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Background and Objective: During periodontitis or orthodontic tooth movement,
the periodontal vasculature is severely impaired by chronic inflammation or
excessive mechanical force. This leads to a hypoxic microenvironment of the peri-
odontal cells and enhances the expression of various cytokines and growth factors
that may regulate angiogenesis and alveolar bone remodeling. However, the role of
hypoxia in regulating the communication between endothelial cells (ECs) and
osteoblast progenitors during the remodeling and repair of periodontal tissue is still
poorly defined. The aim of this study was to investigate the effects of vascular ECs on
osteogenic differentiation, mineralization and the paracrine function of noncontact
co-cultured periodontal ligament stem cells (PDLSCs) under hypoxia, and further
reveal the involvement of MEK/ERK and p38 MAPK pathways in the process.

Material and Methods: First, PDLSCs were obtained and a noncontact co-culture
system of PDLSCs and human umbilical vein endothelial cells was established.
Second, the effects of different time-periods of hypoxia (2% O,) on the osteogenic
potential, mineralization and paracrine function of co-cultured PDLSCs were
investigated. Third, ERK1/2 and p38 MAPK activities of PDLSCs under hypoxia
were measured by western blotting. Finally, we employed specific MAPK
inhibitors (PD98059 and SB20350) to investigate the involvement of ERK1/2 and
p38 MAPK in PDLSC osteogenesis under hypoxia.

Results: We observed further increased osteogenic differentiation of co-cultured
PDLSCs, manifested by markedly enhanced alkaline phosphatase (ALP) activity
and prostaglandin E, (PGE,) levels, vascular endothelial growth factor (VEGF)
release, runt-related transcription factor 2 (Runx2) and Sp7 transcriptional and
protein levels and mineralized nodule formation, compared with PDLSCs cultured
alone. ERK1/2 was phosphorylated in a rapid but transient manner, whereas p38
MAPK was activated in a slow and sustained way under hypoxia. Furthermore,
hypoxia-stimulated transcription and expression of osteogenic regulators
(hypoxia-inducible factor-1a, ALP, Runx2, Sp7, PGE, and VEGF) were also
inhibited by PD98059 and SB203580 to different degrees.
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Conclusion: Further increased osteogenic differentiation and mineralization of co-cultured PDLSCs under hypoxia were
regulated by MEK/ERK and p38 MAPK pathways. And the ECs-mediated paracrine of PGE, and VEGF may facilitate the
unidirectional PDLSC-EC communication and promote PDLSCs osteogenesis.

Hypoxia is a characteristic feature of
many human pathologies and has long
been known as a prominent component
of the microenvironment in solid
tumors (1), ischemic cardiovascular
disease (2) and bony or soft-tissue
injury (3). A hypoxic environment
affects cell survival and initiates angio-
genesis by a complex and multistep
mechanism (1). Endothelial cells (ECs)
are the major cell type involved, and are
situated at the interface between blood
and tissue (4). Periodontal ligament
(PDL) is a highly vascularized tissue
that lies between the cementum and
alveolar bone, and is continuously un-
der mechanical loading from occlusion
and mastication (5). During periodon-
titis or orthodontic tooth movement
(OTM), the periodontal vasculature is
severely impaired by chronic inflam-
mation in lesions or by the excessive
mechanical force, respectively (5,6).
This leads to a hypoxic microenviron-
ment of the periodontal cells, primarily
ECs, pluripotent mesenchymal precur-
sors and committed osteoblasts (7).
Hypoxia-inducible factor-1a (HIF-1a),
a key transcription factor responding to
hypoxia and relating to vascular endo-
thelial growth factor (VEGF) function
during periodontitis, was deduced to be
expressed in diseased periodontium (8).
The inflamed and hypoxic periodontal
tissue enhances the expression of vari-
ous cytokines and growth factors that
may regulate angiogenesis and alveolar
bone remodeling, including VEGF,
interleukin (IL)-1B, IL-6 and prosta-
glandin E, (PGE,). (9). Of these, VEGF
is the direct target of HIF-1 and stim-
ulates alveolar bone remodeling via its
effects on osteoblastic cells and osteo-
clast precursors (9). Its expression
could be induced by inflammatory
mediators of PGE,, and it also facili-
tates inflammation in the early stages of
periodontal disease by increasing vas-
cular permeability (10).

Hypoxia has been confirmed to be
implicated in angiogenesis—osteogene-

sis coupling during bone repair (11).
Transiently hypoxic microenviron-
ments (as in inflamed periodontal tis-
sue) represent a conditional stem and
progenitor cell niche for HIF-1 stabil-
ization (12). Upon the stimulation of
HIFs, osteoblasts as well as ECs
secrete vast amounts of PGE, and
VEGF. They act directly on osteo-
blasts to induce osteogenesis, or alter-
natively, act on ECs to induce
angiogenesis and indirectly promote
osteogenesis by increasing the supply
of multipotent stem cells, osteogenic
growth factors and nutrients to the site
of bone regeneration and repair (13).
Genetic, biochemical and pharmaco-
logical studies have attempted to
identify and characterize the factors
involved in the crosstalk between ECs
of the bone vascular tissue and osteo-
blast progenitor cells during bone for-
mation and repair (14); however, the
role of hypoxia in the regulation of
communication between ECs and
osteoblast progenitors during the
remodeling and repair of periodontal
tissue is still poorly defined.

The notion that human PDL contains
stem cells that could be used to regen-
erate periodontal tissue was eventu-
ally verified by Seo et al. in 2004 (15).
These periodontal ligament stem cells
(PDLSCs) expressed the mesenchymal
stem cell (MSC) markers STRO-1 and
CD146, as well as the tendon-specific
transcription factor (15).
Apart from self-renewal properties and
multilineage differentiation potential,
PDLSCs are observed to differentiate
into cementoblast-like cells, adipocytes
and collagen-forming cells under
defined culture conditions (15,16).
When transplanted into immunocom-
promised rodents, PDLSCs showed
the capacity to generate a cementum/
PDL-like structure and contribute to
periodontal regeneration (15). Thus,
PDLSCs, rather than MSCs, are
deduced to play a pivotal role in peri-
odontal tissue reconstruction. Never-

scleraxis

theless, previous studies on periodontal
tissue engineering often chose MSCs
with constant osteogenic activity for use
in research. A comprehensive under-
standing of the osteogenic differentia-
tion of PDLSCs remains poor. As the
periodontal remodeling in periodontal
tissue engineering or orthodontic treat-
ment relates closely to PDLSCs instead
of MSCs, studying the effect of hypoxia
on PDLSCs would provide significant
clues for elucidating the mechanisms
involved.

Stem cells are tightly linked to their
niche or microenvironment, which is
primarily made up of a specialized
vascular bed of ECs and regulates
stem-cell behaviors (17,18). Niche cells
provide a sheltering environment that
protects stem cells from differentiation,
apoptosis and other stimuli that would
challenge stem-cell reserves. A func-
tional niche can maintain the balance
of stem-cell quiescence and activity
(19). Several studies also confirmed
that PDL from mouse molars contains
a slowly dividing population of pro-
genitor cells that is located in perivas-
sites  (20,21). Alveolar bone
remodeling during periodontal regen-
eration results from the combinational
process of both bone resorption and
bone formation, which are driven by
the activities of osteoblasts and osteo-
clasts derived from stem cells (22). As
the relationship between the vascula-
ture and stem cells has been extensively
studied in recent years (23-25), clarifi-
cation of the regulatory effect of vas-
cular ECs on osteoblast differentiation
of PDLSCs would probably contribute
to our understanding of the mecha-
nisms of periodontal remodeling.

The aim of the present study was to
explore the impact of hypoxia on
osteogenic differentiation and miner-
alization of PDLSCs when noncontact
cocultured with wvascular ECs; in
addition, we investigated, in greater
detail, the role of MEK/ERK and p38
MAPK pathways in this process. First,

cular
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we investigated the effects of different
time-periods (0, 1, 3, 6 12 and 24 h) of
hypoxia (2% O,) on PDLSC survival,
osteogenic potential [alkaline phos-
phatase (ALP) activity, PGE, and
VEGF release, and runt-related tran-
scription factor 2 (Runx2) and Sp7
transcription and expression] and
mineralized nodule formation. Second,
the effect of hypoxia on ERK1/2 and
p38 MAPK activities was investigated
by western blot analysis. Finally, spe-
cific MAPK inhibitors (PD98059 and
SB20350) were employed to investigate
the involvement of ERK1/2 and p38
MAPK in PDLSC osteogenesis under
hypoxia. By elucidating the relation-
ship between vascular ECs and
PDLSCs under hypoxia, we could
provide a theoretical basis for further
understanding the mechanisms involved
in periodontal remodeling, and boost
the development of novel cell-based
therapeutic approaches for periodontal
regeneration and repair.

Material and Methods

Samples and cell culture of
periodontal ligament cells

Periodontal ligament cells (PDLCs)
were isolated and cultured according
to previously reported protocols, with
slight modification (15). Briefly,
human premolars and impacted third
molars extracted from systemically
healthy adults at the Department of
Oral and Maxillofacial Surgery in our
hospital were used under approved
guidelines set by the Institutional
Review Board, West China College of
Stomatology, Sichuan  University.
Written  informed  consent  was
obtained from all donors.

PDL tissues were separated from the
surface of the root and minced. Then,
they were digested for 1.5 h at 37°C in
o-minimum essential medium (o~
MEM; Gibco BRL, Grand Island,
NY, USA) containing 3 mg/mL of
collagenase type I (Gibco) and 4 mg/
mL of dispase (Gibco).

Single-colony selection of PDLSCs

PDLSCs were obtained as previously
described (8). Briefly, the digested cells

were passed through a 70-um strainer
(Falcon; BD Labware, Franklin Lakes,
NJ, USA) to obtain single-cell sus-
pensions. Then, the single-cell suspen-
sions (1 x 10* cells) were seeded into
10-cm culture dishes (Costar, Cam-
bridge, MA, USA) containing growth
medium of a-MEM supplemented with
10% (v/v) fetal bovine serum (CS;
HyClone, Auckland, New Zealand),
100 mm L-ascorbic acid 2-phosphate
(Sigma-Aldrich, St Louis, MO, USA),
2 mMm L-glutamine, 100 U/mL of peni-
cillin and 100 mg/mL of streptomycin
(North China Pharmaceutical Co.,
Ltd, Shanghai, China), and maintained
at 37°C in a humidified atmosphere of
5% CO,. Finally, colony-forming effi-
ciency and proliferation rate of the
cells were assessed to identify putative
stem cells.

PDLSCs (1 x 10° cells) were trans-
ferred to 25-cm? flasks. Every 3 d the
medium was replaced with fresh
o-MEM. When the cells reached
approximately 80% confluence, they
were washed twice with phosphate-
buffered saline (PBS) and detached
with 0.25% trypsin plus 0.05% EDTA
(Sigma) for passage. Cells from pas-
sages two to four were used in the
following experiments.

Immunocytochemical
characterization of PDLSCs

Cell characterization was evaluated by
immunostaining PDLSCs cultured to
confluence for vimentin, CD146 and
STRO-1. Briefly, PDLSCs were fixed
in 4% (w/v) paraformaldehyde for 20—
30 min, washed three times with PBS
and air-dried at 4°C. Then, the
PDLSCs were treated with 3% hydro-
gen peroxide for 15 min at room tem-
perature to block intrinsic peroxidase
and washed three times with PBS.
Fixed cells were incubated for 1 h at
37°C with primary antibody to
vimentin, CD146 or STRO-1 (mouse
anti-human; Abcam, Cambridge, UK)
or without primary antibody (control).
Subsequently, cells were washed in
PBS and incubated with biotin-conju-
gated rabbit anti-mouse IgG (Santa
Cruz, CA, USA) for 0.5h at 37°C.
Finally, they were incubated with
horseradish peroxidase-labeled strep-

tavidin for 20 min at 37°C. At least
five independent experiments were
performed, and cultures were exam-
ined using a microscope (Nikon,
Tokyo, Japan).

Northern blot analysis

Human bone marrow mesenchymal
stem cells (BMMSCs) were obtained
as described previously (26). Total
RNA (15 pg) from PDLCs, PDLSCs
and BMMSCs cultures were electro-
phoresed and then transferred to a
nylon membrane. Probe was gener-
ated from purified PCR products with
scleraxis primers (Table 1) by random
labeling with (y-*?P) deoxycytidine
triphosphate (New England Nuclear,
Boston, MA, USA) by use of the
Stratagene Prime It II labeling kit
(Stratagene, CA, USA). After prehy-
bridization in QuickHyb hybridization
solution (Stratagene) at 68°C for
15 min, the filters were hybridized
with scleraxis probe at 68°C for I h.
The filters were washed twice in
2 x standard sodium chloride and so-
dium citrate solution, containing 0.1%
(w/v) SDS, for 15 min at room tem-
perature, followed by one wash in
0.1% standard sodium chloride and
sodium citrate solution, containing
0.1% (w/v) SDS, at 68°C for 30 min.
The membranes were then exposed to
a Phospholmager cassette (Amersham
Bioscience, Sunnyvale, CA, USA) for
16-72 h.

In vivo transplantation of PDLSCs

The animal experiment protocol
was approved by the Institutional
Animal Care and Use Committee,
Sichuan University, Chengdu, China.
In  vitro-expanded PDLSCs
transplanted with ceramic bovine bone
subcutaneously into the dorsal surfaces
of the 5-wk-old immunocompromised
mice, as previously described, and the
BMMSCs were used as controls (27).
The transplants were recovered at 6—
8 wk post-transplantation, fixed with
4% formalin, decalcified with buffered
10% EDTA (pH 8.0) and then
embedded in paraffin. Sections were
deparaffinized and stained with hema-
toxylin and eosin.

were
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Table 1. Primers used for real-time PCR and northern blot analysis

Fragment

Gene GenBank Primer sequences (5— 3’) size (bp)
RUNX2 NM_001015051 R 169

5" - GTGAAGACGGTTATGGTCAAGG -3’

F

5" - CAGATGGGACTGTGGTTAGTGT -3’
SP7 NM_152860 R 125

5" - CCACTATTTCCCACTGCCTTG -3

F

5" - ACCTACCCATCTGACTTTTGCTC -3’
HIFlo NM_000963 R 165

5’- CTACCAGAAGGGCAGGATACAG-3

F

5" - GCAGGCAGATGAAATACCAGTC -3
Scleraxis  BK000280 R 405

5" - ACTTGGCCCAGGTAG -3’

F

5" - GTCGACCGCCGCCGCCGCCACCAC -3’
GAPDH NM_002046 R 132

5" - GTAGAGGCAGGGATGATGTTCT -3’

F

5" - CTTTGGTATCGTGGAAGGACTC -3’

The primers for runt-related transcription factor 2 (RUNX2), SP7, hypoxia-inducible factor-
la. (HIFlo) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used in RT-
PCR, and the primers for Scleraxis were used in the northern blot.

F, forward; R, reverse.

Culture of human umbilical vein
endothelial cells

Human umbilical vein endothelial cells
(HUVECs) were purchased from the
American Type Culture Collection
(ATCC, Manassas, VA, USA) (ATCC
code: CRL-1730). Cells were cultured
in o-MEM supplemented with 10% (v/
v) fetal bovine serum, 2 mm L-gluta-
mine, 100 U/mL of penicillin and
100 mg/mL of streptomycin. All cells
were cultured in 25-cm” flasks and
incubated at 37°C in 5% CO,. Every
3d the medium was replaced with
fresh o-MEM. Upon reaching 80%
confluence, the cells were detached
with trypsin for subculture.

Establishment of the PDLSCs/
HUVECs noncontact co-culture
system

Millicell Culture Plate Inserts (Milli-
pore, Billerica, MA, USA), containing
polycarbonate membranes with a pore
size of 0.4 pm, were placed in the wells
of a six-well culture plate to establish
the noncontact co-culture system. Each
membrane was seeded with 1 x 10° and
1 x 10° PDLSCs per well in 2.4 mL of

medium were added to the outside of
the inserts. Thus, the cell monolayer in
the insert and common culture plate
was divided by the polycarbonate
membrane, while the culture medium
could pass through the pores, which
had an aperture of 0.4 pum.

Hypoxic treatment of PDLSCs and
noncontact co-cultures

At 95% confluence, PDLSCs at pas-
sages two to four were placed in six-
well plates at a density of 1x 10*
PDLSCs/cm?. The cells or noncontact
co-cultures were incubated for 2 d at
37°C in an atmosphere of 5% CO,,
100% humidity. Then, they were sub-
jected to hypoxia in a modular hypoxic
incubator (Binder, Villingen, Ger-
many). The cells were assigned to two
groups: the hypoxic group (2% oxy-
gen), divided into five subgroups (1, 3,
6, 12 and 24 h), according to different
time-periods of hypoxic exposure; and
the normoxic control group (20%
oxygen). Cell-culture plates
placed in the incubator and saturated
with a gas mixture containing 2%
oxygen, 5% CO, and 93% nitrogen for
the generation of hypoxia at 37°C for

were

specific periods of time (1, 3, 6, 12 and
24 h). Three replicates were used for
each condition, and the experiments
were performed at least three times.

Pharmacological MAPK-inhibition
study

This pharmacological inhibition study
was employed to investigate the func-
tion of MEK/ERK and p38 MAPK
signals in osteogenesis. Specific inhibi-
tors of MEK/ERK (PD98059) and p38
MAPK (SB20350) were added to the
culture medium at the indicated
time-points. The minimum effective
concentration (MEC) of inhibitors
necessary for significant inhibition of
kinase phosphorylation was deter-
mined by a concentration gradient test,
in which PD98059 was used at final
concentrations of 5, 10 and 20 pum, and
SB20350 was used at 1, 3 and 9 pm.
The MAPK inhibitors were dissolved
in fresh dimethylsulfoxide at a dilution
of 1/1000, and were replenished once
every 3 d. Control cells were treated
with 0.1% dimethylsulfoxide.

ALP assay

PDLSCs in the PDLSCs group or non-
contact co-cultured group were fixed
and washed twice in PBS. ALP activity
was visualized by the incubation of cells
in 5-bromo-4-chloroindol-2-yl phos-
phate/Nitro Blue tetrazolium (BCIP/
NBT) (Roche, Mannheim, Germany),
as previously reported.

ELISA assays

The amounts of PGE, and VEGF
protein in the culture supernatant of
PDLSCs or in the noncontact co-cul-
ture of PDLSCs and HUVECs were
measured by ELISA using the Human
PGE, and VEGF Quantikine ELISA
Kit (R&D Systems, Minneapolis, MN,
USA), following the manufacturer’s
instructions. The color intensity was
measured at 540 nm in a microtest
plate spectrophotometer. The concen-
tration of protein in the culture med-
ium was determined in triplicate wells
and was normalized to standard curves
generated for each set of samples
assayed.
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RNA isolation and quantitative
real-time RT-PCR

After hypoxic treatment, cells were
washed twice with PBS. Total RNA
was extracted using TRIzol (Invitro-
gen, Camarillo, CA, USA) according
to the manufacturer’s instructions.
Total RNA was quantified, in a spec-
trophotometer, at an absorbance (A)
of 260 nm. The RNA samples had to
have an 4260 : 4280 ratio of 2.0 to
guarantee high purity. Two micro-
grams of total RNA from each sample
was subjected to reverse transcription
using the SYBR1 PrimeScript™ RT-
PCR Kit (TaKaRa Biotechnology,
Dalian, China), according to the man-
ufacturer’s instructions. Each real-time
PCR amplification was carried out in
triplicate in a total reaction mixture of
20mL (2 mL of c¢DNA, 10mL
of SYBR1 Premix Ex Taq™, 0.4 mL
of ROX Reference Dye II, 0.4 mL of
each of 10 mm forward and reverse
primers and 6.8 mL of H,O) in an ABI
PRISM 7300 Real-time PCR System
(Applied Biosystems, Foster City, CA,
USA). The primers used for real-time
PCR analysis are presented in Table 1.
The PCR program was initiated by a
cycle of 1 min at 95°C before 40 ther-
mal cycles, each of 15 s at 95°C, 15 s at
55°C and 1 min at 72°C, were per-
formed. The starting copy numbers of
unknown samples were calculated by
the 7300 System SDS Software from
the standard curve. Each value was
normalized to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) as the
housekeeping gene to control for vari-
ations in the amount of input cDNA.
The relative expression levels of the
genes were calculated using the AACt
method and compared with cells of the
normoxic control group.

Protein isolation and western
blotting

To obtain whole-cell extracts, speci-
mens were collected at specific time-
points, washed twice with ice-cold PBS
and then lysed and sonicated in lysis
buffer (Keygen total protein extraction
kit; Keygen Biotech, Nanjing, China).
The cytosolic fraction was collected as
the supernatant, after centrifugation

(14,000 g, 4°C, 15 min) and assayed
quantitatively using the bicinchoninic
acid method. After boiling for 5 min,
20-25 pL of the lysate (50 pg of pro-
tein) was separated by SDS-PAGE
(12% polyacrylamide gel) at 120 V for
5 h, and the proteins in the gel were
transferred to a polyvinylidene difluo-
ride membrane (Millipore). After
blocking, the membranes were probed
with 1 : 1000 dilutions of the antibod-
ies to Runx2, Sp7 (diluted 1 : 1000;
ABcam, Hong Kong, China) and
ERK1/2, p-ERK1/2, p38 MAPK and
p-p38 MAPK (diluted 1 :1000; Cell
Signaling, Beverly, MA, USA), over-
night at 4°C, followed by the addition
of horseradish peroxidase-conjugated
secondary antibody (diluted 1 : 5000;
Santa Cruz Biotechnology, Santa
Cruz, CA, USA) at 37°C for 1 h.
Immunoreactive proteins were visual-
ized using a chemiluminescence kit
(Immobilon Western Chemilumines-
cent HRP Substrate; Millipore). Band
intensities were determined using the
ChemiDoc XRS Gel documentation
system and Quantity One software
(Bio-Rad, Hercules, CA, USA). The
kinase activity was analyzed using the
band intensity ratio (Ap-ERK/AERK
and Ap-p38 MAPK/Ap38 MAPK).

Mineralized nodule formation assay

Mineralized nodules were assessed
using the modified von Kossa’s silver
nitrate staining method. Briefly,
PDLSCs were grown in differentiated
medium (Dulbecco’s modified Eagle’s
minimal essential medium/F12 supple-
mented with 1 pm dexamethazone and
50 pg/mL of ascorbic acid) in six-well
noncontact co-culture plates under
hypoxia for 0, 6, 12, 24, 48 and 72 h.
Then, cultures were fixed in cold
methanol for 15-20 min. After a rins-
ing step, the fixed plates were incu-
bated with a 5% silver nitrate solution
under ultraviolet light using two cycles
of auto-cross-linking (1,200 pJ x 100)
in a UV Stratalinker (Stratagene, La
Jolla, CA, USA). Mineralized nodules
were seen as dark brown/black spots.
The density of mineralized nodules was
quantified using Quantity One soft-
ware (Bio-Rad).

Statistical analysis

All experiments were repeated at least
three times and data of evaluation
parameters were expressed as mean =+
standard deviation. Statistical com-
parisons were made using factorial
analysis of variance, for comparing
treatment  groups with  controls.
p < 0.05 was considered as statisti-
cally significant.

Results

Cell culture and characterization of
PDLSCs

Primary PDLCs were obtained through
enzyme digestion method. PDLCs ad-
hered to the wall of the six-well plate on
days 5-10 and fused on days 7-14
(Fig. 1A). The putative stem cells
obtained by single-colony selection
exhibited a typical fibroblast-like spin-
dle appearance and were able to form
adherent clonogenic cell clusters
(Fig. 1B). Immunocytochemical stain-
ing showed that they expressed vimen-
tin (a marker of fibroblasts), STRO-1
and CD146 (two early mesenchymal
progenitor markers), which initially
suggested that the isolated cells are
PDLSCs (undifferentiated mesenchy-
mal stem cells) (Fig. 1B-D).

Then we assessed the expression level
of scleraxis, a tendon-specific tran-
scription factor, in PDLCs, PDLSCs
and BMMSCs by northern blot analy-
sis. The results demonstrated that
PDLSCs expressed a higher level of
scleraxis than did BMSSCs (p < 0.05),
and no significant difference was
observed between PDLSCs and PDLCs
in expression of scleraxis (p > 0.05)
(Fig. 2A). In addition to their typical
morphology and expression of specific
antigens on the cell surface or within
the cell, the capacity for osteogenic and
adipogenic differentiation of PDLSCs
was also evaluated (data not shown).

To validate the putative stem cells
from human PDL as PDLSCs, we
transplanted ex vivo-expanded PDLSCs
into immunocompromised mice and
verified their capacity to differentiate
into PDL-like and cementum-like tis-
sue. A typical cementum/PDL-like
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Vimentin

Fig. 1. Morphological observation of periodontal ligament cells (PDLCs) and characterization of periodontal ligament stem cells (PDLSCs) by
immunocytochemical staining. (A) PDLCs adhered to the wall of six-well plate on day 14, assuming a fusiform shape. (B) PDLSCs demonstrate a
typical fibroblast-like spindle appearance. The insert is a higher-magnification view (x 200) of the larger image. (C, D, E) Immunocytochemical
staining with vimentin (C), CD146 (D) and STRO-1 (E) antibodies. The immunoreactive cells were stained brownish/yellow. The inserts in C, D
and E are higher-magnification views (x 400) of the respective images, showing brownish/yellow-stained cytoplasm. (F, G, H) Immunocyto-
chemical staining without vimentin (F), STRO-1 (G) and CD146 (H) primary antibodies, as controls. Scale bars = 100 pm.

structure was regenerated, in which a
thin layer of cementum-like tissue
formed on the surface of the carrier,
along with condensed collagen fibers
with sparse cells that resembled PDL
structures (Fig. 2B). The cementum/
PDL-like structures appeared to be
totally different from the typical bone/
marrow  structures generated by
BMMSCs (data not shown).

Sustaining hypoxic treatment
augments the ALP activity level in
the noncontact co-culture system

To determine the effect of hypoxia on
the osteogenic capability of noncontact
co-cultured PDLSCs, we measured the
ALP activity level in PDLSCs after
hypoxic treatment. As shown in
Fig. 3A, ALP activity was significantly
increased by hypoxia at all time-points
compared with the control (p < 0.05).
During culture, it transiently increased

at 1 h, peaked at 12 h and decreased
thereafter, but was still higher than
the activity in the control group
(» < 0.05). The ALP response pattern
of the co-cultured PDLSCs was similar
to that of PDLSCs under hypoxia.
When comparing the co-culture group
with the PDLSC group at each time-
point, the ALP activity was increased
by 2.25-, 1.43-, 1.197-, 1.401-, 2.593-
and 1.825-fold, respectively, and the
increase was significantly different at
all time-points (p < 0.05) (Fig. 3A).

Hypoxia promotes further PGE, and
VEGF release in the noncontact
co-culture system

To verify whether hypoxia induces
PGE, and VEGTF release in the non-
contact co-culture system of PDLSCs
and HUVECs, we initially measured
the accumulation of PGE, and VEGF
in supernatants of the co-cultured

PDLSCs and HUVECs treated with
hypoxia, and compared the results with
those of the PDLSCs cultured alone
under hypoxia. The results showed
that PGE, secretion was significantly
increased at all time-points compared
with the control (p < 0.05), and
peaked at 6h, with a concentration of
96.259 + 4.81 pg/10° cells/mL. When
comparing the co-culture group with
the PDLSC group at each time-point,
the PGE, concentration was increased
by 1.25-, 1.013-, 1.139-, 1.2-, 1.12- and
1.034-fold, respectively, and was
significantly different at 3, 6 and
12h (p < 0.05) (Fig. 3B). Similarly,
hypoxia stimulated a significant, sus-
tained enhancement of VEGF release
at all time-points compared with the
control (p < 0.05). Comparison of the
co-culture group with the PDLSC
group at each time-point showed the
VEGF concentration to be increased
by 1.27-, 1.35-, 1.25-, 1.32-, 1.28- and
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PDLCE PDLSCs BMMSCs

Fig. 2. Scleraxis expression in vitro and generation of periodontal ligament (PDL)-like and cementum-like structures in vivo by periodontal
ligament stem cells (PDLSCs). (A) Northern blot analysis of the scleraxis mRNA level in periodontal ligament cells (PDLCs), PDLSCs and
bone marrow mesenchymal stem cells (BMMSCs; control). (B) After 8 wk of transplantation, PDLSCs generated PDL-like tissue (PDL), and
differentiated into cementoblast-like cells (arrowheads) that formed a cementum-like structure (C) on the surface of the ceramic bovine bone
(CBB) carrier (HE staining, x20). (C) Magnified view of (B)(x40). *p < 0.05 vs. control.
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Fig. 3. Alkaline phosphatase (ALP) activity level, and prostaglandin E, (PGE,) and vascular endothelial growth factor (VEGF) concen-
trations in the supernatant of the noncontact co-cultured periodontal ligament stem cell (PDLSC)/human umbilical vein endothelial cell
(HUVEC) system under hypoxic exposure. (A) ALP activity levels of PDLSCs and noncontact co-cultured PDLSCs after various time-
periods of hypoxic treatment. (B) Quantification, by ELISA, of PGE, released by PDLSCs and by noncontact co-cultured PDLSCs after
various time-periods of hypoxic treatment. (C) Quantification, by ELISA, of VEGF released by PDLSCs and by noncontact co-cultured
PDLSCs after various time-periods of hypoxic treatment. *p < 0.05 between the two groups.

showed a transient increase of about

1.08-fold, respectively, and was signif-
icantly different at all time-points
(» < 0.05) (Fig. 3C).

Hypoxia increases the level RUNX2
and SP7 mRNAs and expression of
Runx2 and Sp7 proteins in the
noncontact co-culture system

To understand more clearly the effect
of hypoxia on the osteogenic activity of
noncontact co-cultured PDLSCs, we

carried out real-time quantitative RT-
PCR and western blot experiments to
measure the expression levels of
RUNX2 and SP7 mRNA and Runx2
and Sp7 protein in PDLSCs exposed to
different time-periods of hypoxic
exposure. The results demonstrated
that short-term hypoxic exposure (for
1 h and 3 h) significantly up-regulated
the expression of RUNX2 mRNA
compared with the control (p < 0.05).
The expression of RUNX2 mRNA

1.1042-fold at 1 h and peaked at 3 h,
then subsequently showed a slight
decrease at 6, 12 and 24 h of culture, to
levels lower than those of the control
group (p < 0.05) (Fig. 4A). Compari-
son of the co-culture group with the
PDLSC group at each time-point
showed that the RUNX2 mRNA level
was increased by 1.32-, 1.11-, 1.292-,
0.933-, 0.874- and 1.177-fold, respec-
tively, being significantly different at all
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Fig. 4. Expression of runt-related transcription factor 2 (RUNX2) and SP7 mRNAs and of Runx2 and Sp7 proteins in the noncontact
co-cultured periodontal ligament stem cell (PDLSC)/human umbilical vein endothelial cell (HUVEC) system under hypoxic exposure. Levels
of RUNX2 mRNA (A) and SP7 mRNA (B), and expression of Runx2 protein (E) and Sp7 protein (F), after various time-periods of hypoxic
treatment. *p < 0.05 vs. control. (C, D, G, H) Comparison of the co-culture group with the PDLSC group, at each time-point, for expression
of RUNX2 mRNA (C), SP7 mRNA (D), Runx2 protein (G) and Sp7 protein (H), respectively. *p < 0.05 between the two groups.
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time-points (p < 0.05) (Fig. 4C). The
concentration of Runx2 protein was
significantly increased by hypoxia at all
time-points (p < 0.05). It transiently
increased at 1h, by 2.15-fold, after
hypoxic exposure, then remained
higher than the control throughout the
experiment (Fig. 4E). When compar-
ing the co-culture group with the
PDLSC group, expression of the
Runx2 protein was increased signifi-
cantly at all time-points (p < 0.05)
(Fig. 4G).

Hypoxic treatment significantly
augmented the expression of SP7
mRNA compared with the control at
all time-points (p < 0.05). The level of
SP7 mRNA was very low in unstimu-
lated cells, was induced prominently,
by 2.789-fold, after 1 h of hypoxic
treatment, and peaked at 3 h with a
2.848-fold increase; the expression level
decreased at subsequent time-points
but still remained higher than levels in
the untreated control group (p < 0.05)
(Fig. 4B). Comparison of the co-cul-
ture group with the PDLSC group at
each time-point showed that the
expression of SP7 mRNA was
increased by 2.266-, 3.945-, 1.445-,
0.776-, 1.064-, and 1.605-fold, respec-
tively, with the results being signifi-
cantly different at 1, 3 and 6h
(» < 0.05) (Fig. 4D). The amount of
Sp7 protein was significantly increased
at 1 h by 2.47-fold, then remained
significantly higher than the control
at 3, 6 and 12 h, finally peaking at 24 h

with a 4.38-fold increase (p < 0.05)
(Fig. 4F).  Comparison  of  the
co-culture group with the PDLSC
group at each time-point showed that
the expression of Sp7 protein was
increased significantly at all time-
points (p < 0.05) (Fig. 4H).

Hypoxia enhances mineralized
nodule formation in noncontact
co-cultured PDLSCs

In order to understand more clearly the
effect of hypoxia on the mineralization
activity of the noncontact co-cultured
PDLSCs in vitro, we carried out mod-
ified von Kossa’s silver nitrate staining
experiments to measure calcium nodule
formation of PDLSCs after different
time-periods of hypoxic treatment. The
results indicated that hypoxia further
augmented the formation of calcium
nodules by noncontact co-cultured
PDLSCs at all time-points, with a
maximal density of 55.72 £ 2.95 nod-
ules/cm? (Fig. 5).

Hypoxia up-regulates the ERK1/2 and
p38 MAPK levels in PDLSCs

To investigate whether ERK1/2 and
p38 MAPK signals were involved in
osteogenesis of noncontact co-cultured
PDLSCs under hypoxia, the activities
of ERKI1/2 and p38 MAPK were
examined by western blotting. The
results showed that both ERK1/2 and
p38 MAPK were activated by hypoxia.
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Hypoxic treatment led to a lagged and
sustained phosphorylation of ERK1/2,
which showed a moderate increase at
1 h and 3 h, and peaked at 6 h, but
then showed a gradually decrease sub-
sequently and remained higher than
the control (Fig. 6A). In contrast, p38
MAPK subtype was activated in a
relatively rapid and transient manner.
The activity of phosphorylated p38
MAPK was immediately up-regulated
at 1 h, then gradually decreased before
increasing again as osteogenesis pro-
ceeded, reaching a second peak at 7 h,
followed by a sharp decrease at 24h
(Fig. 6B).

Concentration-dependent effect of
MAPK inhibitors on ERK1/2 and p38
MAPK activity

ERK1/2 and p38 MAPK activities were
examined after treatment of PDLSCs
with MAPK inhibitors for 12 h. The
results showed that both PD98059 and
SB203580 regulated the kinase activities
in a concentration-dependent manner.
When PD98059 was used at 5 uM,
the Ap-ERK1/2/AERK1/2 ratio was
decreased to about 1/3 of the control
levels and the Ap-ERK1/2/AERK1/2
ratio decreased to 1/8 and 1/10 when
PD98059 was used at final concentra-
tions of 10 and 20 pm, respectively (data
not shown). This indicated that 10 um
PD98059 was more effective at inhibit-
ing MEK/ERK activity than 5 uwm, but
had similar effects to 20 um under the

Hypoxia time (d)

Fig. 5. Mineralized nodule formation of noncontact co-cultured periodontal ligament stem cells (PDLSCs) under hypoxic exposure. (A)
Microscopy observation of mineralized nodule formation by the noncontact co-cultured PDLSCs after various time-periods (0, 6, 12, 24, 48,
50 pm. (B) Quantitation of the density of mineralized nodules formed in PDLSCs and
noncontact co-cultured PDLSCs after various time-periods of hypoxic treatment. Each bar represents the mean value of the number of
mineralized nodules (n = 5 for each time-point) obtained from three experiments carried out in parallel. *p < 0.05 vs. control.

and 72 h) of hypoxic treatment. Scale bars
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current experimental conditions. Like-
wise, when SB203580 was provided at
final concentrations of 1, 3 and 9 pm,
the Ap-p38/Ap38 MAPK level
decreased to 51%, 15% and 10%,
respectively. Therefore, in the following
pharmacological  inhibition study,
PD98059 and SB203580 were used at
final concentrations of 10 and 3 um
respectively.

MAPK inhibitors exert an inhibitory
effect on hypoxia-induced
osteogenesis of noncontact
co-cultured PDLSCs

To investigate whether MAPK signal-
ing pathways are involved in the
up-regulation of osteogenic-related
genes (HIF-la, ALP, Runx2, Sp7,
PGE, and VEGF) under hypoxic con-
ditions, PDLSCs were pretreated with
10 v PDY98059 (ERK inhibitor) or
3 um SB203580 (p38 MAPK inhibitor)
under hypoxia for 6 h before noncon-
tact co-culture with HUVECs for the
indicated periods of time. First of all,
the ALP activity assay was carried out,
and the results showed that SB203580
significantly attenuated the hypoxia-
induced ALP activation by about 65%
while PD98059 moderately reversed
the induction by nearly 40%
(p < 0.05) (Fig. 7A). Then, qRT-PCR
experiments were performed to deter-
mine the mRNA levels of HIFIa,

RUNX2 and SP7. We found that the
augumented expression of HIF/a and
osteogenic-specific genes (RUNX2 and
SP7) by 6 h of hypoxic treatment was
significantly blocked by PD98059 and
SB203580 (p < 0.05), while SB203580
exerted a relatively stronger effect than
PD98059 (Fig. 7B-D).  Moreover,
10 um PD98059 and 3 pm SB203580
significantly abolished the hypoxia-
induced production of PGE, and
VEGF (p < 0.05) (Fig. 7E,F).

Discussion

The present study employed a three-
gas modular hypoxic incubator and a
Transwell cell co-culture system to
explore the impact of hypoxia on the
osteogenic differentiation and miner-
alization of PDLSCs, noncontact
co-cultured with HUVECs, at cellular
and molecular levels. We found, for the
first time, that exposure of co-cultured
PDLSCs to hypoxia (2% O,) led to
further increased levels of PGE, and
VEGF in the supernatants of the
co-culture system, and to the addi-
tional up-regulation of osteoblastic
differentiation markers (ALP, Runx2
and Sp7), at transcriptional and pro-
tein levels, as well as enhanced miner-
alized nodule formation in PDLSCs,
compared with PDLSCs cultured
alone. The study also demonstrated
that ERK1/2 and p38 MAPK showed

different patterns of activation by
hypoxia in PDLSCs during osteogene-
sis, and the two MAPK subtypes played
complex roles in gene transcription and
expression of the osteogenesis-specific
markers/regulators HIF-la, ALP,
Runx2, Sp7, PGE, and VEGF.
Angiogenesis is an essential compo-
nent of skeletal development and is
tightly coupled with osteogenesis dur-
ing bone regeneration (28). It modu-
lates bone formation by the production
of growth factors with the ability to
regulate osteoblastic activity and to
recruit stem cells and stimulate their
orientation to the osteoblastic lincage
(29). MSCs, which produce osteo-
blasts, are found in their niche around
the microvasculature, which contains
large numbers of vascular ECs (17,18).
During bone formation or remodeling,
there is crosstalk between ECs and
osteoprogentors/osteoblasts within the
vascular niche (30). MSCs in the
developing stroma elicit angiogenic
signals to recruit new blood vessels into
bone. Reciprocal signals, probably
emanating from the incoming vascular
endothelium, stimulate stem-cell
specification (31). The nature of the
cellular and molecular mechanisms
responsible for coupling angiogenesis
and osteogenesis during bone forma-
tion remains poorly understood, but a
primary driving force is tissue hypoxia.
The HIF-loo pathway has been
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Fig. 7. Effects of PD98059 and SB203580 on alkaline phosphatase (ALP) activity, on the concentrations of vascular endothelial growth factor
(VEGF) and prostaglandin E, (PGE,), and on the expression of hypoxia-inducible factor-la (HIF/o), runt-related transcription factor 2
(RUNX2) and SP7 mRNAs. Periodontal ligament stem cells (PDLSCs) were treated with 10 pM of PD98059 or with 3 pM of SB203580
under hypoxia for 6 h, the ALP activity was assessed, the concentrations of VEGF and PGE, were determined and the levels of expression of
HIFlo, RUNX2 and SP7 mRNAs were examined by quantitative RT-PCR. (A) HIFlo. mRNA, (B) ALP activity, (C) RUNX2 mRNA; (D)

SP7 mRNA, (E) PGE, concentration and (F) VEGF concentration. *p < 0.05 vs. the hypoxic group.

demonstrated to be critical in this
process as a result of enhanced angio-
genic activity, which is mediated by
elevated levels of VEGF in HIF-1a-
overexpressing osteoblasts (32). Fur-
thermore, HIF-1 may influence the
development of the osteoblast—vascu-
lar niche (33). However, there have
been no reports regarding the effects of
vascular ECs on the osteogenic differ-
entiation of noncontact co-cultured
PDLSCs under hypoxia, and we fur-
ther reveal the involvement of MEK/
ERK and p38 MAPK pathways in the
process.

Although the noncontact co-culture
system could not completely mimic the
spatial relationship between the two
types of cells during periodontal
regeneration, it enabled real-time reg-
ulation of HUVECs on PDLSCs and
avoided the difficulty of cellular and
molecular analyses in a direct co-cul-
ture system (34). The results demon-
strated the differentiation of increased
numbers of PDLSCs into osteoblasts
and mineralization in the noncontact

co-culture system under hypoxia,
compared with PDLSCs cultured
alone. Nevertheless, Clarkin et al. (35)
provided evidence that direct contact
between osteoblasts and ECs resulted
in the suppression of osteoblast ALP
activity, by the loss of VEGF sensitiv-
ity and attenuation of VEGF signaling
by endogenous prostaglandins.
Abundant evidence indicates that
the vasculature plays an active and
important role in numerous skele-
tal pathologies, and pro-angiogenic
VEGF-mediated signaling is tightly
associated with bone regeneration and
remodeling (35). Various previous
studies have provided firm evidence for
augmented osteoblastic differentiation,
and for EC proliferation, migration
and tube formation in co-culture of
osteoprogenitor cells and ECs
(22,36,37). Reciprocity of osteoblasts
and vascular ECs by VEGF or direct
action has been indicated as an impor-
tant mechanism underlying bone
remodeling (38,39). Moreover, osteo-
blast-derived VEGF has been identified

to enhance primary angiogenesis events
and osteoblastic differentiation
through chemoattractive/proangiogen-
ic effects in an autocrine/paracrine
manner; meanwhile, inhibition of
VEGF receptors reduced the co-cul-
ture-stimulated osteoblastic phenotype
(22). Interestingly, exogenous VEGF
was deduced to have a positive effect on
cell proliferation in the co-culture sys-
tem, whereas this factor alone did not
affect EC migration in isolated cultures
(22,36). Therefore, VEGF appeared to
be one (but not exclusively) of the sol-
uble factors that have a crucial role in
co-culture-stimulated cell rearrange-
ment and osteoblastic differentiation.
Similarly to PGE,, our investigation
showed additional hypoxia-induced
augmentation of VEGF synthesis and
release by PDLSCs and HUVECs,
compared with PDLSCs cultured alone
under hypoxia. Therefore, VEGF
derived from PDLSCs or HUVEC:S is
likely to exert a paracrine effect on the
function of vascular ECs or PDLSCs in
periodontal tissue remodeling during



OTM. Our studies also suggested the
proximity of PDLSCs to ECs as a
critical factor in determining how
PGE, and VEGF contribute to this
vital intercellular communication.
Prostaglandins, ubiquitously present
in mammalian tissues, were proposed
to act as typical intercellular mediators
that can provide both a localized
response and signal amplification nec-
essary for bone metabolism (40,41).
There is evidence to suggest that bone
remodeling induced by mechanical
forces in vivo is prostaglandin-medi-
ated (42). Moreover, PGE, is one of
the most potent bone resorbers in vitro
(43). Several studies have shown that
osteoblasts cultured in vitro produce
VEGF in response to a range of fac-
tors, including PGE, and HIF-1o, and
that this VEGF acts predominantly in
a paracrine manner, ensuring efficient
communication with ECs (33,34). In
contrast, blockade of endogenous
cyclooxygenase 2 activity with NS398,
which blocks the production of a range
of prostanoids, strongly inhibited
VEGF-induced EC proliferation in a
co-culture system of HUVECs and
osteoblasts (35). The relationship that
exists between VEGF and prostaglan-
dins has been postulated to play a
positive-feedback role in the control of
angiogenesis (44,45). However, no
reports are currently available regard-
ing the effects of hypoxia on the
secretion of PGE, in a noncontact
co-cultured system of PDLSCs and
HUVECGs. In the present study, we
observed further increased synthesis
and release of PGE,, in a time-depen-
dent manner, by PDLSCs and
HUVECs that were stimulated by
hypoxia, compared with PDLSCs cul-
tured alone under hypoxia. We identi-
fied a synergistic effect of both hypoxic
exposure and noncontact co-culture
with HUVECs on the enhancement of
PGE, release. However, a study has
reported that under conditions of clo-
sely direct contact of osteoblasts and
ECs, pharmacological blockade of
endogenous cyclooxygenase 2 activity
augmented EC-driven increases in
osteoblast differentiation, which could
be reversed by co-incubation with
Prostaglandins H, (37). This indicates
that the spatial relationship of osteo-
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blasts and ECs may affect the way they
communicate, and the mechanisms in-
volved need further investigation.

The MAPK family includes p38
MAPK, JNK and ERK (46). Several
lines of evidence imply that MAPK
signaling is essential for osteoblast dif-
ferentiation and osteoblast-related gene
expression (47,48). There are also
reports suggesting that MAPK path-
ways play critical roles in directing MSC
commitment to the osteogenic lineage
(49). Among the three pathways of the
MAPK superfamily, ERK signaling
is involved in driving extracellular
matrix-induced osteogenic differentia-
tion of MSC via Runx2 phosphoryla-
tion, while p38 MAPK is responsible for
environmental stimuli, such as oxida-
tive stress (48,50). In myocardium,
ischemic injury activates p38 MAPK
and nuclear factor-kappaB, and three
kinases of MAPK are deduced to be up-
regulated after cerebral hypoxia/ische-
mia (51). Previous data also indicated
that MAPK pathways can activate and
phosphorylate Runx2 in vitro, which
subsequently initiates the transcription
of osteogenesis-specific genes, including
ALP (51). Moreover, the phenomenon
that activation of MAPKSs depends on
the nature of the stimuli and on the cell
type, strongly suggests that ERK and
p38 MAPK pathways display distinct
spatio-temporal patterns of activation
in response to a hypoxic stress (52).
Therefore, we hypothesized that
hypoxia may serve as a stimuli on non-
contact co-cultured PDLSCs to activate
the MAPK signaling pathway in the
cells and induce their preferential oste-
ogenic differentiation.

Our investigation showed that
phosphorylation of ERK1/2 and p38
MAPK signals developed in different
patterns. Hypoxic treatment resulted in
a slow and lasting phosphorylation of
ERK1/2, whereas p38 MAPK signals
was phosphorylated in a relatively ra-
pid and transient way, suggesting that
the p38 MAPK subtype is more sensi-
tive to oxidative stress. Similar results
were documented in a study observing
a transient and early increase in the
p38 MAPK and Stress activated pro-
tein kinase/JNK levels of MSCs under
2.2% hypoxic conditions (51). Addi-
tional studies have shown that apart

from the p38 MAPK signal, ERK is
also activated by hypoxia and ischemia
and may play an important role in the
adaptive response to hypoxia (53).

To sum up, one hypoxia-responsive
gene (HIFla), three osteogenesis-spe-
cific genes (ALP, RUNX2 and SP7), two
proangiogenic autocrine/paracrine fac-
tors (PGE, and VEGF) and two MAPK
subtypes (ERK and p38 MAPK) of
PDLSCs or the noncontact co-cultured
system were confirmed to be signifi-
cantly enhanced under hypoxia. In
addition to the well-known MAPK-
dependent regulation of Runx2 and
Sp7, the MAPK family has also been
reported to play an important role in
oxidant-mediated =~ HIF-1-dependent
VEGF expression (54). Taken together,
these observations prompted us to
explore in greater detail whether the
expression profile of the above genes
are affected by MAPK inhibitors in
noncontact co-cultured PDLSCs after
hypoxic treatment. The results proved
that PD98059 (ERK inhibitor) and
SB203580 (p38 MAPK inhibitor) sig-
nificantly abrogated the hypoxia-
induced augmentation of HIFlo, ALP,
RUNX2, SP7, PGE2 and VEGF genes,
providing the first indication that the
enhanced osteogenic differentiation
and paracrine function of noncontact
co-cultured PDLSCs under hypoxia
were mediated by MEK/ERK and p38
MAPK signaling activation (Fig. 7).
Furthermore, the findings that the
inhibitory effects of SB203580 were
stronger than PD98059 for all the
osteogenesis-related genes, together
with the evidence that p38 MAPK
responded to hypoxia in a more rapid
and vigorous manner than ERK, indi-
cates a more important role for p38
MAPK in hypoxia-induced PDLSC
osteogenesis and in PGE, and VEGF
release.

In conclusion, exposure of noncon-
tact co-cultured PDLSCs to hypoxia
significantly activated MEK/ERK and
p38 MAPK signaling cascades, which
stimulated the expression of transcrip-
tional factors Runx2 and Sp7, and sub-
sequently up-regulated the osteogenesis
regulatory genes ALP, PGE2 and
VEGF, and finally the long-term min-
eralized nodule formation. Our studies
may confirm a paracrine EC-mediated
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effect of PGE, and VEGF on differen-
tiation of PDLSCs into osteoblasts and
support a model in which PGE, and
VEGF may facilitate this unidirectional

PDLSC-EC communication.

These

findings may offer novel regimes for

modulating periodontal

remodeling

through controlling the differentiation
of PDLSCs into osteoblasts and the
functions of ECs. Innovative strategies,
including the application of hypoxia-
mimicking agents to create a hypoxic
environment that favors regenerative
attempts, can also be incorporated into
traditional strategies with tremendous
future potential.
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