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Abstract: Mesenchymal stem cells (MSCs) of the dental or craniofacial origin include Human periodontal ligament 
stem cells (hPDLSCs), which are able to readily differentiate into osteoblasts. Tanshinone IIA (TSA) is a diterpene 
quinone compound that is derived from Danshen (also known as Salvia miltiorrhiza) used frequently in the context 
of traditional Chinese medicine (TCM). This study sought to assess how TSA affects the osteogenic differentiation 
of hPDLSCs. We found that TSA promotes both this differentiation and hPDLSC maturation. This was dependent 
on TSA-mediated activation of the ERK1/2 signaling pathway, and ERK1/2 inhibition disrupted TSA-induced Runx2 
expression. From these results, we conclude that TSA can induce hPDLSC osteogenesis through the ERK1/2-Runx2 
axis, suggesting that TSA is a viable therapeutic option for regenerative medical approaches aimed at the treatment 
of periodontitis. 
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Introduction

Periodontitis is the infection of the gums and 
bone surrounding the teeth, leading to substan-
tial local damage [1, 2]. It is a major cause of 
gum inflammation and is the primary cause of 
adult tooth loss [3]. Periodontitis is also linked 
to the prevalence of other serious human dis-
eases including pulmonary infections, chronic 
kidney disease and diabetes [4, 5]. Whilst peri-
odontal therapies are incapable of regenerat-
ing the normal functionality of damaged tissue 
and bone, stem cell-based tissue therapy of- 
fers promise in this area [6, 7]. In this re- 
gard, human periodontal ligament stem cells 
(hPDLSCs) can be accessed more easily than 
can bone marrow stem cells, and can more 
readily differentiate into bone, cementum, and 
periodontal ligaments [8]. Clinical autologous 
hPDLSC based treatments used during peri-
odontal therapy have been shown to be safe 
and effective [9, 10]. Mechanisms to modulate 
the biological functions of hPDLSCs to im- 
prove their application to tissue engineering, 
now requires further investigation.

Tanshinone IIA (TSA) is a lipophilic compound 
that can be extracted from the roots of the 
herbal medicine Salvia miltiorrhiza Bunge [11]. 
TSA is widely employed in Eastern Asia medi-
cine for cardiovascular disease, postmeno-
pausal syndrome, and cerebrovascular disease 
treatment, primarily because it has antioxidant 
and anti-inflammatory capabilities [12, 13]. 
Studies have demonstrated that the anti-in- 
flammatory properties of TSA are mediated 
through its ability to suppress inflammatory 
cytokine expression (IL-6, IL-1β, and TNF-α), 
iNOS expression, and subsequent NO produc-
tion [14, 15]. Others have reported that in a  
rat model of ischemia-reperfusion injury can 
protect cardiomyocytes from oxidative stress-
induced apoptosis [16, 17]. Similar effects have 
been shown in other cell lines and in vivo ani-
mal models [14, 18]. Numerous signaling path-
ways have been implicated in the mechanisms 
of TSA functionality, including p38, MAPK sig-
naling, TGF-β, and NF-κB [19-22]. Whilst is it 
known that TSA exerts beneficial effects dur- 
ing the treatment of bone disease [23, 24], its 
effects on the osteogenic differentiation of 
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hPDLSCs remain to be studied fully. In this 
study, we have assessed how TSA affects 
hPDLSCs and investigated the underlying me- 
chanisms that mediate its effects on osteo-
blast differentiation.

Materials and methods

hPDLSCs isolation and culture

Human periodontal ligament tissue was ob- 
tained from the premolars of 20 donors with- 
out oral or systematic diseases, during orth-
odontic procedures performed under informed 
consent. All donors were aged 12-25 years  
and consisted of 10 males and 10 females. 
Ethics Committee approval was provided by  
the The First Affliated Hospital of Harbin Me- 
dical University. hPDLSCs were harvested and 
cultured as previously described [25, 26]. 
Briefly, tissue attached to the middle third of 
the tooth root was collected, sectioned (1 mm3 
pieces) and digested for 1 hour at 37°C in  
Type I collagenase (3 mg/mL, Life Technologi- 
es, Carlsbad, CA, USA) and dispase (4 mg/mL, 
Life Technologies, Carlsbad, CA, USA). Tissues 
were cultured in complete α-minimum essen-
tial media (Gibco, Gaithersburg, MD, USA) plus 
10% fetal bovine serum (FBS, Gibco, Gaither- 
sburg, MD, USA), as well as penicillin and str- 
eptomycin (100 μg/mL) (HyClone, South Lo- 
gan, UT, USA), and L-glutamine (5 mM) (Gibco, 
Gaithersburg, MD, USA). Media was replaced 
every 3-days. At 80% confluence, hPDLCs were 
split and sub-cultured.

Colony-forming efficiency assays

Colony-forming efficiency was assessed as pre-
viously described [25]. Briefly, hPDLSCs were 
seeded into 10 cm culture dishes (1×103 cells 
per dish) for 14 days and fixed in 4% parafor-
maldehyde (PFA) for 20 min. 0.1% (w/v) crystal 
violet (Sigma-Aldrich, St. Louis, MO, USA) was 
used to stain cells. Colony units, classed as 
clusters of ≥ 50 cells, could then be enu- 
merated.

WST-1 proliferation assays

The toxicity of TSA (Sigma-Aldrich) on hPDLSCs 
was assessed via WST-1 cell cytotoxicity assays 
(Roche, Germany). Briefly, after plating cells  
in 96-well plate (5×103 cells/well) for 24 hrs 
and treated with varying drug concentrations. 
WST-1 was added each-day over a period of 7 
days (10 µl per well) and a 4 hrs incubation  

was then performed in the dark in a humid  
environment. Microplates were mixed for 1 min 
via gentle vibration and read on a Bio-Rad 680 
plate-reader at 450 nm with a 620 nm as a  
reference wavelength (Life Science Research, 
Japan).

Immunofluorescence analysis 

4% PFA in PBS was used to fix hPDLSCs for 20 
min and 5% BSA in PBS was used to block cells 
for 1 hr. Primary antibodies labeled cells over-
night at 4°C and stained with AF488-conjugat- 
ed secondary goat anti-mouse IgG (1:300; Life 
Technologies, Carlsbad, CA, USA) for 45 min. 
Cell nuclei were Hoechst stained (Life Tech- 
nologies). A Zeiss Axio Observer Z1 (Cael Zeiss, 
Oberkochen, Germany) was used for all cell 
imaging.

Surface marker expression

For the assessment of surface markers, 5×105 
cells were PBS washed and subsequently la- 
beled with PE-conjugated antibodies against 
CD44, CD90, CD105, CD166, CD34, CD45, 
and HLA-DR (1:10; BD Biosciences, Franklin 
Lakes, NJ, USA). Fluorescent intensities were 
assessed using a BD Accuri C6 (BD Bioscienc- 
es) immediately after staining. The CF Low  
Plus Software (BD Biosciences) was used for 
analyses.

Osteoblast and adipocyte differentiation

For osteoblast differentiation, hPDLSCs seed-
ing at 1×105 per-well was conducted in 6 well 
plates. After adhering, treatment with osteo-
genic medium containing 10% FBS, 10 mM 
β-glycerophosphate, 10 nM dexamethasone 
and 50 μg/mL ascorbic acid was performed. 
Every 3 days this media was replaced.

For adipocyte differentiation, hPDLSCs seeding 
at 1×105 per-well of a 6-well plate was conduct-
ed, and cells were grown in adipogenic medium 
(Cyagen Biosciences, Santa Clara, CA, USA). 
After 2 weeks, 4% PFA was used to fix cells 
which were then stained for 15 min with Oil red 
O. Cells were imaged using the Zeiss Axio 
Observer Z1. 

Alizarin red staining

Following culture in osteogenic medium, 4% 
PFA was used to fix hPDLSCs and cells were 
then stained with Alizarin red S (Sigma-Aldrich) 



Role of tanshinone IIA in hPDLSC differentiation

342 Am J Transl Res 2019;11(1):340-350

for 15 min. Cells were washed, imaged and 
areas positive for Alizarin red were recognized 
as mineralized nodules. 10% cetylpyridinium 
chloride (Sigma-Aldrich) was used to dissolve 
nodules, followed by 562 nm absorbance be- 
ing read with a spectrophotometer.

Alkaline phosphatase activity assay

hPDLSCs were lysed and alkaline phosphatase 
(ALP) activity assessed (Sigma-Aldrich). Absor- 
bance was measured at 405 nm on a spe- 
ctrophotometer.

qRT-PCR 

Trizol (Life Technologies) was used for RNA 
extraction, and RNA concentrations were de- 
termined by spectrophotometry. For mRNA 
quantification, 1 μg of RNA was reverse-tran-
scribed using the Reverse Transcriptase M-MLV 
Kit (Sigma-Aldrich). SYBR green qPCR was per-
formed as followed protocal: 95°C for 10 min; 
35 cycles of denaturation: 95°C, 30 s, anneal-
ing: 60°C, 30 s, extension at 72°C for 60 s. 
β-Actin served as the control gene. RNA (1μg) 
was reverse-transcribed and qPCR was per-
formed on a Roche Light Cycler. The sequences 
of primers are listed as followed: ALP, Forward: 
5’-AACCCAGACACAAGCATTCC-3’, Reverse: 5’- 
GCCTTTGAGGTTTTGGTCA-3’; OCN, Forward: 
5’-ATGAGAGCCCTCACACTCCTC-3’, Reverse: 5’- 
GCCGTAGAAGCGCCGATAGGC-3’; OPN, Forwa- 
rd: 5’-CGAGGTGATAGTGTGGTTTATGGA-3’, Re- 
verse: 5’-CGTCTGTAGCATCAGGGTACTG-3’; Ru- 
nx2, Forward: 5’-CCAAATTTGCCTAACAGAATG-3’, 
Reverse: 5’-GAGGCTGTGGTTTCAAAGCA-3’; LPL, 
Forward: 5’-AGAGCCAAAAGAAGCAG-3’, Rever- 
se: 5’-GGCAGCGTGAATGGGAT-5’; PPARγ, For- 
ward: 5’-TTCAGCTCTGGGATGACCTT-3’, Rever- 
se: 5’-CGAAGTTGGTGGGCCAGAAT-3’; β-actin, 
Forward: ACCTCCTACAATGAGCTGC Reverse: 
TGCCAATAGTGATGACCT.

Apoptosis assays

For the analysis of hPDLSC apoptosis, TSA was 
used to treat cells for 48 hrs in the absence of 
serum after first serum starving the cells for a 
24 hrs period. Control cells were cultured in 
10% FBS (positive controls). Apoptosis was 
analyzed by nuclear staining with Hoechst (In- 
vitrogen). Annexin V-FITC/propidium iodide (PI) 
staining was performed using annexin V-FITC 
(Cell signaling technology) and propidium iodi- 
de (PI) (Life Technologies). A flow cytometer 

(CytoFLEX; Beckman Coulter, Brea, CA, USA) 
was used to analyze these staining conditions.

Western blot analysis

RIPA buffer was used to lyses cells, and the 
BCA assay (Pierce, Appleton, WI, USA) was used 
to determine protein concentraiton. 50 μg of 
total protein was run on a 10% SDS-Page gel 
and transferred to a nitrocellulose membrane 
that was then blocked using 5% non-fat milk in 
PBS containing 0.1% Tween-20 (PBS-T) for 1 hr 
prior to ALP (Sigma-Aldrich), OCN (Cell signaling 
technology), OPN (Santa Cruz Biotechnology), 
Runx2 (Boster Bio, Pleasanton, CA, USA), p-ERK 
(Cell signaling technology), ERK (Cell signaling 
technology), p-p38 (Cell signaling technology), 
p38 (Cell signaling technology), Cleaved-PARP 
(Cell signaling technology), Cleaved caspase 3 
(Cell signaling technology), Ki67 (Cell signaling 
technology), PCNA (Cell signaling technology), 
p-JNK (Abcam), JNK (Abcam), LPL (Sigma-Al- 
drich), and β-actin (Sigma-Aldrich) antibodies 
labeling overnight at 4°C. Secondary antibod-
ies were then used to label proteins for 30 min, 
and blots were imaged via odyssey two-color 
infrared laser imaging system (LI-COR Biosci- 
ences, USA). Blots were repeated a minimum  
of three times and the Image-ProPlus 5.0 soft-
ware (Media Cybernetics Inc., Rockvill, MD, 
USA) was used for quantification.

Statistical analysis

Values are given as mean ± SD from a mini-
mum of three replicates. SPSS 20.0 was em- 
ployed for all statistical testing. Student’s t-test 
and ANOVA with post-hoc tests were conducted 
for inter-group comparisons. A p-value < 0.05 
was the threshold for statistical significance.

Results

Characterization of hPDLSCs

hPDLSCs were collected from the root surface 
of healthy premolars and mixed to decrease 
individual differences. Immunocytochemical 
staining was used to detect markers of mesen-
chymal and epithelial cells. Cells sub-cultured 
to a third passage displayed positive expres-
sion of vimentin, a marker of mesenchymal 
stem cells (MSCs), and negatively expressed 
CK18, an epithelium marker (Figure 1A). Next, 
hPDLSCs were grown in osteogenic and adipo-
genic induction media for 21 days and asse- 
ssed. Cells displayed Alizarin red-positive calci-
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um deposition (Figure 1B) and Oil red O-posi- 
tive cytoplasmic lipid accumulation (Figure  
1C). We further observed that treated hPDLSCs 
expressed markers of MSCs including CD105, 
CD166, CD44, and CD90, and negative for 
CD34, CD45, and HLA-DR (Figure 1D). Taken 
together, these results demonstrate that iso-
lated hPDLSCs are stem cells of mesenchymal 
origin with powerful multipotency.

TSA enhances hPDLSC proliferation 

We assessed the effects of TSA on hPDLSC 
viability using WST-1 assays. Our results dem-
onstrate that PDLSCs treated with 2.5 or 5 μM 
TSA display higher proliferation rates compared 
to untreated controls (Figure 2A). TSA treat-
ment at these concentrations also markedly 
enhanced the number of EdU-positive hPDLSCs 
(Figure 2B and 2C), and the expression of Ki67 
and PCNA (Figure 2D). We selected 5 μM TSA 
for subsequent experiments as this concentra-

tion was the most potent stimulator of proli- 
feration. 

TSA influences the apoptotic induction of hP-
DLSCs

The effects of TSA on hPDLSC apoptosis were 
analyzed by nuclear staining and flow cytome-
try after staining of cells with FITC-annexin V 
and PI. In our research, the apoptosis rates  
of positive control (culture medium with 10%  
FBS) were significantly lower than negative con-
trol (culture medium without FBS and TSA). In 
addition, treated the hPDLSCs with 2.5 and 5 
μM TSA attenuated FBS deprivation-induced 
apoptosis, while there was no significant differ-
ence between 5 μM TSA and negative control 
(Figure 3A and 3B). In addition, we detected 
cleaved-PARP1 and cleaved-caspase 3 in hPD- 
LSCs, and found that FBS deprivation-induced 
apoptosis was attenuated by TSA treatment 
(Figure 3C). 

Figure 1. Characteristics of human periodontal ligament stem cells (hPDLSCs). (A) Vimentin and CK18 expression 
was analyzed by immunocytochemical staining in the 3rd passage of hPDLSCs. Scale bar, 20 μm. (B, C) Multiple 
differentiation ability of hPDLSCs was demonstrated by Alizarin red (B) and Oil red O staining (C) under specific dif-
ferentiation conditions for osteoblasts or adipocytes. Scale bar, 100 μm. (D) Cell surface markers including CD105, 
CD166, CD44, CD90, HLA-DR, CD34, and CD45 of hPDLSCs were detected by flow cytometry. Scale bar, 100 μm.
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Figure 2. Effects of TSA on hPDLSCs proliferation. A. hPDLSCs were treated with difference concentration of TSA for 
48 hrs, the number of viable hPDLSCs was analyzed by WST-1 assay. Data were presented as the mean ± SD. *, P 
< 0.05, **, P < 0.01 (ANOVA with Tukey’s post hoc test). B. Quantification of EdU-positive hPDLSCs was expressed 
by the percentage of DAPI-positive cells, and the data were presented as mean ± SD. **, P < 0.01, ***, P < 0.001 
(ANOVA with Tukey’s post hoc test). C. EdU labelling analysis showed the fluorescence images of PDLSCs stimulated 
with TSA. Scale bar: 100 μm. D. hPDLSCs were treated with difference concentration of TSA for 48 hrs. Indicated 
protein level was analyzed by western blotting.

Figure 3. Effect of TSA on hPDLSCs apoptosis. A. hPDLSCs were treated with 10% FBS, indicated concentration of 
TSA for 48 hrs after serum starvation for 24 hrs, and cell apoptosis was determined by a nuclear fragmentation as-
say. Data were presented as mean ± SD. *, P < 0.05 (ANOVA with Tukey’s post hoc test). B. hPDLSCs were treated 
with 10% FBS, indicated concentration of TSA for 48 hrs after serum starvation for 24 hrs, and cell apoptosis was 
determined by flow cytometry using annexin V-FITC and propidium iodide (PI) staining. C. hPDLSCs were treated with 
10% FBS, indicated concentration of TSA for 48 hrs after serum starvation for 24 hrs. Cleaved-PARP and cleaved-
caspase 3 were determined by western blotting.
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TSA induces osteogenic differentiation of 
PDLSCs

To assess influence of TSA on osteogenesis, 
hPDLSCs were treated with varying concentra-
tions of TSA and ALP activity (an early osteo-
genic differentiation marker) assessed. In hPD- 
LSCs treated with TSA at day 21, ALP activity, 
transcription and translation significantly incre- 
ased, with the largest increase in activity evi-
dent for 5 μM TSA (Figure 4A-C), suggesting 
that TSA promotes osteogenic differentiation. 

To further confirm these findings, we investi-
gated how TSA affects osteogenesis-related 
gene expression. At day 14 post-TSA stimula-
tion, the expression of OCN and OPN were sig-
nificantly upregulated, confirming its effects  
on osteogenesis (Figure 4D and 4E). Runx2 
regulates the expression of osteogenic genes 
in osteoblasts, making it the central key factor 
regulating the differentiation of these cells [27, 
28]. Following 48 hrs of TSA treatment, Runx2 
expression increased in a concentration depen-
dent manner (Figure 4F and 4G). From this 

Figure 4. Effect of TSA on osteogenesis differentiation of hPDLSC. A. hPDLSCs were treated with difference con-
centration of TSA for 48 hrs, ALP activity assay was measured. Data were presented as the mean ± SD of three 
independent experiments. *, P < 0.05, **, P < 0.01 (ANOVA with Tukey’s post hoc test). B. The expression of ALP in 
control, TSA-treated hPDLSCs was examined using western blotting. C. The mRNA level of ALP in control, TSA-treated 
hPDLSCs was examined using qRT-PCR. Data were presented as the mean ± SD of three independent experiments. 
*, P < 0.05, **, P < 0.01 (ANOVA with Tukey’s post hoc test). D. The expression of OPN and OCN in control or TSA-
treated hPDLSCs was examined using western blotting. E. The mRNA level of OPN and OCN in control or TSA-treated 
hPDLSCs was examined using qRT-PCR. Data were presented as the mean ± SD of three independent experiments. 
*, P < 0.05, **, P < 0.01 (ANOVA with Tukey’s post hoc test). F. hPDLSCs were treated with TSA. The relative gene 
expression of Runx2 was measured by western blotting. G. hPDLSCs were treated with TSA. The relative gene ex-
pression of Runx2 was measured by qRT-PCR. Data were presented as the mean ± SD of three independent experi-
ments. **, P < 0.01, ***, P < 0.001 (ANOVA with Tukey’s post hoc test).
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data, we concluded that TSA induces hPDLSC 
osteogenic differentiation via Runx2 upregu- 
lation.

TSA decreases adipogenic differentiation

To investigate the effects of TSA during adipo-
genesis, hPDLSCs treated with TSA were in- 
duced into adipogenesis and Oil red O labeling 
and qRT-PCR performed. Staining results reve- 
aled that, 2-weeks post-induction, cells treated 
with TSA showed weaker adipogenesis (Figure 
5A). Western blotting and qRT-PCR data that 
assesses the expression of adipogenic marker 
genes including LPL and PPARγ 1-week post-
induction, confirmed these findings (Figure 5B 
and 5C).

The role of ERK1/2 signaling during TSA-
induced osteogenic differentiation 

Runx2 expression is regulated by a myriad of 
signaling cascades during osteogenic differen-
tiation [29, 30]. Of these pathways, MAPK sig-
naling is the most extensively studied. We thus 
next investigated if MAPK activation mediates 
TSA-induced osteogenic differentiation. Runx2 
levels were assessed following treatment of 
hPDLSCs with 5 µM TSA for 48 hrs in the pres-
ence or absence of specific MAPK inhibitors.  
As shown in Figure 6A, the TSA mediated 
increase in Runx2 expression was inhibited by 
the ERK1/2 inhibitors UO126 and PD98059, 
whilst the inhibition of p38 and JNK (using 
SB203580 and SP600125, respectively) had 
no effect. When the expression of these MAPK 
signaling components was assessed at the  

protein level following 5 μM TSA treatment, we 
observed increased ERK1/2 phosphorylation, 
whilst the levels of p-p38 showed no changes 
and p-JNK could not be detected (Figure 6B). 
We next treated hPDLSCs with 5 μM TSA in the 
presence or absence of UO126 and PD98059 
for 14 days. We observed that inhibition of 
ERK1/2 significantly disrupted the mineraliza-
tion induced by TSA-induced (Figure 6C). Thus, 
we have identified a requirement for ERK1/2 
activation during TSA-induced Runx2 expres-
sion and hPDLSC differentiation. 

Discussion

In recent years, stem cell-based periodontal 
therapy has shown promising therapeutic po- 
tential, and stem cells are a key aspect of such 
therapy [7, 31]. The type of stem cell to be used 
is a major contributor to the success of stem-
cell based periodontal therapy [7]. In this 
regard, early work showed that human bone 
marrow mesenchymal stem cells (hBMMSCs) 
can regenerate periodontal tissue [32]. 

hPDLSCs are postnatal stem cells that can dif-
ferentiate into adipocytes, neuronal-like cells, 
osteoblasts and odontoblasts [33, 34]. Com- 
pared to hBMMSCs, hPDLSCs are more advan-
tageous. Firstly, they are more accessible and 
can be collected during orthodontic procedures 
whilst hBMMSCs must be collected from bone 
marrow [35]. Secondly, hPDLSCs have a higher 
proliferation rate and express higher levels  
of specific transcription factors compared to 
hBMMSCs and other types of dental stem cells 
including those of the dental-pulp and periapi-

Figure 5. TSA regulates adipogenic differentiationof hPDLSCs. A. Oil red O staining of hPDLSCs treated with 5 μM 
TSA. Scale bar, 50 μm. B. hPDLSCs were treated with 5 μM TSA. The mRNA level of adipogenic marker genes LPL 
and PPARγ were evaluated by qRT-PCR. Data were presented as the mean ± SD of three independent experiments. 
**, P < 0.01, ***, P < 0.001 (Student’s t-test). C. hPDLSCs were treated with 5 μM TSA. The protein level of adipo-
genic marker genes LPL and PPARγ were evaluated by western blotting.
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cal-follicles [36]. Thirdly, as the major aim of 
this study was to regenerate periodontal struc-
tures, hPDLSCs are preferable as they form 
cementum- and periodontal ligament-like struc-
tures in immunocompromised mice post-trans-
plantation, whilst other types of MCSs are not 
reported to possess this ability [37]. Finally, 
hPDLSCs can restrict inflammatory and immu- 
ne responses, which are remarkable since the 
majority of clinical patients who require peri-
odontal regeneration are under inflammatory 
conditions [38, 39]. Based on these unique 
characteristics, hPDLSCs were considered as 
the best candidates for dental clinical applica-
tions. Here, we demonstrate that TSA modu-
lates the MAPK-Runx2 axis to regulate hPDLSC 
osteogenic differentiation. 

TSA has been shown to induce heat shock pro-
tein 70 (HSP 70) and Bcl-2 expression, and  
disrupt Bax induction, leading to inhibition of 
apoptosis in neurons following ischemia/reper-
fusion injury [17]. Concerning the mechanism(s) 

To better understand the osteogenic mech- 
anism(s) of TSA, we investigated its influence 
on ERK1/2, p38, and JNK signaling. Previous 
study has shown that FGF-2 activation is 
involved in TSA-induced ERK1/2 activation 
[44]. In the current study, we found TSA activ- 
es ERK1/2 signaling pathway. The activation  
of ERK1/2 has been shown to be essential for 
Runx2 upregulation and transcriptional activity 
[45]. This is consistent with our findings, as  
we saw that ERK1/2 was activated upon TSA-
induced osteogenic differentiation, while ERK 
inhibitors reduced the TSA-mediated upregula-
tion of Runx2 expression. These findings sug-
gest that ERK1/2 activation is the mechani- 
sm by which TSA induces Runx2 expression. 
The mechanism(s) by which TSA upregulates 
ERK1/2 activity were not identified and now 
warrant further investigation. 

In conclusion, we demonstrate that TSA pro-
motes hPDLSC differentiation via ERK activa-
tion. Our data increases our understanding of 

Figure 6. TSA induces ERK1/2 phosphorylation and the activity of ERK1/2 
is required for TSA-induced osteogenesis of hPDLSCs. A. hPDLSCs were 
treated with 5 μM TSA with or without UO126, PD98059, SP600125 and 
SB203580 for 48 hrs. The relative gene expression of Runx2 was detected 
by qRT-PCR. The data were presented as the mean ± SD of three indepen-
dent experiments. **, P < 0.01 (ANOVA with Tukey’s post hoc test). B. Cells 
were treated with TSA. The phosphorylated ERK1/2 (p-ERK1/2), phosphor-
ylated p38 (p-p38), phosphorylated JNK (p-JNK), ERK1/2, p38, JNK and 
β-actin were detected by western blotting. C. Cells were treated with TSA 
with or without UO126, PD98059 for 14 days. The mineralized nodules for-
mation was detected by Alizarin Red S staining. 

for the effects of TSA during 
osteogenic differentiation of 
hPDLSCs, we found that TSA 
treatment increased the ex- 
pression of Runx2 and OSX in 
hPDLSCs. Several studies hi- 
ghlight the role of these pro-
teins during osteoblast func-
tion as both exhibit high levels 
of expression during the early 
stages of tooth development 
and bone formation [40, 41]. 
Co-expression of Runx2 and 
OSX enhances the downstre- 
am transcription of osteogenic 
genes, particularly Runx2, whi- 
ch is suggested to be the key 
transcription factor for MSC 
osteogenic differentiation [42]. 
Accordingly, mice lacking Ru- 
nx2 display a lack of osteo-
blasts and impaired bone for-
mation [43]. Our results re- 
vealed that TSA treatment of 
hPDLSCs enhances Runx2 ex- 
pression, suggesting it as the 
mechanism of its ability to pr- 
omote osteoblast differentia- 
tion. 
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the molecular mechanism(s) that underpin hP- 
DLSC differentiation and suggest that TSA  
has therapeutic potential during hPDLSC clini-
cal applications.
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