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Effect of hypoxia on the expression of RANKL/OPG in 
human periodontal ligament cells in vitro
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Abstract: To investigate the impact of hypoxia on the expression of receptor activator of NF-kB ligand (RANKL) and 
osteoprotegerin (OPG) in human periodontal ligament cells (hPDLCs) in vitro. hPDLCs were incubated in a hypoxic 
atmosphere of 2% O2, 5% CO2, 94% N2 at 37°C for 6, 12, 24 and 48 h. After that, cell proliferation assay was 
determined using CCK-8 technique. SP immunocytochemistry method was performed to trace the expression of 
hypoxia-inducible factor 1 alpha (HIF-1α) in hPDLCs. The expression levels of RANKL and OPG were investigated 
using real-time PCR and ELISA. As a control, the cells were incubated at normoxic conditions of 20% O2, 5% CO2, 
75% N2. All results were analyzed using one-way ANOVA at a significant level of P=0.05. OPG mRNA and protein 
levels were down-regulated meanwhile RANKL mRNA and soluble RANKL (sRANKL) protein levels were up-regulated 
after stimulated by hypoxia. The relative RANKL/OPG expression ratios were increased in both mRNA and protein 
levels. The expression of RANKL mRNA and sRANKL protein levels was enhanced significantly (P<0.05) under the 
hypoxia conditions at 12 h, 24 h and 48 h while OPG mRNA and protein were reduced significantly (P<0.05) at 12 
h, 24 h and 48 h. Hypoxia can affect the expression of RANKL and OPG in hPDLCs, which constitute an important 
pathogenic event in the alveolar bone resorption. Lack of oxygen in periodontal tissue may accelerate the develop-
ment of periodontitis.
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Introduction

Hypoxia (also known as hypoxiation or anox-
emia) is a condition in which the body tissues 
and cells are deprived of adequate oxygen sup-
ply [1]. Our previous study have showed hypoxia 
can change the expression of matrix metallo-
proteinase (MMP) and tissue inhibitors of 
matrix metalloproteinase (TIMP) mRNA and 
also lead to the imbalance of MMP-2/TIMP-2 
mRNA expression, which may be closely corre-
lated with the occurrence and development of 
periodontal disease and play an important role 
in the process of periodontal tissue destruction 
in periodontitis [2]. However, it is not clear 
whether hypoxia affects the expression of 
RANKL/OPG of human periodontal ligament 
cells which is closely associated with the 
destruction of alveolar bone in periodontitis [3].

Alveolar bone loss is mediated by osteoclasts. 
Receptor activator of NF-κB ligand/receptor 
activator of NFκB/osteoprotegerin (RANKL/
RANK/OPG) are the key cytokines that regulate 

this process. RANKL can trigger osteoclast dif-
ferentiation and activation via a series of 
enzyme cascade, through its cognate receptor 
or activator of nuclear factor-KB (RANK), which 
is the only receptor on osteoclast precursors. 
OPG is a secreted protein that acts as a decoy 
receptor for RANKL, inhibiting bone resorption 
through binding to RANKL, and blocking it from 
interacting with its receptor RANK [4]. It is 
hypothesized that hypoxia affects the expres-
sion levels of RANKL and OPG as well as their 
relative expression ratio in periodontal ligament 
cells (PDLCs), which may influence bone remod-
eling process on root surfaces. Hence, this 
study aims to investigate the effect of hypoxia 
on the expression and release of RANKL and 
OPG in human PDLCs. 

Materials and methods

Cell culture 

Healthy human premolars were extracted under 
local anesthesia for orthodontic treatment, and 
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were washed thrice with phosphate buffered 
saline (PBS, pH 7.3). PDLs were obtained from 
the middle third of the root surfaces with a sur-
gical scalpel. The primary PDLs were main-
tained in Dulbecco’s modified eagle’s medium 
(DMEM; Gibco, USA) containing 20% fetal 
bovine serum (FBS; Hyclone, Beijing, China) 
and antibiotic solution (100 U mL-1 penicillin 
and 100 μg ML-1 streptomycin) under a humidi-
fied atmosphere of 20% O2, 5% CO2, and 75% 
N2 at 37°C. After confluence, the cells were de- 
tached with 0.25% typsin (Difco laboratories, 
Detroit, MI, USA) and subcultured in DMEM 
containing 10% FBS and antibiotic solution. 
The medium was changed every 48 h and cul-
tures between fifth and seventh passages were 
used for the experiments. The study was appro- 
ved by the ethics committee of college of sto-
matology, Shandong university, and informed 
consent was obtained from each patient.

Cell proliferation assay

The hPDLCs (5×103/well) were seeded in 
96-well plates and cultured under non-differen-
tiating conditions. At 6, 12, 24 and 48 h, cell 
proliferation was measured using Cell Counting 
Kit-8 (CCK-8, Dojindo, Japan). Briefly, 10 μl of 
CCK-8 solution was added to each well of the 
96-well plates, which were incubated for 2 h in 
a standard incubator. Then, the absorbance 
was measured at 450 nm, and a proliferation 
curve was generated based on the absorbance 
and time.

Immunocytochemical detection

The cells were washed 3 times with 0.01 M PBS 
and fixed with 4% PFA (paraformaldehyde) for 
10 min at room temperature. The cells were 
immersed in 3% H2O2 for 20 minutes at 37°C 
and incubated with 1.5% blocking serum in 
PBS to prevent nonspecific staining. Then, rab-
bit anti-human HIF-1α primary antibody (dilu-
tion 1:200; Santa Cruz Biotechnology Inc, 
Santa Cruz, CA) was added, and the cells were 
incubated for 12 hours at 4°C. Subsequently, 
cells were incubated with goat anti-rabbit sec-
ondary antibody for 1 hour at 37°C and were 
processed for enzymatic immunohistochemical 
staining using a broad spectrum immunoper-
oxidase DAB kit (Zhongshan Biotechnology Co, 
Beijing, China) according to the manufacturer’s 
protocol. Finally, the cells were counterstained 
with hematoxylin and examined under a 
microscope.

Real-time PCR analysis

Real-time PCR was used to determine the 
mRNA transcription levels of OPG and RANKL 
genes. Total RNA was extracted from the cells 
with RNAiso Plus (Takara Bio, Shiga, Japan) at 
different periods of time. First-strand comple-
mentary DNA was synthesized from 1 μg total 
RNA by reverse transcription using the 
PrimeScript RT Reagent Kit with gDNA Erase 
(Takara Bio). Real-time polymerase chain reac-
tion amplifications labeled with SYBR Premix Ex 
Taq (Takara Bio) were performed in a Roche 
480 Light Cycler (Roche, Mannheim, Germany) 
at 95°C for 30 s, 95°C for 5 s and 60°C for 30 
s for a total of 40 cycles. The primers used  
were the followings: human RANKL forward 
primer 5’-AGGCCTTTCAAGGAGCTGTG-3’ and 
reverse primer 5’-CTTGCTCCTCTTGGCCAGAT- 
3’; human 0PG forward primer 5’-AAGGGCGCT- 
ACCTTGAGTAG-3’ and reverse primer 5’-GC- 
AAACTGTATTTCGCTCTGGG-3’; human GAPDH 
forward primer 5’-GCACCGTCAAGGCTGAGAA- 
C-3’ and reverse primer 5’-TGGTGAAGACG- 
CCAGTGGA-3’.

ELISA assay

After incubated cultured under different condi-
tions, the supernatant was collected with cen-
trifugalization and used for ELISA assay. The 
assay was performed according to the manu-
facturer’s instructions. The ELISA kits for OPG 
and soluble RANKL were obtained from R & D 
Systems (Minneapolis, MN, USA).

Statistical analysis

OPG and RANKL mRNA and protein expres-
sions were valued and presented as the mean 
± SD. Differences between the experimental 
groups and the control group were analyzed by 
one-way ANOVA followed by Tukey’s post hoc 
test; data were considered significant at 
P<0.05. The relative OPG/RANKL expression 
ratios were calculated at each time point. 

Results

Proliferation of hPDLCs

A Cell Counting Kit-8 (CCK-8) assay revealed 
that the hPDLCs proliferation increased in all 
groups in a time-dependent manner. The prolif-
eration in hPDLCs increased under hypoxia 
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condition. The hPDLCs proliferation in the 
hypoxia group was significantly higher than in 
the control group from 24 h to 36 h (P<0.05) 
(As shown in Figure 1).

Expression of HIF-1α protein in hPDLCs

Immunocytochemistry showed nucelus expres-
sion of HIF-1α protein in hPDLCs incubated in a 
hypoxic atmosphere of 2% O2, 5% CO2, 94% N2, 
which appeared yellow or brown (Figure 2A). 
Meanwhile, hPDLCs incubated in a normoxic 
did not express HIF-1α protein (Figure 2B).

Real-time PCR analysis

To determine whether the RANKL/OPG system 
was involved in the response of hPDLCs to 
hypoxia, we further investigated OPG mRNA, 
RANKL mRNA transcription by real-time PCR. 
The RANKL mRNA increased from 12 h to 48 h 
and significantly higher than in control (P<0.05) 
(Figure 3A). However, OPG mRNA declined 
gradually since 6 h to 48 h and lower than that 
of the control (P<0.05) (Figure 3B). Taken 
together, the ratio of RANKL/OPG mRNA 
increased significantly since 6 h to 48 h under 
hypoxia (P<0.05) (Figure 3C). 

ELISA assay

Results of our ELISA assay documented that 
the release of soluble RANKL increased from 
12 h to 48 h and significantly higher than that 
in control (P<0.05) (Figure 4A). The release of 
OPG was significantly decreased when the 

hPDLs were stimulated with hypoxic. Hypoxia 
reduced OPG release from hPDLCs in a hypoxic 
atmosphere of 2% O2, 5% CO2, 94% N2 compar-
ing to the control (P<0.05) (Figure 4B). The ratio 
of sRANKL/OPG increased significantly since 
12 h to 48 h under hypoxia (P<0.05) (Figure 
4C).

Discussion

Periodontitis is a chronic inflammatory disease 
characterized by the destruction of tooth sup-
porting tissues and deep periodontal pockets 
favoring the proliferation of anaerobic bacteria 
[5]. When periodontal microcirculation was 
locally damaged for periodontitis, diabetes, 
cardiovascular diseases and orthodontic treat-
ment, the periodontal tissues may suffer from 
hypoxia obviously [6, 7]. Histopathologic stud-
ies have demonstrated evidence of mass 
angiogenesis in periodontitis tissues. Yet 
despite the observed increased blood vessel 
formation, the periodontal tissues have also 
been shown to be relatively hypoxic and isch-
emic [8]. Hypoxia is often a feature of 
inflammation and cancer [9]. Hypoxia is known 
to be a potent stimulus for angiogenesis in 
rheumatic arthritis and tumors [10, 11]. The 
expression of VEGF in a wide spectrum of cells, 
including fibroblasts, is regulated by a number 
of cytokines, including transforming growth fac-
tor (TGF) and IL-1, as well as by hypoxia [12]. 
HIF-1α, a ubiquitous and highly conserved tran-
scription factor, plays a key role in mediating 
cellular responses to hypoxia [13]. The expres-
sion of HIF-1α has been studied in vivo and has 
been demonstrated widely in the tissues of ani-
mals exposed to hypoxic conditions [14]. Our 
previous study has showed hypoxia changes 
the metabolic pathway of human periodontal 
ligament cells by upregulating the expression of 
HIF-1α and VEGF [15]. In this study, the hPDLCs 
proliferation in the hypoxia group was signifi-
cantly higher than that in normoxia group from 
24 h to 36 h. Meanwhile, the positive expres-
sion of HIF-1 protein was observed in hPDLCs 
under hypoxic atmosphere of 2% O2, 5% CO2, 
94% N2 at 37°C, which was in according with 
previous researches [16, 17]. The expression of 
HIF-1 alpha and VEGF (vascular endothelial 
growth factor) in human periodontal ligament 
cells was significantly higher in hypoxic condi-
tions than in normoxic conditions. This tran-
scription factor is rapidly degraded under nor-

Figure 1. Cell counting kit-8 (CCK-8) assay in differ-
ent time points. Cells were seeded in 96-well plates 
and cultured under different conditions. At 6, 12, 24, 
and 36 hours, cell proliferation was measured using 
a Cell Counting Kit-8. The result revealed the prolifer-
ation curves of the hypoxia groups increased sharply 
from 24 h to 36 h. (P<0.05). 
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moxic conditions but is stabilized under hypoxic 
conditions, rapidly translocating to the nucleus, 
where it transactivates a number of genes with 
hypoxia-responsive elements in their promot-
ers [18].

The periodontal ligament cells (PDLCs) are a 
group of heterogeneous cells, which mainly 
consist of fibroblasts and undifferentiated mes-
enchymal cells. The PDLCs play a pivotal role in 
the process of local inflammation and bone 

remodeling. When periapical inflammation 
lesions occur [19], proinflammatory cytokines 
interleukin-1 (IL-1) [20] and tumor necrosis fac-
tor-alpha (TNF-α) are induced in PDLCs, and 
positive staining of RANKL and OPG can be 
observed in the periodontal ligament fibro-
blasts [21]. Additionally, force-induced RANKL 
expression in PDLCs was observed during orth-
odontic treatment and suggested to participate 
in the bone remodeling process [22]. 
Osteoclastogenesis is primarily activated by 

Figure 2. Immunocytochemical analysis of HIF-1α protein in hPDLCs. (A) Immunocytochemical location of HIF-1α 
protein in hPDLCs incubated in a hypoxic atmosphere of 2% O2, 5% CO2, 94% N2 at 37°C. It showed that the expres-
sion of PLAP-1 was positive in cytoplasm and nucelus of hPDLCs (A). (B) There was no brown granule in the hPDLCs 
incubated in a normoxic atmosphere (B).

Figure 3. The mRNA expression levels of receptor 
activator of NF-jB ligand (RANKL) and osteoprote-
gerin (OPG) changed in a time-dependent manner. A. 
RANKL mRNA increased from 12 h to 48 h and signifi-
cantly higher than control (P<0.05). B. The OPG mRNA 
declined gradually since 6 h to 48 h and lower than 
that of the control (P < 0.05). C. The ratio of RANKL/
OPG mRNA increased significantly since 6 h to 48 h 
under hypoxia (P<0.05).
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receptor activator of nuclear factor kappaB 
ligand (RANKL) and is inhibited by osteoprote-
gerin (OPG). OPG is the soluble decoy receptor 
of RANKL. It can suppress the binding between 
RANKL and RANK and further block their 
effects on osteoclastogenesis and bone resorp-
tion. Local OPG gene transfer to periodontal tis-
sue inhibits alveolar bone resorption [23]. The 
changes in the relative RANKL/OPG expression 
ratio also affect the bone remodeling process 

[24]. An increase in this ratio suggests the pos-
sibility of bone resorption, whilst a decrease 
indicates the possibility of bone formation [25]. 

However, there are few reports about above 
factors how expression under hypoxia condi-
tions in hPDLCs even though hypoxia exists 
generally in periodontitis [26]. Hence, we 
assessed hPDLCs responses and activity under 
condition of hypoxia in vitro, as a model rele-
vant to pathogenesis of periodontal diseases. 
To determine whether the RANKL/OPG system 
is involved in the response of hPDLCs to hypox-
ia, we further investigated OPG, RANKL mRNA 
transcription by real-time PCR and ELISA assay. 
Our result showed The OPG declined gradually 
since 12 h to 48 h and lower than that of the 
control. The RANKL mRNA increased from 12 h 
to 48 h and significantly higher than normoxia. 
Taken together, the ratio of RANKL/OPG in 
hPDLCs increased significantly under hypoxia. 

As all know, RANKL-mediated osteoclastogen-
esis plays a pivotal role in inflammatory bone 
resorption. RANKL and OPG are key regulators 
of osteoclast differentiation in the bone loss 
seen in periodontitis [27]. Studies show that 
activated T and B cells can be the cellular 
source of RANKL for bone resorption in peri-
odontitis tissues. RANKL expressions are dis-
tributed in lymphocytes and macrophages. 
OPG is observed in endothelial cells of peri-
odontitis tissues [28]. This study indicated that 
hPDLCs suffered from hypoxia can disrupt the 
balance of RANKL/OPG. hPDLCs under hypoxia 
are also the cellular source of RANKL and OPG.

Summarily, hypoxia can affect the expression 
of RANKL and OPG in hPDLCs, which constitute 
an important pathogenic event in the alveolar 
bone resorption. Lack of oxygen in periodontal 
tissue may accelerate the development of 
periodontitis.
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