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Abstract. The present study aimed to investigate the expres-
sion and regulation of extracellular signal‑regulated kinase 
(ERK)1/2 and p38 mitogen‑activated protein kinase (MAPK) 
signaling pathways in periodontal tissue remodeling of orth-
odontic tooth movement. Sprague Dawley rats with orthodontic 
tooth movement were generated. After tension stress for 1, 3, 
5, 7 and 14 days, the protein and mRNA expression levels 
of ERK1/2 and p38 in periodontal tissue were determined 
by western blotting and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR), respectively. Primary 
human periodontal ligament cells (hPDLCs) were sepa-
rated and characterized. Following exposure to centrifugal 
force for 1, 2, 6, 8 and 12 h, the protein expression levels of 
ERK1/2 and p38 MAPK, and the mRNA expression levels of 
ERK1/2, p38 and osteogenesis associated‑genes [including 
alkaline phosphatase (ALP), osteopontin (OPN), collagen I 
(Col I), osteocalcin (OCN) and bone sialoprotein (BSP)] 
were measured. The protein expression levels of ERK1/2 
and p38 MAPK in periodontal tissue and hPDLCs treated 
with stress were similar to those in the control groups. 
However, compared with the control, the phosphorylation 
and mRNA expression levels of the genes encoding ERK1/2 
and p38 MAPK in orthodontic periodontal tissue and forced 
hPDLCs were elevated. These increases reached a peak at 
5 days for orthodontic periodontal tissue and at 6 h for forced 
hPDLCs. In forced hPDLCs, the mRNA expression levels of 
ALP, OPN, Col I, OCN and BSP were notably and continu-
ously upregulated in a time‑dependent manner. In addition, 

hPDLCs were treated with the ERK1/2 inhibitor, PD098059, 
and the p38 MAPK inhibitor, SB203580, and the mRNA 
expression levels of the osteogenesis associated‑genes were 
then measured using RT‑qPCR. Following treatment with 
the ERK1/2 inhibitor and p38 MAPK inhibitor, the mRNA 
expression levels of ALP, OPN, Col I, OCN and BSP were 
significantly downregulated. In conclusion, ERK1/2 and p38 
MAPK signaling pathways may be positively and closely 
associated with periodontal tissue remodeling of orthodontic 
tooth movement.

Introduction

Orthodontic tooth movement is achieved via the impact of 
mechanical force on periodontal tissue, which is a remod-
eling process accompanying bone regeneration in tension 
areas and bone resorption in pressure areas (1,2). In bone 
remodeling, the remodeling of alveolar bone is most impor-
tant. Periodontal tissue is a periosteum located between 
alveolar bone and tooth root. It possesses the ability to form 
bone and serve a key role in bone resorption induced by 
osteoclasts in the pressure side and bone regeneration due 
to alveolar bone remodeling and osteoblast generation in the 
stretching side (3,4). Periodontal ligament cells (PDLCs) are 
primary cells in periodontal tissue. They direct effector cells 
for mechanical force and fibroblast‑like cells with differ-
entiation potential. Under orthodontic force, PDLCs have 
an osteoblast phenotype and secrete osteoblast‑associated 
proteins; therefore, PDLCs translate orthodontic force into 
biochemical signals for the reconstruction of periodontal 
tissue and tooth movement (3‑5). Differentiation of PDLCs 
into osteoblast‑like cells, which participate in bone formation 
and bone resorption, is a critical process in orthodontic tooth 
movement. Therefore, the translation of mechanical force 
into biochemical signals is a biological theoretical basis of 
modern orthodontic treatment.

Orthodontic force may cause adaptive changes in micro-
environments, including the cell matrix, cell membrane, 
cytoskeleton, nucleoprotein and genome. Consequently, 
signals are transduced to the cell nucleus, regulating the 
endonuclear genes and stimulating a series of biological 
reactions. Various signaling pathways, including the 
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mitogen‑activated protein kinase (MAPK) pathway are 
involved in this biological process  (6‑8). The MAPK 
pathway is composed of a series of Ser/Thr kinases, 
including extracellular signal‑regulated kinase (ERK)1/2, 
c‑Jun N‑terminal kinase (JNK), p38 and ERK5 subfamilies, 
which after cascade phosphorylation, regulate the activity of 
certain transcription factors. The MAPK signaling pathway 
is closely associated with bone resorption of osteoclasts 
and the bone formation of osteoblasts. In vitro cell studies 
demonstrated that intermittent mechanical force and 10% 
cyclical tension stress activated the ERK1/2 and p38 MAPK 
signaling pathway in human PDLCs (hPDLCs)  (9,10). 
However, to the best of our knowledge, there are no 
reports demonstrating the time‑dependent expression and 
mechanism of ERK1/2 and p38 MAPK in orthodontic tooth 
movement in animals. Therefore, in the present study, a rat 
model of orthodontic tooth movement and ex vivo hPDLCs 
exposed to centrifugal force were used to investigate the 
involvement of ERK1/2 and p38 MAPK signaling pathways 
in orthodontic tooth movement.

Materials and methods

Materials and animals. Collagenase I, neutral protease II, 
Dulbecco's  modi f ied Eagle's  medium (DMEM), 
penicillin‑streptomycin, fetal bovine serum (FBS), TRIzol 
and MTT reagent were purchased from Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA). Hank's buffer, radio-
immunoprecipitation (RIPA) buffer and protease inhibitors 
were purchased from Beijing Solarbio Science & Technology 
Co., Ltd. (Beijing, China). Pentobarbital (Purity >99%; lot 
no. P3761) was purchased from Sigma‑Aldrich; Merck KGaA 
(Darmstadt, Germany). Diethyl pyrocarbonate (DEPC) 
was purchased from Sangon Biotech Co., Ltd. (Shanghai, 
China). The bicinchoninic acid (BCA) assay kit, ERK1/2 
inhibitor (PD098059), p38 MAPK inhibitor (SB203580), 
enhanced chemiluminescent (ECL) plus detection reagent, 
HRP‑labeled goat anti‑mouse IgG (A0216), HRP‑labeled goat 
anti‑rabbit IgG (A0208), and mouse anti‑GAPDH monoclonal 
antibody (AF0006) were purchased from Beyotime Institute 
of Biotechnology (Haimen, China). Rabbit anti‑ERK1/2 
(ab54230), phosphorylated (p)‑ERK1/2 (ab201015), p38 
MAPK (ab197348) and p‑p38 (ab47363) polyclonal antibodies 
were purchased from Abcam (Cambridge, UK). Orthodontic 
stainless steel wire was from Innovative Material and Devices, 
Inc. (Shanghai, China).

A total of 60  patients (35 male and 25 female) were 
recruited in October 2015. Following obtainment of ethical 
approval from the Medical Ethics Committee, Affiliated 
Stomatological Hospital of Nanchang University (Jiangxi, 
China) and written informed consent, human periodontal 
tissues were collected from healthy premolar teeth, which 
were extracted from 11‑15  year old patients undergoing 
orthodontic treatment.

The animal studies were approved by the Institutional 
Animal Care and Use Committee at the Affiliated 
Stomatological Hospital of Nanchang University. A total of 
60 male Sprague Dawley rats (age, 4 weeks; weight, 200±20 g) 
were purchased from Shanghai SLAC Laboratory Animal 
Co., Ltd. (Shanghai, China) with certificate number SCXK 

(Shanghai) 2012‑0002. These rats were housed at a tempera-
ture of 23±2˚C and relative humidity of ~50%, with natural 
light‑dark cycle and free access to water and food. All animal 
experiments were conducted in compliance with the Guide 
for the Care and Use of Laboratory Animals of the Affiliated 
Stomatological Hospital of Nanchang University.

Rats with orthodontic tooth movement. A total of 60 Sprague 
Dawley rats were randomly assigned into six groups (control, 
and orthodontic tooth movement for 1, 3, 5, 7 and 14 days; 
n=10/group). The right first maxillary molars of the rats were 
utilized as experimental teeth. Rats were anesthetized with 
0.1 ml pentobarbital (3%, w/v), and then retention grooves at 
lengths of 0.5‑1 mm were made at the near medial surface of 
the maxillary incisor labial side and right first molar in rats. 
Spiral springs were ligated with orthodontic stainless steel 
wire between the maxillary incisor and first molar. Tension 
force of ~40 Newtons produced by spiral springs pulled the 
mesial movement of the first molar. Rats were euthanized at 1, 
3, 5, 7 and 14 days. The first molars and surrounding alveolar 
bone tissue were collected and stored at ‑80˚C until further 
analysis.

Ex vivo hPDLCs incubation and characterization. Fresh 
healthy teeth collected from patients following orthodontic 
treatment were washed with Hank's buffer containing peni-
cillin‑streptomycin to remove bloodstains. One third of the 
periodontal tissue in tooth roots was scraped using number 
12 blades, cut into pieces, and incubated with collagenase I 
(3%, w/v) and neutral protease II (4%, w/v) for digestion. After 
1 h, the mixture was centrifuged for 10 min at 1,000 x g at 
room temperature, and the precipitate was resuspended in 
DMEM containing 15% (v/v) FBS to obtain a single cell 
suspension. The suspension was incubated at 37˚C and 5% 
CO2. The confluence of hPDLCs reached 90% at day 7 and 
the cell morphology was observed under a microscope (model 
TS100, Nikon Corporation, Tokyo, Japan). hPDLCs were long 
spindle‑shaped with a round or oval cell nucleus with a clear 
nucleolus. Growth was maintained after cell passages.

Treatment of hPDLCs. hPDLCs from passages 2‑3 with a good 
growth status were seeded at a density of 1x104 cells/well in 
6‑well plates. The plates were placed in a centrifugal bracket 
at 37˚C and subjected to a centrifugal force of 80 x g for 1, 2, 
6, 8 and 12 h. hPDLCs without treatment served as a control. 
Subsequently, the protein expression levels of ERK1/2 and 
p38 MAPK were measured by western blotting. In addition, 
the mRNA expression levels of ERK1/2, p38 MAPK and 
osteogenesis‑associated genes, including alkaline phosphatase 
(ALP), osteopontin (OPN), collagen  I (Col I), osteocalcin 
(OCN) and bone sialoprotein (BSP) were measured by 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR).

hPDLCs were seeded at a density of 1x104  cells/well 
in 6‑well plates and treated with 10 µM ERK1/2 inhibitor 
(PD098059) and 10 µM p38 MAPK inhibitor (SB203580) 
at 37˚C for 24 h. Cells without inhibitor treatment served as 
the control. Cells with and without treatment were subjected 
to centrifugal force at 80 x g and 4˚C for 6 h. Subsequently, 
mRNA expression levels of osteogenesis‑associated genes, 
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including ALP, OPN, Col I, OCN and BSP were determined 
by RT‑qPCR.

RT‑qPCR. In addition to hPDLCs, the mRNA expression levels 
of ERK1/2 and p38 in homogenized periodontal tissue from rats 
were determined by RT‑qPCR. Total RNA of the periodontal 
tissue and hPDLCs were extracted using TRIzol reagent 
and optical density (OD) was measured at 260 nm (OD260) 
or 280 nm (OD280) using a spectrophotometer (Evolution 
201/220; Thermo Fisher Scientific, Inc.). The OD260/OD280 
ratio ranged between 1.7 and 2.0. RNA was reverse transcribed 
to cDNA using BeyoRT first strand cDNA synthesis kit (RNase 
H minus) (Beyotime Institute of Biotechnology) and a PCR 
thermal cycler (PTC‑200; MJ Research, Inc., Quebec, Canada). 
Fluorescent quantitation using UltraSYBR mixture (CW0957M, 
CWBiotech, Beijing, China) was measured on a LightCycler® 
96 instrument (Roche Diagnostics, Basel, Switzerland). Primer 
sequences (Table I) were designed by Sangon Biotech Co., Ltd. 
A total of 2 µl of 1 µg RNA, 12.5 µl UltraSYBR mixture, 2 µl 
dNTP mixture and 2 µl MgCl2 were mixed and DEPC water 
(0.1%, v/v) was added to obtain a final volume of 25 µl. Cycling 
conditions were as follows: An initial predenaturation step at 
95˚C for 5 min, followed by 40 cycles of denaturation at 95˚C 
for 30 sec, annealing at 58˚C for 30 sec and extension at 72˚C 
for 30 sec. Quantification cycle (Cq) values were recorded and 
the relative expression level of target genes were calculated 
using the 2‑ΔΔCq method (11). The average value of three experi-
ments served as the Cq value of each sample. The Cq value of 
the internal control gene subtracted from that of the target gene 
to generate ΔCq, and the average ΔCq of each sample from 
that of the control equaled ΔΔCq. The relative expression level 
of the target gene was calculated using the 2‑ΔΔCq method, and 
therefore the relative expression level of the control was 20=1.

Western blotting. Periodontal tissue of rats or hPDLCs were 
incubated with 10 µg/ml RIPA buffer and protease inhibitors 
at 4˚C. The mixture was shaken for 10 min every 30 sec. After 
40 min, samples were centrifuged at 4˚C and 7,000 x g for 
10 min. The supernatant was carefully collected to obtain 
total protein and the concentration was determined with 
a BCA assay kit. Proteins (2 µg/µl; 10 µl) were loaded and 
subjected to 10% SDS‑PAGE, prior to transfer onto a PVDF 
membrane. The membrane was blocked with 5% (w/v) non‑fat 
milk at room temperature for 30 min The membrane was incu-
bated with primary antibodies (anti‑GAPDH, anti‑ERK1/2, 
anti‑p‑ERK1/2, anti‑p38 MAPK and anti‑p‑p38; all 1:1,000) 
at 4˚C overnight and subsequently with secondary antibodies 
(HRP‑labeled goat anti‑mouse IgG and HRP‑labeled goat 
anti‑rabbit IgG; both 1:1,000) at room temperature for 2 h. 
ECL plus detection reagent was added to the membrane and 
proteins were imaged on a ChemiDoc™ XRS gel imaging 
system (Bio‑Rad Laboratories, Inc., Hercules, CA, USA). 
Quantity One software (v4.62; Bio‑Rad Laboratories, Inc.) was 
used for densitometric analysis.

Statistical analysis. Experiments were repeated at least three 
times and data are presented as the mean ± standard deviation. 
Statistical analysis was performed using one way analysis of 
variance followed by a Tukey post‑hoc test via SPSS version 
17.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Protein expression levels of ERK1/2 and p38 MAPK in 
periodontal tissue of rats after tension force. The protein 
expression levels of ERK1/2 and p38 MAPK in periodontal 

Table I. Primer sequences.

Gene	 Primer sequence (5'‑3')	 Base pairs

ERK1/2	 F: TCAAGCCTTCCAACCTC	 200
	 R: GCAGCCCACAGACCAAA
p38 MAPK	 F: AGGGCGATGTGACGTTT	 108
	 R: CTGGCAGGGTGAAGTTGG
ALP	 F: CTCGTTGACCACCTGGAAGAGCTTCAAACCG	 168
	 R: GGTCCGTCACGTTGTTCCTGTTCAGC
OPN	 F: CCAAGTAAGTCCAACGAAAG	 348
	 R: GGTGATGTCCTCGTCTGTA
OCN	 F: CATGAGAGCCCTCACA	 315
	 R: AGAGCGACACCCTAGAC
BSP	 F: AAAACGAAGAAAGCGAAGC	 331
	 R: TATTCATTGACGCCCGTGTA
Col I	 F: AGGGCTCCAACGAGATCGAGATCCG	 223
	 R: TACAGGAAGCAGACAGGGCCAACGTCG
GAPDH	 F: AGCCACATCGCTCAGACA	 314
	 R: TGGACTCCACGACGTACT

ALP, alkaline phosphatase; BSP, bone sialoprotein; Col I, collagen I; ERK1/2, extracellular signal‑regulated kinase 1/2; F, forward; MAPK, 
mitogen‑activated protein kinase; OCN, osteocalcin; OPN, osteopontin; R, reverse. 

https://www.spandidos-publications.com/10.3892/mmr.2017.8021
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tissue were determined by western blotting (Fig. 1). Compared 
with the control, the expression levels of ERK1/2 and p38 
were similar following orthodontic tooth movement; however, 
the expression levels of p‑ERK1/2 and p‑p38 were elevated 
after tension force. In addition, the increase in expression of 
p‑ERK1/2 and p‑p38 reached a peak after 5 days of tooth 
movement. At 7 and 14 days, expression levels of p‑ERK1/2 
and p‑p38 were reduced to some extent, although they were 
greater than the control.

mRNA expression levels of ERK1/2 and p38 in periodontal 
tissue of rats after tension force. The mRNA expression levels 
of ERK1/2 and p38 in periodontal tissue were measured by 
RT‑qPCR. Following tension force, the mRNA expression 
levels of ERK1/2 and p38 in periodontal tissue were upregu-
lated compared with the control (Fig. 2). In addition, peak 
expression was observed at 5 days.

Protein expression levels of ERK1/2 and p38 MAPK in 
hPDLCs treated with centrifugal force. Protein expression 

levels of ERK1/2 and p38 MAPK in hPDLCs treated with 
centrifugal force for various time points were measured 
by western blotting. There was no difference in the protein 
levels of ERK1/2 and p38 MAPK in hPDLCs between the 
control and treatment groups (Fig. 3). However, the expression 
levels of p‑ERK1/2 and p‑p38 were elevated in the treatment 
groups compared with in the control group (Fig. 3). After 1 
to 6 h centrifugal force, there was a gradual increase in the 
phosphorylation levels of ERK1/2 and p38; however, at 12 h, 
the phosphorylation of ERK1/2 and p38 MAPK proteins was 
reduced, although still not to the levels of the control (Fig. 3). 
These results in hPDLCs were similar to those observed in 
periodontal tissue.

mRNA expression levels of encoding ERK1/2 and p38 in 
hPDLCs treated with centrifugal force. The mRNA expression 
levels of ERK1/2 and p38 in treated hPDLCs were greater than 
the control (Fig. 4). Under centrifugal force, mRNA expression 
of these genes gradually increased with time, reaching a peak 
at 6 h. However, at 12 h, the expression was reduced, although 

Figure 1. Protein expression levels of ERK1/2 and p38 in periodontal tissue following tension force. (A) Western blotting of ERK1/2, p38 MAPK, p‑ERK1/2 
and p‑p38 MAPK. (B) Semi‑quantitative densitometric analysis of p‑ERK1/2 and p‑p38 after 1, 3, 5, 7 and 14 days of orthodontic tooth movement. *P<0.05 
vs. the control group. ERK1/2, extracellular signal‑regulated kinase 1/2; MAPK, mitogen‑activated protein kinase; p‑, phosphorylated.

Figure 2. mRNA expression levels of ERK1/2 and p38 at different time points in periodontal tissue after tension force, as determined by reverse transcrip-
tion‑quantitative polymerase chain reaction. *P<0.05 vs. the control group. ERK1/2, extracellular signal‑regulated kinase 1/2. 
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not to the level of the control. Therefore, the results in hPDLCs 
concurred with those of periodontal tissue.

Expression of osteogenesis‑associated genes in hPDLCs 
exposed to centrifugal force. Following force treatment, the 
mRNA expression levels of ALP, OPN, Col I, OCN and BSP 
were markedly upregulated in hPDLCs compared with in 
the control group, in a time‑dependent manner (Fig. 5). The 
increase in ALP, OPN, Col I was evident at 1 h after force 
treatment, whereas a marked increase in OCN and BSP was 
observed at 6 h post treatment.

Expression of osteogenesis‑associated genes in hPDLCs 
following treatment with an ERK1/2 inhibitor and p38 
MAPK inhibitor. hPDLCs were treated with an ERK1/2 
inhibitor (PD098059) (Fig. 6A) or a p38 MAPK inhibitor 
(SB203580) (Fig. 6B), and the mRNA expression levels of 
osteogenesis‑associated genes were measured by RT‑qPCR. 
Cells without inhibitor treatment served as the control. 

Compared with the control group, the mRNA expression 
levels of ALP, OPN, Col I, OCN and BSP were significantly 

Figure 3. Protein expression levels of ERK1/2 and p38 in hPDLCs treated with centrifugal force. (A) Western blotting of ERK1/2, p38 MAPK, p‑ERK1/2 and 
p‑p38 MAPK. (B) Semi‑quantitative densitometric analysis of p‑ERK1/2 and p‑p38 MAPK in the control cells, and in hPDLCs exposed to centrifugal force 
for various durations. *P<0.05 vs. the control group. ERK1/2, extracellular signal‑regulated kinase 1/2; hPDLCs, human periodontal ligament cells; MAPK, 
mitogen‑activated protein kinase; p‑, phosphorylated. 

Figure 4. mRNA expression levels of ERK1/2 and p38 in human periodontal ligament cells following exposure to centrifugal force for different time points, as 
determined by reverse transcription‑quantitative polymerase chain reaction. *P<0.05 vs. the control group. ERK1/2, extracellular signal‑regulated kinase 1/2. 

Figure 5. mRNA expression of osteogenesis‑associated genes in the control cells 
or human periodontal ligament cells following exposure to centrifugal force for 
different time points, as determined by reverse transcription‑quantitative poly-
merase chain reaction. *P<0.05 vs. the control group. ALP, alkaline phosphatase; 
BSP, bone sialoprotein; Col I, collagen I; OCN, osteocalcin; OPN, osteopontin.

https://www.spandidos-publications.com/10.3892/mmr.2017.8021
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downregulated in the PD098059 or SB203580 treatment 
groups (P<0.01).

Discussion

MAPK is a Ser/Thr protein kinase that is widely expressed in 
various cells. Through a cascade reaction, the MAPK pathway 
transduces signals to the cell nucleus to regulate transcrip-
tion, and therefore influences cell proliferation, apoptosis 
and differentiation (12). In the MAPK family, ERK1/2, p38 
and JNK subfamilies have been extensively investigated. 
ERK1/2 and p38 are involved in osteogenesis‑associated gene 
expression and bone formation in vivo (13,14). However, the 
full underlying mechanism of ERK1/2 and p38 pathways in 
osteogenic differentiation remains contradictory. Li et al (14) 
revealed that when the ERK1/2 and p38 signaling pathways 
were inhibited in dental follicle cells, osteogenic differentiation 
in early, middle and advanced stages was promoted. However, 
Xiao et al (15) reported that inhibition of ERK1/2 resulted in 
restrained osteoblast activity and bone formation. Therefore, 
ERK1/2 may exert positive or negative effects on osteogenic 
differentiation, which may result from diverse external stimuli, 
cell types and action time.

Kang et al  (16) demonstrated that numerous pathways, 
including MAPK, were activated in hPDLCs under mechan-
ical pressure. Tsutsumi et al  (9) revealed that intermittent 
mechanical force induced activation of the ERK1/2 and p38 
MAPK pathways in hPDLCs. Cyclical tension stress of 10% 
promoted the differentiation of hPDLCs via activation of the 
ERK1/2 signaling pathway and the expression of osteogenic 
differentiation‑associated genes (10). In addition, after contin-
uous stress with 0.25 and 0.5 Newtons in rats, the expression 
levels of p‑ERK1/2 were upregulated (17). It was suggested 
that in in vitro cell experiments, mechanical force had a posi-
tive effect on the ERK1/2 and p38 MAPK signaling pathways. 
Therefore, to further clarify the role of ERK1/2 and p38 MAPK 
pathways in orthodontic bone remodeling, the present study 
used a rat model of orthodontic tooth movement via a spring 
tension method and a hPDLCs model with centrifugal force. 
Following tension stress for 1, 3, 5, 7 and 14 days in vivo or 
centrifugal force for 1, 2, 6, 8 and 12 h ex vivo, the protein and 
mRNA expression levels of ERK1/2 and p38 in periodontal 

tissue or hPDLCs were measured by western blotting and 
RT‑qPCR, respectively. The results demonstrated that the 
mRNA and protein expression levels of p‑ERK1/2 and p‑p38, 
and the mRNA expression levels of ERK1/2 and p38, in peri-
odontal tissue and hPDLCs were markedly elevated. Only the 
mRNA expression levels of ERK1/2 and p38 were increased; 
total protein levels were not increased. This might result from 
the increased phosphorylation of ERK1/2 and p38 proteins 
following activation of the signal pathways. The expression 
levels of these genes were affected in a time‑dependent manner, 
and the greatest expression was observed at 5 days (in rats) 
or 6 h (in hPDLCs). These findings indicated that orthodontic 
tension stress in rats and hPDLCs exposed to centrifugal force 
resulted in the phosphorylation of ERK1/2 and p38. Although 
the transcription of mRNA was initiated at a time that was 
earlier than the expression time of proteins, the expression of 
mRNA and protein were continuous and quick processes. This 
may not always be in a time‑dependent manner. Therefore, in 
the present study, the time‑dependent alterations of MAPK 
protein and mRNA were consistent.

Bone formation involves osteoblast proliferation, extra-
cellular matrix formation and matrix mineralization, and is 
associated with the expression of numerous genes, including 
ALP, OPN, Col I, OCN and BSP  (18). ALP is primarily 
involved in initiating matrix mineralization and has a suppres-
sive effect on calcification inhibition. Its expression is an early 
indicator of osteogenic differentiation and is a precondition 
for OCN expression and calcium nodule formation (19). As 
an early‑to‑mid osteogenic marker, OPN binds to cells or the 
matrix surface, and promotes the interaction between cells 
and the extracellular matrix and hydroxyapatite production, 
thereby facilitating the organization of osteoblast‑like‑cells, 
calcium compound deposition and bone formation (20). Col I 
is a primary scaffold of matrix mineralization and promotes 
osteoblast adhesion and differentiation  (21). As a vitamin 
K‑dependent low molecular weight protein, OCN exhibits 
a strong affinity for calcium and hydroxyapatite, and is 
considered an indicator of middle or advanced stage osteogen-
esis (22). As an extracellular matrix protein, BSP is a marker of 
osteoblast maturation and is expressed at the advanced stages 
of bone formation (23). Therefore, the present study measured 
the mRNA expression levels of osteogenesis‑associated 

Figure 6. mRNA expression levels of osteogenesis‑associated genes in hPDLCs following treatment with (A) extracellular signal‑regulated kinase 1/2 inhibitor 
(PD098059) or (B) p38 mitogen‑activated protein kinase inhibitor (SB203580), as determined by reverse transcription‑quantitative polymerase chain reac-
tion. **P<0.01 vs. the control group. ALP, alkaline phosphatase; BSP, bone sialoprotein; Col I, collagen I; hPDLCs, human periodontal ligament cells; OCN, 
osteocalcin; OPN, osteopontin.
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genes, including ALP, OPN, Col I, OCN and BSP, in hPDLCs 
following centrifugal force treatment for 1, 2, 6, 8 and 12 h. 
The expression levels of these genes increased by 6 h. These 
results suggested that mechanical force positively regulated 
the expression of osteogenesis‑associated genes in hPDLCs. 
The increase in mRNA expression levels of ALP, OPN, Col I, 
OCN and BSP in hPDLCs induced by mechanical force was 
associated with activation of the ERK1/2 and p38 signaling 
pathways. Expression levels of OCN, BSP, p‑ERK1/2 and 
p‑p38 were greatest at 12 h under stress, and this suggested 
that the phosphorylation of ERK1/2 and p38 was required for 
transcription of OCN and BSP. After 6 h, the expression levels 
of p‑ERK1/2 and p‑p38 were reduced; however, the expression 
of osteogenesis‑associated genes continued to be upregulated. 
It was suggested that these five genes may be influenced by 
other signaling pathways, including bone morphogenetic 
protein/Smad, Wnt/β‑catenin, Notch and Hedgehog (24‑26).

In addition, Tang et al (27) revealed that flow shear stress 
on hPDLCs for 2 h resulted in enhancement of cell viability, 
ALP activity, Col I mRNA levels, p‑ERK1/2, p‑p38 MAPK, 
generation of osteoid‑like nodules and rearrangement of fila-
mentous actin. However, following administration of MAPK 
inhibitors U0126 and SB203580, the alterations induced by 
flow shear stress were suppressed (24). It was suggested that 
flow shear stress stimulated osteogenic differentiation of 
hPDLCs via the ERK1/2 and p38 MAPK signaling pathways. 
Activation of the ERK1/2 pathway and upregulation of osteo-
genesis‑associated genes may accelerate osteogenesis and 
calcification of hPDLCs (8,28). Therefore, in the present study, 
the effects of an ERK1/2 inhibitor and p38 MAPK inhibitor on 
osteogenesis‑associated genes in hPDLCs were investigated. 
RT‑qPCR demonstrated that the ERK1/2 inhibitor and p38 
MAPK inhibitor significantly suppressed the mRNA expres-
sion levels of ALP, OPN, Col I, OCN and BSP, which suggested 
that suppression of the ERK1/2 and p38 MAPK pathways may 
inhibit expression of these osteogenesis‑associated genes and 
bone formation of hPDLCs.

In conclusion, the expression and regulation of ERK1/2 
and p38 MAPK signaling pathways were investigated in peri-
odontal tissue following orthodontic tooth movement in vivo 
and in hPDLCs exposed to centrifugal force ex  vivo. The 
protein expression levels of p‑ERK1/2 and p‑p38, rather than 
total ERK1/2 and p38, were elevated in orthodontic periodontal 
tissue in vivo and hPDLCs ex vivo. The mRNA expression levels 
of ERK1/2 and p38 in orthodontic periodontal tissue in vivo and 
hPDLCs ex vivo were additionally upregulated and positively 
regulated the expression levels of osteogenesis‑associated genes, 
which was further demonstrated using specific inhibitors of 
ERK1/2 and p38 signaling. ERK1/2 and p38 MAPK pathways 
were positively and closely associated with periodontal tissue 
remodeling of orthodontic tooth movement. These findings aid 
further investigation of the underlying molecular mechanisms 
in periodontal tissue following orthodontic tooth movement, 
and the development of drugs that target the ERK1/2 and p38 
MAPK signaling pathways.
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