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Background and Objective: The aim of this study was to investigate the responses
of periodontal ligament cells under hypoxia and re-oxygenation conditions
in vitro.

Material and Methods: Periodontal ligament fibroblasts were isolated from rat
incisors. In the hypoxia group, cells were incubated in 2% O, for 1-3 d. In the
re-oxygenation group, cells were first incubated under the same conditions as the
hypoxia group for 24 h and then were returned to normoxic conditions and cul-
tured for 1-2 additional days.

Results: Proliferation ratios increased in all groups in a time-dependent manner.
Proliferation ratios in both the hypoxia and re-oxygenation groups were signifi-
cantly higher than in the control group on days 2 and 3. Alkaline phosphatase
activity was significantly higher in the hypoxia group than in the control and the
re-oxygenation groups. The expression of bone sialoprotein mRNA was signifi-
cantly higher in the hypoxia group than in the control group on days 1 and 2. The
expression of vascular endothelial growth factor mRNA was significantly higher in
the hypoxia group than in the control group on days 1 and 2. In the re-oxygen-
ation group, the level of expression of bone sialoprotein mRNA and vascular
endothelial growth factor mRNA were similar to those of the control group. The
expression of heat shock protein 70 mRNA in the hypoxia group was similar to
that in the control group, whereas in the re-oxygenation group it was statistically
higher than in the other groups.

Conclusion: These results suggest that periodontal ligament cells maintain their
osteogenic ability in hypoxia and re-oxygenation conditions in vitro.
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Itis known that hypoxia, which disrupts
oxygen homeostasis because of a low
oxygen supply, has grave and critical
consequences in the brain and heart,
which are most susceptible to circula-
tory disturbance. Many reports on

astrocytes in the brain (1,2) or myo-
cardial cells in the heart (3) have shown
the effects on those cells of ischemia or
ischemia-reperfusion injury.

During complete ischemia in the
brain, oxygen, glucose and glycogen

are rapidly depleted in the blood and
brain tissues, and ATP levels are
reduced by 10-20% for 2-3 min fol-
lowed by severe ATP depletion (4).
There have been many investigations
of ischemia and angiogenesis at the



molecular level. Angiogenesis can be
stimulated by lowered physiological
oxygen or by hypoxia (5-8).

Heat shock proteins have been con-
sidered to be involved in hypoxia
because their expression is induced by
various types of stress, such as ische-
mia, anoxia and re-oxygenation (9,10).
It has been reported that increased
expression of heat shock protein 70
occurs in cardiomyocytes (3), pulp cells
(11) and rat gastric epithelial cells (12)
after hypoxia re-oxygenation, which
suggests that the up-regulation of heat
shock protein 70 represents a protec-
tive response against hypoxic injury.

Vascular endothelial growth factor
is an angiogenic growth factor that
elicits cellular responses to hypoxia
and has recently also attracted much
attention as a potent inducer of vas-
cular permeability and angiogenesis
(13-15).

It is known that physiological
blood flow in the periodontal ligament
(16) is slightly lower than either pul-
pal or cerebral blood flow (17), and
blood flow is easily reduced by
occlusal forces. Moreover, in cases of
tooth transplantation or replantation,
periodontal tissues containing osteo-
genic fibroblasts, which may differen-
tiate into either cementoblasts or
osteoblasts, decrease during severe
ischemia. If the periodontal ligament
is subjected to a dry environment
after tooth extraction for more than
30 min (18-20), its ability to differen-
tiate and to proliferate is lost. How-
ever, little is known about the
behavior of periodontal ligament cells
under conditions of hypoxia or
re-oxygenation in vitro.

In this study, we examined the cel-
lular responses of rat periodontal liga-
ment cells under conditions of hypoxia
and re-oxygenation, in terms of cell
proliferation ratio and alkaline phos-
phatase activity. Furthermore, we also
evaluated the expression of mRNAs
encoding vascular endothelial growth
factor, heat shock protein 70 and bone
sialoprotein.

Material and methods

This study was conducted in compli-
ance with the Guidelines for the
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Treatment of Experimental Animals at
the Tokyo Dental College (approval
number 01-63).

Animals and cell culture

Periodontal tissues were obtained from
the upper incisors of 16 anesthetized
male Sprague—Dawley rats, 4 wk of
age, each weighing ~100 g (Sankyo
Labo Service, Tokyo, Japan), accord-
ing to the method of Inoue et al. (19).
Periodontal ligament cells were then
incubated in a humidified atmosphere
of 95% air, 5% CO,, at 37°C for pri-
mary culture, using o-minimal essential
medium (Gibco, Carlsbad, CA, USA)
containing 10% fetal calf serum (Sig-
ma, St Louis, MO, USA), supple-
mented with 10 mg of gentamicin
(Sigma). The medium was changed
every 48 h and cells in the fifth sub-
culture were used for the experiments.

For setting the oxygen concentra-
tions, a BL-40M CO, incubator (Juuji-
Field Labo; Bio Labo, Tokyo, Japan)
was used, which can regulate the
concentration of oxygen in the air to
nitro-oxygen.

In the control group, cells were
incubated in a humidified atmosphere
at normoxic conditions of 20% O», 5%
CO3 ang 75% N, for 1-3 d at 37°C.

In the hypoxia group, cells were
incubated in a humidified atmosphere
of 2% Oy, 5% COy 4na 93% N, for
1-3 d at 37°C.

In the re-oxygenation group, cells
were first incubated under the same
conditions as the hypoxia group for
24 h and then returned to normoxic
conditions and cultured for 1-2 addi-
tional days. All data of the hypoxia
group on day 1 were the same as the
re-oxygenation group at day 1.

Media were not changed during the
experimental period.

Proliferation assay

Cultured cells (= 1 x 10°) were seeded
in 35-mm cell-culture dishes (Corning
Costar, New York, NY, USA) and
were incubated for 1-3 d at each of the
culture conditions described above.
Cells were detached using 0.125%
trypsin at each time-point, and the
numbers of detached cells were coun-
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ted using a Coulter Counter (Beckman
Coulter, Fullerton, CA, USA).

Alkaline phosphatase activity

Alkaline phosphatase activity was
measured using a colorimetric assay kit
(Alkaline Phosphatase Opt; Roche
Diagnostics Japan, Tokyo, Japan).
Cultured cells (1 x 10°) were seeded in
35-mm cell-culture dishes and incu-
bated for 1-3 d. Cells were washed
with calcium- and magnesium-free
phosphate-buffered saline at each time-
point, harvested with demineralized
H,O (Milli Q; Millipore, Billerica, MA,
USA) and then homogenized in dis-
tilled water for 60 s using a sonicator
(Sonifier 250D; Branson, Rochester,
MI, USA) on ice.

Each homogenate was centrifuged at
800 g for 5 min and the supernatants
were used for assay. One millilitre of
premixed solution (1 M diethanolamine
buffer, pH 9.8, with 0.5 mm MgCl, and
10 mm p-nitrophenylphosphate, kept at
37°C) was added to 10 pL of super-
natant. Absorption at 405 nm for
p-nitrophenol was measured using a
spectrophotometer (Ultrospec 3000;
Amersham Pharmacia Biotechnologies,
Rochester, NY, USA), 1, 2 and 3 min
after addition of the premixed solution.

To determine the specific activity of
alkaline phosphatase, protein concen-
trations in each lysate were determined
using the Pierce bicinchoninic acid
protein assay (Pierce, Rockford, IL,
USA). A volume of 100 pL of each cell
lysate was added to 100 pL of bicinch-
oninic acid working reagent (kept at
37°C for 30 min). Absorbance was
measured at 595 nm using a microplate
reader, and the average absorption per
min was calculated. Alkaline phospha-
tase activity was calculated according
to the manufacturer’s instructions.

Quantitative reverse transcription-
polymerase chain reaction

After 1, 2 and 3 d of culture, cells were
detached and homogenized using TRI-
ZOL (Invitrogen, Carlsbad, CA, USA)
and total RNAs were extracted. Sus-
pensions to which chloroform had been
added were centrifuged at 16,000 g for
20 min. The supernatants were recov-
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ered and mixed with isopropyl alcohol,
then frozen at —80°C overnight. Sub-
sequently, the samples were centrifuged
at 16,000 g for 20 min and total RNA
pellets were recovered and washed with
75% ethanol. Finally, the total RNA
pellets were dissolved in RNAase-free
water and stored at —80°C until used.

Total RNA concentrations were
measured using a NanoDrop®
(ND-1000 Spectrophotometer; Scrum,
Tokyo, Japan). Using total RNA as a
template, reactions were conducted
using a reverse transcription-polymer-
ase chain reaction kit (RNA-PCR kit
version 2.1; Takara Biomedicals, Shiga,
Japan) to synthesize cDNA. Quantita-
tive PCR was then conducted using
specific primers for bone sialoprotein,
heat shock protein 70 and vascular
endothelial growth factor, and B-actin
as a housekeeping gene, with a Light-
Cycler™ using the double-stranded
DNA dye SYBER Green I (Roche
Diagnostics Japan). The PCR condi-
tions and primer sequences used are
shown in Table 1.

Quantification was performed by
comparing the levels obtained with
standardized samples. Melting curve
analyses were also performed after
PCR amplification to confirm the
absence of the primer dimer in each
PCR product. Relative quantification
of gene expression with real-time PCR
data was calculated relative to B-actin.

Data were averaged from five dishes
in each group.

Statistical analysis

The results were analyzed using one-
way analysis of variance and were then
compared by Scheffe’s test.

Table 1. Polymerase chain reaction (PCR) primers used for LightCycler™ -assisted analysis
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Fig. 1. Proliferation ratios increase in all
groups in a time-dependent manner. Prolif-
eration ratios in both the hypoxia and
re-oxygenation groups were significantly
higher than in the control group on days 2
and 3. Data are expressed as means =+
standard deviation; **p < 0.01 compared
with the control group; n = 5.

Results

Proliferation ratios

Cell proliferation ratios increased in all
groups in a time-dependent manner
(Fig. 1). Proliferation ratios in the
hypoxia and the re-oxygenation groups
were significantly higher than in the
control group on days 2 and 3
(» < 0.0D).

Alkaline phosphatase activity

There was no significant difference in
alkaline phosphatase activity in any
of the groups on days 1 or 2 (Fig. 2).
However, alkaline phosphatase activ-
ity was statistically higher in the
hypoxia group than in the control
group on day 3 (p < 0.01). There
was no significant difference between
the re-oxygenation group and the
control group on day 3.

ALP (umol/mg/s)
0.37

*

0.2}

aml

Control = Hypoxia = Re-oxygenation

Fig. 2. Alkaline phosphatase activity. There
was no significant difference in alkaline
phosphatase activity in any of the groups on
days 1 or 2. However, alkaline phosphatase
activity was significantly higher in the
hypoxia group than in the control group or
the re-oxygenation group on day 3. There
was no significant difference between the
re-oxygenation group and the control group
on day 3. Data are expressed as means =+
standard deviation; **p < 0.01 compared
with the control group; n = 5. ALP, alka-
line phosphatase.

MRNA expression

Bone sialoprotein — The expression of
bone sialoprotein  mRNA in the
hypoxia group was statistically higher
than in the control group on days 1
(p < 0.01) and 2 (p < 0.05) (Fig. 3).
There was no significant difference
between the re-oxygenation group and
the control group on days 2 or 3.

Heat shock protein 70 — The expres-
sion of heat shock protein 70 mRNA
in the hypoxia group was similar to
that in the control group at each time-
point. However, the expression of heat
shock protein 70 mRNA in the
re-oxygenation group was statistically
higher than in the control group on
day 3 (p < 0.01) (Fig. 4).

Primer sequences (5" to 3')

PCR conditions

Product size (bp)

BSP Forward: TCC CAC AGG AGA AGA TTG TC 95°C (10 s), 55°C (6 s), 72°C (7 s) 132
Reverse: CCT TCT GGA TCT TCC TCT GT

HSP70 Forward: GTG TGC AAC CCG ATC ATC AG 95°C (10 s), 60°C (10 s), 72°C (7 s) 201
Reverse: CAC CAG CAG CCA TCA AGA GT

VEGF Forward: TAC CAG CGC AGC TAT TGC CGT 95°C (10 s), 54°C (5 s), 72°C (8 s) 180
Reverse: TTT GGT GAG GTT TGA TCC GCA TG

B-Actin Forward: CCT GTA TGC CTC TGG TCG TA 95°C (10 s), 62°C (10 s), 72°C (10 s) 260

Reverse: CCA TCT CTT GCT CGA AGT CT

BSP, bone sialoprotein; HSP70, heat shock protein 70; VEGF, vascular endothelial growth factor.



e ow
1 2 3 d

= Control mHypoxia £ Re-oxygenation

Q- —

Fig. 3. Expression of bone sialoprotein
mRNA in the hypoxia group was statisti-
cally higher than in the control group on
days 1 and 2. There was no significant dif-
ference between the re-oxygenation group
and the control group on days 2 and 3. Data
are expressed as means * standard devia-
tion; *p < 0.05 and **p < 0.01 compared
with the control group; n = 5.
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Fig. 4. Expression of heat shock protein 70
mRNA in the hypoxia group was similar to
that of the control group at each time point.
The expression of heat shock protein 70
mRNA in the re-oxygenation group was
statistically higher than in the control group
on day 3. expressed as
means + standard deviation; **p < 0.01

Data are

compared with the control group; n = 5.

Vascular endothelial growth factor
— The expression of vascular endo-
thelial growth factor mRNA in the
hypoxia group was statistically higher
than in the control group on days 1
(p < 0.01) and 2 (p < 0.05) (Fig. 5).
However, there was no significant dif-
ference in vascular endothelial growth
factor mRNA expression between the
re-oxygenation group and the control
group on days 2 or 3.

Discussion

Proliferation ratios

In general, oxygen is necessary for cells
to maintain their functions and is a
source of energy during ATP synthesis
in mitochondria. Vega etal. (1)

Periodontal ligament cell response under hypoxia
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Fig. 5. Expression of vascular endothelial
growth factor mRNA in the hypoxia group
is statistically higher than in the control
group on days | and 2. However, there is no
significant difference in vascular endothelial
growth factor mRNA expression between
the re-oxygenation group and the control
group on days 2 or 3. Data are expressed as
means + standard deviation; *p < 0.05
and **p < 0.01 compared with the control
group; n = 5.

reported that hypoxia increased the
amount of glucose transporter 1 in rat
primary cortical astrocytes, and they
suggested that glucose transporter 1
contributed to the hypoxic modulation
of glucose uptake. The function and
oxygen-glucose metabolism of perio-
dontal ligament cells is regulated by
oxygen or glucose as primary cellular
energy sources, and it is assumed that
reductions in these result in a crisis for
cell survival. In this study, the cell
proliferation ratio of rat periodontal
ligament cells increased in the hypoxia
group and in the re-oxygenation
group.

Amemiya et al. (11) suggested that
the mitochondrial function and prolif-
eration of pulp cells under conditions
of hypoxia increased glucose con-
sumption. However, glucose
sumption did not change under the
condition of re-oxygenation compared
with the control. Similar phenomena
might occur in a conparable manner
for periodontal ligament cells.

con-

Expression of heat shock protein 70
mRNA

Heat shock protein 70 participates in
the maintenance of cell homeostasis
and is induced reversibly during dis-
rupted energy metabolism, protein
synthesis or calcium homeostasis in
cells (17). During conditions of oxygen
glucose block and following re-oxy-
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genation, the expression of heat shock
protein 70 significantly protects astro-
cytes in the brain (21). Heat shock
protein 70 levels have also been ana-
lyzed in rat gastric epithelial cells
(12,22) and in pulp cells (11). Heat
shock protein 70 was reported to be
regulated by re-oxygenation following
hypoxia and was up-regulated during
re-oxygenation following hypoxia,
which suggests that heat shock protein
70 is involved in maintaining cell sur-
vival and in supporting cell function.
In the present study, the expression of
heat shock protein 70 mRNA in the
hypoxia group was not up-regulated,
but it was significantly up-regulated in
the re-oxygenation group, which may
support those suggestions.

Alkaline phosphatase activity and
expression of bone sialoprotein
mRNA

Alkaline phosphatase, which has been
associated with early osteoblastic dif-
ferentiation (23), and bone sialopro-
tein, which has been associated with
mineral crystal formation and is local-
ized specifically in mineralized tissues
in several pathologies (24), are consid-
ered to be the most useful markers of
early mineralization.

The effects of hypoxia on osteo-
blastic differentiation in various
osteogenic cells have been reported.
Increases of alkaline phosphatase
activity in human periodontal ligament
fibroblasts by 10% O, (25) and in dog
pulp cells by 2% O, (11) have been
reported, whereas decreases of alkaline
phosphatase activity of human osteo-
blastic cells by 5% O, (26) and of
alkaline phosphatase activity and the
expression of bone sialoprotein
mRNA of human stromal cells from
bone marrow (MIAMI cells) by 3%
0O, (27) have been demonstrated. In
the present study, increases of alkaline
phosphatase activity and of the
expression of bone sialoprotein
mRNA in rat periodontal ligament
cells by 2% O, were found. These
contrasting results suggest that alka-
line phosphatase activity and the
expression of bone sialoprotein
mRNA depend on different oxygen
tensions, on species and on cell type.
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Expression of vascular endothelial
growth factor mRNA

Vascular disruption has been shown to
lead to the formation of hypoxic areas
of ischemic injury. Angiogenesis is vital
for the delivery of oxygen, nutrients
and growth factors necessary to initiate
the reparative process of ischemic
tissue healing.

Vascular endothelial growth factor
is regulated by the hypoxia-mediated
control of gene transcription (6-9).
Vascular endothelial growth factor
induces angiogenesis as well as the
permeabilization of blood vessels, and
is involved in the regulation of vascu-
logenesis in vivo. Vascular endothelial
growth factor is a highly specific
mitogen for vascular endothelial cells
in response to hypoxia. Vascular
endothelial growth factor induces
endothelial cell proliferation and pro-
motes cell migration in a paracrine
manner. Moreover, the induction of
vascular endothelial growth factor
mRNA has been found in periodontal
ligament cells (28,29). A study has
demonstrated that hypoxia regulates
vascular endothelial growth factor
expression and cellular differentiation
(30). An investigation on the response
of astrocytes to hypoxia showed that
vascular endothelial growth factor
mRNA and protein levels increased
significantly (31,32). Amemiya et al.
(11) also reported that vascular endo-
thelial growth factor production in
pulp cells increased under conditions
of hypoxia. In the present study, the
expression of vascular endothelial
growth factor mRNA in the hypoxia
group was statistically higher than in
the control group. However, there was
no significant difference between the
re-oxygenation group and the control
group. Therefore, these results suggest
that the expression of vascular endo-
thelial growth factor mRNA s
up-regulated in periodontal ligament
cells in response to hypoxia, which
results in the promotion of cellular
proliferation and differentiation in an
autocrine manner.

The results of the present study
suggest that the acitivities of perio-
dontal ligament tissues injured during
tooth extraction in the case of trans-

plantation or replantation, are not
impaired.

Conclusion

Periodontal ligament cells maintain cell
homeostasis during hypoxia and
re-oxygenation and promote cell pro-
liferation and cell differentiation dur-
ing hypoxia at an early stage in vitro.
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