in the two high‑dose 
groups (1 and 10 µmol/l) on day 3 and 5 (P<0.05; Fig. 2A). As 
expected, cell viability decreased after treatment with TNF‑α 
(10 ng/ml) for one day, compared with that in the control 
group, and the results were similar when cells were treated 
with TNF‑α for three or five days. This decrease was signifi-
cant in the high‑dose group at all three time points (10 ng/ml; 
Fig. 2B; P<0.05). Moreover, hPDLSC viability was increased 
on day one, three and five after co‑treatment with 10 ng/ml 

TNF‑α and 1 µmol/l resveratrol, compared with that in the 
control group. These results demonstrated that resveratrol 
could alleviate the toxicity of TNF‑α in hPDLSCs (Fig. 2C).

Effects of different doses of resveratrol and TNF‑α on hPDLSC 
osteogenesis. To examine the effect of resveratrol and TNF‑α 
on osteogenesis, cells were cultured for 14 days with resve-
ratrol (0.1, 1 and 10 µmol/l) or TNF‑α (1, 5 and 10 ng/ml). 
After 21 days of culture, alizarin red staining was carried out 
(Fig. 3B) and calcium content assays were performed. The 
results showed that calcium accumulation in the TNF‑α‑treated 
groups was decreased compared to that in the control group, 
and that this decrease was significant in the high‑dose group 
(10 ng/ml; P<0.01). Furthermore, an increased number of 
mineralized nodules could be observed in cells treated with 
resveratrol (1 and 10 µmol/l) compared with that in the control 
group (Fig. 3D). Cells treated with TNF‑α had a significant 
decrease in the number of mineralized nodules, as observed in 
the high dose group compared with the control. ALP staining 
and activity assays were performed as a standard measurement 
of osteogenic activity. The results demonstrated that resve-
ratrol did not have an effect on ALP staining or activity in 
hPDLSCs (Fig. 3A and C), whereas TNF‑α (1 ng/ml) signifi-
cantly increased ALP activity. Furthermore, TNF‑α (5 ng/ml) 
did not alter ALP activity and TNF‑α (10 ng/ml) significantly 
decreased ALP activity (Fig. 3C).

Furthermore, the mRNA expression of Runx2 and ALP was 
assessed by RT‑qPCR. Levels of both markers were signifi-
cantly increased after treatment with resveratrol (1 µmol/l; 

Figure 1. Identification and characteristics of hPDLSCs. Morphological characterization of hPDLSCs in (A) primary culture and (B) culture at passage 3. 
A periodontal membrane fragment is present and shown in A. Flow cytometry analysis of surface markers expressed on hPDLSCs, showing that they were 
positive for (D) 0CD44, (F) CD90 and (G) CD105, and negative for (C) CD34 and (E) CD45. (H) Following 3 weeks of culture in osteogenic induction medium, 
the cells were stained with alizarin red. Mineralized nodules are shown. (I) Following 3 weeks of culture in adipogenic induction medium, the cells were 
stained with Oil Red O. Lipid globules are shown (black arrow). hPDLSCs, human periodontal ligament stem cells; PE, phycoerythrin.
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P<0.01) compared with that in the control group. Meanwhile, 
ALP and Runx2 mRNA levels were significantly decreased 
upon treatment with TNF‑α (10 ng/ml) compared with those 
in the control groups (Fig. 3E and F; P<0.01).

Resveratrol rescues TNF‑α induced inhibition of osteogen‑
esis in hPDLSCs. hPDLSCs were treated with resveratrol 
(1 µmol/l) and/or TNF‑α (10 ng/ml) during the three weeks 
of osteogenic induction. Western blot analysis showed that 
protein levels of ALP and Runx2 in the TNF‑α‑treated 
group were significantly decreased compared with those in 
the control group (Fig. 4A‑C; P<0.05). Meanwhile, protein 
expression levels in hPDLSCs treated with both TNF‑α and 
resveratrol were significantly increased compared with those in 
the TNF‑α‑treated group (Fig. 4A‑C; P<0.01). Similar results 
were found for mRNA expression of ALP and Runx2 using 
RT‑qPCR (Fig. 4D and E). Taken together, these data suggested 
that resveratrol could rescue the TNF‑α‑induced inhibition of 
hPDLSC osteogenesis. Moreover, it was found that resveratrol 
and TNF‑α could function together to improve bone forma-
tion, by increasing ALP expression at both the mRNA and 
protein level, greater than resveratrol alone. Regarding Runx2 
expression at the mRNA level, the combination of resveratrol 
and TNF‑α had a stronger effect than resveratrol alone, but the 
protein levels did not reflect this. However, these changes are 
not statistically significant.

Resveratrol attenuates hPDLSC secretion of inflammatory 
cytokines induced by TNF‑α. To assess cytokine secretion 
in response to resveratrol (1 µmol/l) and TNF‑α (10 ng/ml), 
hPDLSCs were treated with either TNF‑α alone or with 

both TNF‑α and resveratrol for 24 h. Data from RT‑qPCR 
showed that the mRNA expression of IL‑6 and IL‑8 in the 
TNF‑α‑treated group was significantly increased compared 
with that in the control group (P<0.01). However, co‑treatment 
did not change mRNA expression of IL‑6 and IL‑8 compared 
with that in the control group (Fig. 4F). These results indicated 
that resveratrol attenuates the inflammatory effects of TNF‑α.

Resveratrol rescues the TNF‑α‑induced inhibition of osteogen‑
esis via the ERK1/2 pathway. The MAPK pathway, comprised 
of serine/threonine protein kinases, plays an important role 
in regulating cell migration, proliferation and differen-
tiation (28,29). To determine whether the ERK1/2 signaling 
pathway is involved in the protective effects of resveratrol 
on hPDLSC osteogenic differentiation, the phosphorylation 
and total levels of ERK in treated hPDLSCs were measured. 
Western blot analysis showed that p‑ERK gradually increased 
by 5 min and peaked at 15 min, after which it returned to basal 
levels (Fig. 5A and B). Furthermore, PD98059 (10 mmol/l) 
was added to the serum‑free cell culture media 1 h prior 
to application of resveratrol to inhibit ERK signaling. As 
expected, the protein expression of p‑ERK was significantly 
inhibited by PD98059, compared with that in the control group 
(Fig. 5C and D; P<0.01). Results also showed that the mRNA 
and protein expression levels of IL‑6 and IL‑8 increased when 
PD98059 was added to the co‑treated group, compared with 
those in the co‑treated group alone (Fig. 5E‑G). Data indicated 
that the anti‑inflammatory effects of resveratrol decreased after 
blocking the ERK1/2 signaling pathway. Thus, these results 
together indicated that resveratrol can activate the ERK1/2 
signaling pathway to attenuate the secretion of inflammatory 

Figure 2. Cell proliferation of hPDLSCs upon resveratrol and TNF‑α treatment. Cell proliferation of hPDLSCs treated for 1, 3 or 5 days with (A) resveratrol 
(0.1, 1 and 10 µmol/l), (B) TNF‑α (1, 5, and 10 ng/ml) or (C) resveratrol (1 µmol/l) and TNF‑α (10 ng/ml), measured by the Cell Counting Kit‑8 assay. All 
experiments were performed in triplicate. *P<0.05 and **P<0.01 vs. the control group. hPDLSCs, human periodontal ligament stem cells; TNF‑α, tumor 
necrosis factor‑α.
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cytokines by hPDLSCs upon exposure to TNF‑α, this in turn 
enhances osteogenic differentiation.

Discussion

Plaque bacteria are the initiating factor of periodontitis, and 
the host reaction stimulated by these microorganisms is the 
main cause of periodontal tissue destruction (30). The develop-
ment of tissue engineering provides new approaches for dental 
tissue regeneration (31). In 2004, Seo et al (3) successfully 
isolated and cultured stem cells from periodontal ligaments 
of the third molar. PDLSCs express mesenchymal stem‑cell 
markers, and can differentiate into cementoblast‑like cells, 
adipocytes and collagen‑forming cells under defined culture 
conditions (3). Moreover, PDLSCs also have the capacity to 
generate a cementum/PDL‑like structures when transplanted 
into immunocompromised rodents (3). This highlighted that 

this stem cells could be used for research on periodontal tissue 
repair.

In the present study, a comprehensive assessment of the 
effect of TNF‑α and resveratrol on the proliferation and osteo-
genic differentiation of hPDLSCs was carried out. Results 
showed that TNF‑α could significantly decrease hPDLSC 
viability and osteogenic differentiation at a high concentration 
(10 ng/ml), whereas co‑treatment with TNF‑α and resveratrol 
rescued such TNF‑α‑induced inhibitory effects.

TNF‑α is a 17‑kDa cytokine produced by mononuclear 
macrophages and other immune cells (32). It is currently recog-
nized as an important endogenous inducible pro‑inflammatory 
cytokine and a critical inflammatory mediator of responses to 
infectious diseases (33). Additionally, TNF‑α actively partici-
pates in osteoclastogenesis and tissue destruction observed in 
periodontal diseases (34). Gilbert et al (35) reported that TNF‑α 
is a potent inhibitor of osteoblast differentiation in a normal 

Figure 3. Effects of resveratrol and TNF‑α at different doses on osteogenesis of hPDLSCs. (A) Representative image of hPDLSCs cultured for 14 days in osteo-
genic medium, osteogenic medium + TNF‑α 10 ng/ml or osteogenic medium + resveratrol 1 µmol/l were used for ALP. Magnification, x10. (B) Representative 
image of hPDLSCs were cultured for 21 days in osteogenic medium, osteogenic medium + TNF‑α 10 ng/ml or osteogenic medium + resveratrol 1 µmol/l for 
alizarin red staining. Magnification, x10). (C) Relative ALP activity. (D) Mineralized nodule analysis. Relative mRNA expression of (E) ALP and (F) Runx2. 
*P<0.05 and **P<0.01 vs. 0 µmol/l resveratrol group. #P<0.05 and ##P<0.01 vs. 10 ng/ml TNF‑α group. TNF‑α, tumor necrosis factor‑α; hPDLSCs, human 
periodontal ligament stem cells; ALP, alkaline phosphatase staining; Runx2, runt‑related transcription factor 2.
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osteoblast‑like cell line (MC3T3‑E1 cells). Lacey et al (36) 
reported that TNF‑α inhibits ALP activity, as well as ALP and 
Runx2 gene expression during the osteoblastic differentiation 
of murine BMSCs.

In addition, Feng et al (37) found that 10 ng/ml of TNF‑α 
could promote mineralization and mineralization‑related 
gene expression via the NF‑κB signaling pathway in dental 
pulp stem cells. Furthermore, in a murine mesenchymal stem 
cell line (ST2 cells), levels of Runx2, osteocalcin and ALP 
were found to be upregulated in cell cultures treated with 
TNF‑α at lower concentrations (0.01 and 0.1 ng/ml), but were 
downregulated in cell cultures treated with TNF‑α at higher 
concentrations of 10 and 100 ng/ml. Long‑term treatment with 
TNF‑α at all concentrations induced inhibitory effects on 
mineral nodule formation (38). However, after treatment with 
TNF‑α at 1 ng/ml, human primary osteoblasts were able to 
promote the osteogenesis of adipose tissue‑derived MSCs (39). 
The exact reason for these contradictory results is unknown, 
but one possibility is the different stem cell types used for 
in vitro studies.

To the best of our knowledge, the effect of TNF‑α on the 
osteogenic differentiation of periodontal ligament stem cells 
has not been previously reported. In the present study, the 
effect of different TNF‑α concentrations on the proliferation 
and osteogenic differentiation of hPDLSCs was assessed. Data 
showed that TNF‑α (10 ng/ml) could significantly inhibit both 
processes in hPDLSCs. Furthermore, the present study found 
that co‑treatment of hPDLSCs with resveratrol and TNF‑α 
could prevent this inhibitory effect. Similar protective effects 
of resveratrol in response to TNF‑α have been were reported 

in cardiac stem cells  (40), fibroblasts  (41) and endothelial 
cells (42).

Previous studies have also shown that resveratrol possesses 
potent bone‑protective properties. Specif﻿ically, Song et al (43) 
reported that resveratrol rescues the inhibitory effects of 
cyclosporin A on proliferation and osteoblastic differen-
tiation in murine BMSCs. Further to this, Boissy et al (44) 
reported that resveratrol can enhance the mRNA expression 
of osteocalcin and osteopontin, two osteoblastic markers, in 
immortalized osteoblast‑like cells. Other studies have also 
confirmed these findings (16‑18). These in vitro findings have 
been further supported by an in vivo study. Durbin et al (45) 
showed that resveratrol consumption could prevent bone loss 
in the hind limbs of rats. Moreover, three months of treatment 
with resveratrol was found to rescue ovariectomy‑induced 
bone loss in rats  (46,47). In the present study, the protein 
expression of ALP and Runx2 were measured to assess the 
effect of resveratrol on hPDLSCs. Expression of both markers 
at the protein level were increased by resveratrol, with the rela-
tive expression of ALP and Runx2 genes following a similar 
trend. These results are consistent with a study on ST2 cells, 
which showed that resveratrol could significantly enhance the 
mRNA expression of Runx2 (48). Although there is evidence 
supporting the enhancing effects of resveratrol on the osteo-
genic differentiation of hPDLSCs, the underlying mechanism 
was previously unclear.

Tseng et al (18) reported a novel mechanism associated 
with resveratrol in enhancing the osteogenesis of human 
MSCs by upregulating Runx2 gene expression via the 
SIRT1/FOXO3A axis. Resveratrol can also promote the 

Figure 4. Resveratrol rescues TNF‑α‑induced inhibition of osteogenesis in hPDLSCs and attenuates the secretion of inflammatory cytokines induced by 
TNF‑α. hPDLSCs were treated with TNF‑α (10 ng/ml), resveratrol (1 µmol/l) or both (A) Western blot analysis of ALP and Runx2 levels in hPDLSCs 
cultured for 21 days. Semi‑quantitative analysis of (B) ALP and (C) Runx2 protein levels in hPDLSCs cultured for 21 days. Relative expression of (D) ALP 
and (E) Runx2 mRNA. (F) Relative expression of IL‑6 and IL‑8 mRNA in hPDLSCs cultured for 24 h. *P<0.05 and **P<0.01 vs. the control group; #P<0.05 vs. 
the TNF‑α‑treated group. TNF‑α, tumor necrosis factor‑α; hPDLSCs, human periodontal ligament stem cells; ALP, alkaline phosphatase; Runx2, runt‑related 
transcription factor 2; IL, interleukin.
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osteoblastic differentiation of multipotent mesenchymal cells 
via the canonical Wnt signaling pathway (48). Further to this, 
via the ERK/MAPK/nitric oxide synthase (NOS)/cyclic GMP 
axis, resveratrol was found to promote osteoblastic differ-
entiation and osteogenic gene expression in human BMSC 
cultures (43). To explore the molecular mechanism underlying 
the effects of resveratrol on hPDLSCs, the expression and 
phosphorylation levels of ERK1/2 were evaluated. The present 
study demonstrated that resveratrol could rapidly activate 
ERK1/2 signaling within 5 min. Moreover, results showed that 
this was blocked on addition of PD98059 (10‑5 mol/l) 1 h prior 
to resveratrol application. A previous study found that resve-
ratrol stimulates osteoblastic differentiation and osteogenic 
gene expression in human MSCs via ERK‑dependent ERK1/2 
activation (13). Therefore, it is speculated that resveratrol can 
similarly enhance the osteogenic differentiation of hPDLSCs 
by activating the ERK1/2 pathway.

The present study was the first to find that Resveratrol can 
attenuate the secretion of inflammatory cytokines mediated by 
TNF‑α. Upon further exploring the underlying mechanisms, it 

was found that the mRNA expression of IL‑6 and IL‑8 signifi-
cantly increased after addition of PD98059 to the co‑treated 
group (Fig. 5E). This result is consistent with the protein levels 
of secreted IL‑6 and IL‑8, measured by ELISA (Fig. 5F and G). 
These results further indicate that the anti‑inflammatory effect 
of resveratrol might occur via activation of the ERK1/2 signaling 
pathway. Previous studies reported that resveratrol attenuates 
inflammation in experimental caustic esophageal burns (49), 
acute small intestinal inflammation (50), and tissue damage 
in a dextran sulfate sodium‑induced colitis rat model  (51). 
Resveratrol also attenuates inflammation by inhibiting the 
activity of NF‑κB and activating protein 1 simultaneously. The 
present study provides a new molecular mechanism by which 
resveratrol exerts anti‑inflammatory activity, specifically, 
by activating the ERK1/2 pathway, improving the inflam-
matory microenvironment, and enhancing the osteogenic 
differentiation of hPDLSCs.

In conclusion, the present study is the first to demonstrate that 
resveratrol not only enhances the osteogenesis of hPDLSCs by 
activating the ERK1/2 pathway, but also exerts anti‑inflammatory 

Figure 5. ERK1/2 pathway is required for the inhibitory effects of resveratrol on TNF‑α‑induced inflammation and enhanced osteogenesis in hPDLSCs. Levels 
of p‑ERK/total ERK were (A) determined by western blot analysis and (B) quantified in hPDLSCs treated with resveratrol (1 µmol/l) for the indicated times 
(0, 5, 15, 30 and 60 min). Levels of p‑ERK/total ERK were (C) determined by western blot analysis and (D) quantified in hPDLSCs treated with resveratrol 
(1 µmol/l) or resveratrol (1 µmol/l) plus PD98059 (10‑5 mol/l). hPDLSCs treated with TNF‑α (10 ng/ml) and resveratrol (1 µmol/l) or TNF‑α (10 ng/ml), resve-
ratrol (1 µmol/l) and PD98059 (10‑5 mol/l), then cultured for 24 h. (E) Relative mRNA expression levels of IL‑6 and IL‑8. Protein concentrations of (F) IL‑6 
and (G) IL‑8. *P<0.05 and **P<0.01 vs. control. $P<0.05 vs. IL‑6 (TNF‑α + resveratrol) group. &P<0.05 vs. IL‑8 (TNF‑α + resveratrol) group. TNF‑α, tumor 
necrosis factor‑α; hPDLSCs, human periodontal ligament stem cells; p, phosphorylated; IL, interleukin.
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effects by activating this pathway. Ultimately, resveratrol decreases 
the TNF‑α‑mediated secretion of inflammatory cytokines and 
enhances osteogenesis in hPDLSCs. Therefore, resveratrol may 
be a good candidate for an anti‑inflammatory agent that can 
induce bone remodeling in response to an inflammatory micro-
environment. However, further in vivo experiments are required 
to evaluate the efficacy and safety of its clinical application for 
the treatment of periodontitis.
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