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Abstract: Periostin, an extracellular matrix protein, is mainly expressed in periodontal ligament fibroblasts, and it has
been shown to inhibit hypoxia-induced apoptosis. However, the underling molecular mechanism of periostin-mediated regulation of apoptosis is not well known. The apoptosis rate of periodontal ligament fibroblasts was increased
under hypoxic conditions. The protein expression levels of (HIF-1α) and (BNIP3) were upregulated in periodontal
ligament fibroblasts under hypoxic conditions. Overexpression of periostin decreased hypoxia-induced apoptosis, as
well as HIF-1α and BNIP3 protein level. The phosphorylation level of Akt/PKB on Ser473 was increased in periodontal ligament fibroblasts transfected with periostin. Periostin activated the Akt/PKB signaling pathway through the
αvβ3 integrins pathway. The addition of an Akt/PKB inhibitor resulted in an increase in hypoxia-induced apoptosis
compared with the control group. Moreover, the protective effect of periostin was disrupted in periodontal ligament
fibroblasts co-treated with Akt/PKB inhibitor. Under hypoxic conditions, periostin decreases HIF-1α and BNIP3 expression levels, and inhibits apoptosis in human periodontal ligament fibroblasts via activating the Akt/PKB kinase
signaling, which provides a novel insight into the regulation of apoptosis in periodontal diseases.
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Introduction
Periodontal disease is classified as a highly
prevalent oral inflammatory disease characterized by the progressive inflammatory destruction of the soft and hard tissues of the teeth.
Several systemic and local risk factors have
been proved to contribute to the initiation and
progression of periodontitis. Occlusal trauma is
an injury of the supportive periodontium and
has been implicated in inflammatory alveolar
bone resorption [1]. The physiological blood
flow in human periodontal ligament was lower
than that in pulpal or brain because occlusal
forces was able to easily reduce blood flow in
the periodontal ligament [2]. Compression or
tension of the periodontal ligament leads to a
reduction of blood flow and thereby causes
ischaemia and local hypoxia [3, 4]. Hypoxia
caused by occlusal trauma was related to apoptosis in periodontal ligament cells [5]. CoCl2mimic hypoxic treatment accelerated apoptosis

in human periodontal ligament cells by promoting expression of hypoxia-inducible factor-1α
(HIF-α) [6]. Therefore, hypoxia-induced apoptosis in human periodontal ligament fibroblasts is
closely associated with periodontitis.
HIF-1α, a heterodimeric transcriptional factor,
plays a vital role in maintaining oxygen (O2)
homeostasis in the cellular environment [7].
HIF-1α has been demonstrated to regulate the
expression of numerous target genes that are
involved in cancer biology, including angiogenesis, glucose metabolism, cell invasion and
migration, and apoptosis [8]. Under normoxic
conditions, HIF-1α was hydroxylated by prolylhydroxylases (PHDs) and ubiquitinated by the
protein encoded by von Hippel-Lindau (Pvhl),
leading to a rapid proteasomal degradation of
HIF-1α. Under hypoxic conditions, the degradation pathway was blocked due to inactivation of
PHDs [9, 10]. CoCl2 has been used as a hypoxic
mimicking agent. CoCl2 upregulated HIF-1α
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expression and interfered the binding of HIF-1α
and Pvhl, thus maintaining the stability of HIF1α [11]. Bcl-2/E1B 19 kDa interacting protein 3
(BNIP3) has been shown to result in mitochondrial dysfunction and cell death in different
types of cells [12]. The expression of BNIP3
was upregulated under hypoxic conditions.
Inhibition of BNIP3 expression decreased
hypoxia-induced apoptosis and myeloid cell
leukemia 1 (MCL1) effectively abolished the
ability of BNIP3 to induce cell death in malignant brain tumor glioblastoma under hypoxic
conditions [13].
Periostin has been found abundantly expressed
in fibrous connective tissues, including heart
valves, tendons, perichondrium, and periodontal ligament [14]. Periostin promoted proliferation of differentiated cardiomyocytes and contributes to ventricular remodeling and angiogenesis [15]. In human gastric cancer SGC7901 cells treated with cisplatin or 5-fluorouracil, overexpression of periostin decreased the
expression levels of Bax and p53 proteins and
increased the expression level of Bcl-2 protein.
Moreover, upregulation of periostin inhibited
cisplatin or 5-fluorouracil-induced apoptosis in
SGC-7901 cells via the Akt/p53 signaling pathway [16]. Although a previous study has shown
that periostin inhibited hypoxia-induced apoptosis in human periodontal ligament cells
through modulating the TGF-β1/SMAD2 signaling pathway [17], the exact mechanism underlying the anti-apoptosis role of periostin still
needs further research.
In the present study, the effect of periostin on
human periodontal ligament fibroblasts apoptosis was elucidated under hypoxic conditions.
The results showed that periostin exerted an
antagonistic activity against the hypoxiainduced apoptosis in periodontal ligament
fibroblasts and may serve as a specific target
for therapy of periodontal diseases.
Materials and methods
Cell culture
Human periodontal ligament fibroblasts (Lonza,
Walkersville, MD, USA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Carlsbad, CA, USA) containing 100 U/ml penicillin (Sigma-Aldrich, Louis, MO, USA), 100 μg/ml
streptomycin (Sigma-Aldrich), and 10% (vol/vol)
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heat-inactivated fetal bovine serum (Gibco) at
37°C in a humid incubator with 5% CO2.
Plasmids and cell treatment
For construction of a periostin-expressing plasmid [14], full-length human periostin cDNA
(GenBank NM_006475) was amplified by PCR
with primers: forward, 5’-GCCGAAGCTTACCATGATTCCC-3’; reverse, 5’-GCGCCTCGAGTCACTGAGAACG-3’. The fragment was digested with
Hind III and Xho I and subcloned into pcDNA3.1(+) vector (Invitrogen). The constructed
plasmid (pcDNA3.1-periostin) was confirmed by
DNA sequencing. Cells were firstly seeded onto
a 6-well plate (1 × 106 cells/well). After incubation for 24 h, cells were transfected with
pcDNA3.1(+) empty vector (0.5 µg), pcDNA3.1/
periostin plasmid (0.5 µg) using lipofectamine2000 reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s instructions. For inhibition of the Akt/
PKB signaling pathway, human periodontal ligament fibroblasts were treated with 15 mM of 1L6-Hydroxymethyl-chiroinositol 2-®-2-O-methyl3-O-octadecylcarbonate (Merck Biosciences,
Nottingham, UK) for 45 min.
Induction of hypoxic condition
Cells were transferred to an airtight chamber
containing AnaeroPack system combined with
AnaeroPack oxygen indicator (Mitsubishi Gas
Chemical Co. Inc., Tokyo, Japan). The agent can
absorb O2 entirely within 0.5-1 hour. The hypoxic conditions were obtained by using Anaeropack System (Mitsubishi Gas Chemical Co. Inc.,
Tokyo, Japan). We used different amount of the
agent to keep O2 concentration at approximate
1% and the concentration of O2 was indicated
by AnaeroPack oxygen indicator showing different colors.
Analysis of apoptosis by flow cytometry
An annexin V-fluorescein isothiocyanate (FITC)
apoptosis detection Kit (BD Biosciences Pharmingen, San Jose, CA, USA) was used according to the manufacturer’s instructions. The cells
were harvested and washed twice with cold
phosphate-buffered saline (PBS) and then
resuspended in cold 1 × binding buffer. Annexin
V-FITC (5 µl) and propidium iodide (PI, 5 µl) were
then added to the cell suspensions and then
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Figure 1. Hypoxia promotes apoptosis and regulates HIF-1α and BNIP3 expression in human periodontal ligament
fibroblasts. (A) Flow cytometry analysis was performed by annexin-V-FITC/PI dual staining. The lower right quadrant
of each panel represents the percentage of early apoptotic cells (annexin V+ PI-) and the upper right quadrant indicates the percentage of late apoptotic cells (annexin V+ PI+). After 48 h of hypoxia, the expression of HIF-1α and
BNIP3 were assessed by qRT-PCR (B and C) and western blot (D). Data were represented as the mean ± SD (n = 3).
**P < 0.01; ***P < 0.001; NS, not significant.

incubated at room temperature for 15 min in a
dark place. Stained cells were analyzed on a
FACScan flow cytometer (Becton Dickinson, CA,
USA) using Cellquest software (Becton
Dickinson).
Western blot
At 48 h after transfection, cells were washed
twice with PBS and then total proteins were
extracted with RIPA lysis buffer (Beyotime
Institute of Biotechnology, Jiangsu, China). The
protein concentration was determined using
bicinchoninic acid reagent (Beyotime Institute
of Biotechnology). Equal amount of protein
samples was loaded into the individual wells
and separated by polyacrylamide gel electrophoresis, and then transferred to polyvinylidene fluoride membranes. Membranes were
blocked with 5% non-fat milk powder in Tris
buffered saline containing 0.1% Tween-20
(TBST) for 1 h at room temperature and then
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incubated with the anti-periostin, anti-BNIP3,
anti-HIF-1α, anti-pAktser473, anti-Akt or anti-βactin antibody at 4°C overnight. β-actin was
used as a loading control. The membranes
were washed with TBST (3 × 10 min) and then
incubated with the corresponding horseradishperoxidase-labeled secondary antibody for 1 h
at room temperature. Following washes with
TBST (3 × 15 min), the blots were visualized
using enhanced chemi-luminescence detection
kit (Pierce, Rockford, IL, USA). The band density
was measured using the Image J software
(National Institutes of Health, Bethesda, MD,
USA).
Real-time RT-PCR
Total RNA was isolated from the cells with
TRIzol reagent (Invitrogen) and purified using a
RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. The RNA concentration was determined using an Agilent Bioana-
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Figure 2. Periostin alleviates hypoxia-induced apoptosis and upregulation of HIF-1α and BNIP3 expression. After
transfection with empty vector (mock vector) or periostin vector, human periodontal ligament fibroblasts were subjected to hypoxia (1% O2) treatment for 48 h. A. Cells were stained with annexin V-FITC and PI, and then analyzed by
flow cytometry analysis. B. Cells were subjected to western blot analysis. Data were represented as the mean ± SD
(n = 3). *P < 0.05; **P < 0.01; NS, not significant.

lyzer 2000 RNA Nanochips (Agilent, Santa
Clara, CA, USA). A total of 150 ng of RNA template was reversely transcribed into complementary DNA (cDNA) using TaqMan Reverse
Transcription Reagents (Applied Biosystems,
Foster City, USA). qRT-PCR was performed on
an ABI 7900 qRT-PCR system (Thermo Scientific-Applied Biosystems, Foster City, CA, USA)
using Fast SYBR Green master mix (Applied
Biosystems) in accordance with the manufacturer’s protocol. The expression level of BNIP3
and HIF-1α mRNA were normalized to β-actin
expression and calculated according to the
2-ΔΔCt method.
Statistical analyses
Student’s t-test or analysis of variance was conducted to determine statistically significant differences using the SPSS software package for
windows (version17.0; SPSS Inc., Chicago, IL,
USA). A P value of less than 0.05 was consid9174

ered to be significant for these analyses. Each
experiment was repeated at least three times.
Results
Hypoxia induced apoptosis and affected HIF1α and BNIP3 expression
To assess the effect of hypoxia on survival of
periodontal ligament fibroblasts, flow cytometry was used to detect apoptotic cells. Representative dot plots of annexin-V-FITC/PI dual
staining were shown in Figure 1A. After 48 h of
hypoxia, the apoptosis rate of periodontal ligament fibroblasts was significantly increased
compared with the control group. The mRNA
expression level of BNIP3 in the hypoxia group
was higherthan the normoxia group (Figure
1B). However, no change in HIF-1α mRNA level
was observed in response to hypoxia (Figure
1C). Furthermore, protein expression of HIF-1α
and BNIP3 were both enhanced in the hypoxia
group (Figure 1D).
Int J Clin Exp Med 2017;10(6):9171-9179
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Figure 3. Periostin evokes the Akt/PKB pathway under normoxic and hypoxic conditions. Cells were transfected
with periostin vector or empty vector or treated with periostin + αvβ3Ab, then cells were subjected to hypoxia (1% O2)
treatment for 48 h. The phosphorylation level of Akt on Ser473 was detected using western blot under normoxic and
hypoxic conditions, respectively. Data were represented as the mean ± SD (n = 3). **P < 0.01.

Periostin inhibited apoptosis and decreased
HIF-1α and BNIP3 expression under hypoxic
conditions
To investigate the roles of periostin in the process of apoptosis induced by hypoxia, human
periodontal ligament fibroblasts were transfected with periostin expression plasmids or
empty vector. The effect of periostin on hypoxia-induced apoptosis was evaluated by flow
cytometry. The results showed that apoptosis
rate of periodontal ligament fibroblasts was
decreased in the periostin group compared
with the control group (Figure 2A), suggesting
that periostin promoted cellular survival under
hypoxic conditions. Furthermore, the protein
levels of periostin, HIF-1α and BNIP3 were
measured by western blot analysis. Under
hypoxic conditions, the protein expression levels of both HIF-1α and BNIP3 were decreased
in the periostin group when compared with the
mock vector group (Figure 2B). However, under
normoxic condition, there was no obvious difference in BNIP3 and HIF-1α protein level
between periostin group and control group
(Figure 2B).
Periostin activated the Akt/PKB pathway in human periodontal ligament fibroblasts
Apoptosis of periodontal ligament fibroblasts
has been shown to be involved in the pathogenesis of periodontal diseases. To make clear
the molecular mechanism by which periostin
inhibits hypoxia-induced apoptosis, The activity
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of Akt/PKB cell survival signaling pathway was
examined. Transfection of periostin drastically
increased the phosphorylation level of Akt/PKB
on Ser473 (pAktSer473) in periodontal ligament
fibroblasts, however, this effect was abrogated
by the αvβ3 integrins antibody (αvβ3Ab) (Figure
3). These results indicated that periostin activated Akt/PKB kinase signaling via the αvβ3
integrins signaling pathway.
Inhibition of the Akt/PKB pathway disruptedthe inhibitory ability of periostin against
hypoxia-induced apoptosis
To further confirm that periostin inhibits hypoxia-induced apoptosis by activating the Akt/PKB
signaling pathway, a specific inhibitor of Akt/
PKB kinase, 1L-6-Hydroxymethyl-chiroinositol
2-(R)-2-O-methyl-3-O-octadecylcarbonate, was
used to block the Akt/PKB kinase activity. pcDNA-periostin transfected cells or empty vector
transfected cells were treated with vehicle
(DMSO) or Akt/PKB inhibitor (15 μM) for 45
min, then cells were subjected to hypoxia (1%
O2) treatment for 48 h. Western blot analysis
was used to detect related protein expression.
As shown in Figure 4A, transfection of periostin
evidently increased periostin protein expression, and Akt/PKB inhibitor had no effect on
periostin expression. Additionally, periostin dramatically suppressed HIF-1α expression, and
Akt/PKB inhibitor notably promoted HIF-1α
expression; while Akt/PKB inhibitor abated the
inhibitory effect of periostin on HIF-1α level
under hypoxic condition. Moreover, periostin
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Figure 4. The Akt/PKB inhibitor decreases the inhibitory effect of periostin against hypoxia-induced apoptosis.
pcDNA-periostin transfected cells or empty vector transfected cells were treated with vehicle (DMSO) or Akt/PKB
inhibitor (15 μM) for 45 min, then cells were subjected to hypoxia (1% O2) treatment for 48 h. A. Western blot was
performed to detect the protein expression levels of HIF-1α, periostin, pAktSer473 and Akt in periodontal ligament
fibroblasts under different conditions. B. The amount of apoptotic cells was identified by flow cytometry. Data were
represented as the mean ± SD (n = 3). *P < 0.05; **P < 0.01.

dramatically elevated pAktSer473 level, and Akt/
PKB inhibitor decreased pAktSer473 level; while
Akt/PKB inhibitor overturned the positive effect
of periostin on pAktSer473 expression under
hypoxic condition. In addition, the apoptotic
cells were detected by flow cytometry. As shown
in Figure 4B, transfection of periostin resulted
in a decrease in apoptosis rate of periodontal
ligament fibroblasts, and treatment of Akt/PKB
inhibitor led to an increase in apoptosis rate. In
addition, Akt/PKB inhibitor significantly abolished the inhibitory effect of periostin on cell
apoptosis under hypoxic condition. These data
suggested that periostin inhibits hypoxiainduced apoptosis in human periodontal ligament fibroblasts via the Akt/PKB signaling
pathway.
Discussion
The injury of periodontal tissues, including periodontal ligament and cementum, is a main
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cause of tooth loss in adults and is a severe
public-health burden around the world.
Excessive apoptosis of periodontal ligament
fibroblasts plays a vital role in the progression
of periodontitis [18]. Here, the role of periostin
in apoptosis in human periodontal ligament
fibroblasts was investigated under hypoxic conditions. The results suggested that periostin
inhibited hypoxia-induced apoptosis in human
periodontal ligament fibroblasts through modulating the Akt/PKB signaling pathway. Our study
identified an important mechanism underlying
the inhibition of hypoxia-induced apoptosis.
Apoptosis is a genetically encoded programme
of cell death and is triggered by various cellular
stresses. Abnormal apoptosishas been implicated in many human diseases, including neurodegenerative diseases, cardiovascular disease, ischemic damage, periodontal diseases
and a variety of cancers [19]. A number of
apoptotic factors, including Caspase-3, Smac
Int J Clin Exp Med 2017;10(6):9171-9179
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and Bax, have been demonstrated to be associated with periodontal tissue destruction [20].
The apoptosis is activated in response to multiple stressors, including UV radiation, hypoxia,
mechanical injury, oxidative stress and endoplasmic reticulum stress. The exact mechanisms underlying hypoxia-induced cell death
are controversial. Different types of studies
have shown that apoptosis, necrosis and
autophagy are induced by hypoxic stress. A previous study reported that prolonged hypoxia
induced autophagic cell death in five different
cell lines, which was accompanied with a upregulation of the pro-cell-death Bcl-2 family member BNIP3 [21]. Zhu et al. have demonstrated
that hypoxia induces cytochrome C release,
Bax accumulation and activation of caspase-3,
resulting in apoptosis of rat mesenchymal stem
cells [22].
O2 is required for aerobic organisms to produce
energy and acts as an electron acceptor in
numerous organic and inorganic reactions. O2
deprivation causes additional stress on proteins and DNA and thereby reduces the growth
and viability of living cells. Multiple signaling
pathways, including the unfolded protein
response (UPR), mTOR signaling, Notch signaling and HIFs, are involved in hypoxia-induced
pathological processes [23]. Hypoxia results in
accumulation of HIF-1α and HIF-1β, and affects
the expression of proteins which are involved in
cell development, metabolism, proliferation
and apoptosis [24]. Apoptosis is induced in
response to severe hypoxia. Hypoxia or CoCl2
treatment has been shown to be correlated
with pro-apoptotic and anti-apoptotic proteins.
CoCl2 reduces the expression of proteasome
subunit β5, low molecular mass polypeptide-7
(LMP7) and LMP2, as well as the activity of proteasome and immunoproteasome [25]. HIF-1
could initiate hypoxia mediated apoptosis by
upregulating the expression of pro-apoptotic
protein BNIP3 and stabilizing p53 [26]. The
expression levels of HIF-1α and BNIP3 protein
and the expression level of BNIP3 mRNA were
upregulated in human periodontal ligament
cells with hypoxic treatment [27]. In accordance
with the previous study [28], we found that
hypoxia induced upregulation of HIF-1α expression at protein level, but the expression level of
HIF-1α mRNA was not changed. Furthermore,
hypoxia contributed to cell apoptosis in periodontal ligament fibroblasts.
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The serine/threonine kinase Akt/PKB signaling
is frequently dysregulated in a variety of human
diseases, suggesting that the Akt-dependent
pathways may be an effective target for therapeutic intervention. Akt also has been proved
as an essential substrate for phosphorylation,
acetylation, and ubiquitination in different
kinds of cells. A cyclooxygenase-2 inhibitor
SC236 induces apoptosis of gastric cancer cell
lines via downregulation of Akt and upregulation of cytochrome c [29]. Liver X receptors
induced apoptosis at least partially through
inhibiting activity of the AKT survival pathway in
prostate cancer cells [30]. Bao et al. demonstrated that periostin protected cells against
stress-induced death by activating the Akt/PKB
signaling pathway [31]. The activation of αVβ3
integrin has been proved to be involved in the
regulation of the Akt signaling pathway [32].
Suppression of αVβ3 integrin by a functional
blocking antibody inhibits the PI3K/AKT signaling pathway and the expression of vascular
endothelial growth factor (VEGF), indicating
that αVβ3 integrin is a key factor for PI3K/AKTmediated VEGF expression [33]. Here, this
study showed that periostin activated the Akt/
PKB signaling pathway through the αvβ3 integrins pathway. Moreover, inactivation of Akt/
PKB kinase by a specific inhibitor disrupts the
inhibitory effect of periostin on hypoxia-induced
apoptosis in human periodontal ligament
fibroblasts.
In conclusion, these data demonstrate that
periostin attenuates hypoxia-induced the HIF1α protein expression in human periodontal
ligament fibroblasts. Importantly, this study
reveals that periostin inhibits hypoxia-induced
apoptosis in human periodontal ligament fibroblasts by activating the Akt/PKB signaling pathway. This study identifies the molecular mechanism underlying the involvement of periostin in
the regulation of apoptosis in human periodontal ligament fibroblasts under hypoxic conditions.
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