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Abstract Objective The aim of this study was to investigate the effect of intermittent
hypobaric hypoxia (IHH) exposure on the expression of hypoxia-induced factor-1α
(HIF-1α) messenger RNA (mRNA), vascular endothelial growth factor-a (VEGF-a) mRNA,
and angiogenesis after tooth extraction in rats.
Materials and Methods On 45 male Sprague-Dawley rats were performed the
removal of the maxillary left first molar, and then they were randomly divided into
9 groups, namely: 4 groups that were exposed to IHH for 30minutes every day in the
Hypobaric Chamber at an altitude of 18,000 feet, with 1 time hypobaric hypoxia (HH), 3
times HH, 5 times HH, and 7 times HH; 4 normoxia groups that were terminated on
days 1, 3, 5, and 7 after tooth extraction; and the 1 control group. Real-time polymerase
chain reaction measured the molecular changes in the socket tissue after tooth
extraction in rats to evaluate the expression of HIF-1α mRNA and VEGF mRNA.
Histological changes with hematoxylin and eosin staining were noted to evaluate
the amount of angiogenesis in the socket after tooth extraction. Molecular and
histological parameters were calculated at the end of each experiment on days 0, 1,
3, 5, and 7 after tooth extraction, which exhibited the improvement phase of the
wound-healing process.
Results Increases in the expression of HIF-1α mRNA, VEGF mRNA, and angiogenesis
were found in the IHH group compared with the normoxia group and the control group.
The expression of HIF-1αmRNA increased significantly (p<0.05) in the group after one
time HH exposure on day 1, then decreased in the IHH group (three times HH exposure,
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Introduction

After tooth extraction, immediately the empty socket isfilled
with blood resulting from the hemostatic reaction in the
alveolar socket, the dynamic interaction of platelets and
collagen connective tissue, as well as the balance between
coagulation and fibrinolysis, giving rise to the formation of
stable blood clots embedded in the fibrin tissue.1–4 The
wound-healing process after tooth extraction is based on
time, following the same pattern as the wound-healing
process in general with the inclusion of the socket- and
bone-healing process.1

A few minutes after the tooth is extracted, the blood
vesselswill experience vasoconstriction as a result of platelet
aggregation, causing disruption of oxygen delivery resulting
in tissue hypoxia, increased glycolysis, and a decrease in pH,
which will be responded by vasodilation; then migration of
leukocytes and platelets to thewound tissue occurs.1,2 Tissue
hypoxia serves as a signal that stimulatesmany aspects of the
wound-healing process.3,5

Hypoxia is a state of reduced oxygen supply to the cellular
level that is insufficient to maintain cellular function.6

Hypoxia can cause platelets and monocytes to release cyto-
kines and growth factors that affect wound healing-cells.3,5

Changes in oxygen concentration due to hypoxia will
modulate cell function by stabilizing hypoxia-induced fac-
tor-1α (HIF-1α), which is a transcription factor for many
genes that regulate adaptive responses to hypoxia.7,8 Stabi-
lization of HIF-1α as the main regulator of oxygen homeo-
stasis and determinant of wound-healing outcomes occurs
through activation of several HIF-1α target genes.7 HIF-1α
target genes such as vascular endothelial growth factor
(VEGF) are significantly elevated in vascular smooth muscle
cells that also play a role in angiogenesis, erythropoiesis,
energy and glucose metabolism to restore oxygen, nutrient
delivery to the wound site, and improving cell viability that
promotes wound healing.7,8

Hypoxia can occur in an environment at an altitude with
lowatmospheric pressure,where the partial oxygenpressure
decreases rapidly as altitude increases, which is known as
hypobaric hypoxia (HH).9 Hypobaric is a condition of envi-

ronmental changes that occur during the rise in altitude,
including changes in air pressure, temperature, and oxygen
supply. Correlations between altitude and atmospheric pres-
sure exist. The higher the altitude, the lower the atmospheric
pressure or the lower the partial pressure of oxygen, which
becomes a stressful condition and affects gas exchange at the
cellular level. Cells unresponsive to this stressful condition
become alarmingly dysfunctional.10 The cellular response to
HH is complex and characterized by altered expression of
several genes including proteins to maintain hemostasis.11

Some theories explain that the accepted hypobaric hyp-
oxic effect begins to manifest at an altitude of 10,000 feet
(3,048 m); at this height the effect of hypoxia on the human
body is clearly visible and easily recognizable.9,12,13 HH
during air travel induces several physiological reactions in
the human body with changes in gene expression, including
related proteins required tomaintain homeostasis. Flying for
30minutes resulted in decreased oxygen saturation and the
expression of 10 proteins changed significantly, although the
short and moderate HH of protein expression analysis
showed its relationship with immune response, protein
metabolism, and hemostasis.14

Hypoxia does not necessarily cause damage to cells and
does not necessarily have a negative impact; rather the
exposure of mild hypoxia with tolerable levels and periods
provides a protective effect (preconditioning), improving
adaptive and protective responses so that injuries from
subsequent exposure to harmful stimuli are reduced.15,16

Hypoxia preconditioning has better therapeutic ability than
normoxic conditions,which contributes to cellmigration and
cell survival, and can induce cell repair processes.15

Adaptation of HH with intermittent hypobaric hypoxic
efforts, as part of hypoxia preconditioning, performed with
periods of hypoxic exposure interspersed with normoxia
repeatedly over a period has several effects on tolerance to
subsequent hypoxic exposure, which affects preventing cell
damage by reducing oxidative stress and inhibiting the
cascade of apoptosis.16

Pilots and air force flight crews routinely conduct HH
training to identify hypoxic conditions andmake their bodies

five times HH exposure, and seven times HH exposure) approaching the control group.
The expression of VEGF mRNA and angiogenesis began to increase after one time HH
exposure on day 1, and increased again after three times HH exposure on day 3, then
increased even more after five times HH exposure on day 5, and increased very
significantly (��p<0.05) after seven times HH exposure on day 7. It showed that
repeated or intermittent exposure to HH conditions induced a protective response that
made cells adapt under hypoxia conditions.
Conclusion IHH exposure accelerates the socket healing of post-tooth extraction,
which is proven by changes in HIF-1α mRNA expression and increase in VEGF mRNA
expression as stimuli for angiogenesis in post-tooth extraction sockets under hypobaric
hypoxic condition, which also stimulates the formation of new blood vessels, thereby
increasing blood supply and accelerating wound healing.
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adapt to hypoxia. They may experience intermittent hypo-
baric hypoxia (IHH) in both training and assignment.

Several studies suggest that after IHH exposure at various
pressures with an interval of 1 week, with four times of HH
induction, there is an increase in HIF-1a of heart and liver tissue
after one- and two-timeHH inductionbut continues todecrease
back tonormal levelsafter inductionof IHHthreeandfour times,
meaning that HIF-1a is synthesized only as necessary according
to the needs of liver tissue and the heart, which then adapt to
conditions of IHH.17,18 To the best of our knowledge, no studies
havebeen conducted to date to analyze the effect of exposure to
IHH on post-tooth extraction socket healing. How the post-
extraction molecular and histological changes occur, especially
HIF-1α, VEGF, and angiogenesis, in the post-extraction socket
after intermittent hypobaric hypoxic exposure remains unclear.
Therefore, this study analyzed the molecular and histological
changes in HIF-1α, VEGF, and angiogenesis after IHH exposure
and its effect on socket healing after tooth extraction.

Materials and Methods

Study Design
This research is a true experimental studywith a randomized
post-test that only controlled group design, using animal
models of healthy adult male Sprague-Dawley rats, which
was conducted at the Integrated Research Laboratory of the
Faculty of Dentistry, Padjadjaran University, the Molecular
Genetics Laboratory of the Faculty of Medicine, Padjadjaran
University, and Laboratory of the Department of Aerophysi-
ology Lakespra dr.Saryanto TNI Air Force.

In this studywere used 45male Sprague-Dawley rats aged
between 2 and 3 months weighing 200 to 400 g, obtained
from the Animal Breeding Laboratory of PT.Biomedical
Technology Indonesia, Bogor, West Java, Indonesia. One
week before the hypoxia experiment, rats were placed in a
laboratory for the animal to adapt in an air-conditioned room
(22�3°C) with light cycle lighting (06.00–18.00). Rats were
well cared for and given mineral water and food ad libitum
every day. Prior to the start of the study, the experimental
design in this study received ethical approval from the
Research Ethics Commission of Universitas Padjadjaran,
Bandung, Indonesia: 419/UN6.KEP/EC/2021.

Sample size in this study was calculated using the Federer
formula as follows:

(n – 1) (k – 1) � 15

where:

n: number of samples per group
k: number of groups

(n – 1) (9–1) � 15
8n – 8 � 15
n � 2.9

The minimum sample for this study, per group, is 2.9
rounded up to 3. There was anticipation of dropping out, so 3
becomes 5 (n¼5), meaning that the number of rats in each
group is 5, so the total numberof Sprague-Dawley rats is 45 rats.

Forty-fivemale Sprague-Dawley rats were then randomly
divided into nine groups: four IHH groups, four normoxia
groups, and one control group. They are as follows:

• IHH groups consisting of animals were given HH exposure
for 30minutes every day in the Hypobaric Chamber,
namely group P1 (one time HH exposure, terminated on
day 1, n¼5), group P2 (3 times HH exposure, terminated
on day 3, n¼5), group P3 (5 times HH exposure, termi-
nated on day 5, n¼5), and group P4 (7 times HH exposure,
terminated on day 7, n¼5).

• Normoxia groups consisting of animals were kept under
normoxia condition and placed in the roomwith the same
sea level, namely group K1 (terminated on day 1, n¼5),
group K2 (terminated on day 3, n¼5), group K3 (termi-
nated on day 5, n¼5), and group K4 (terminated on day 7,
n¼5).

• Control group consisting of animals was kept under
normoxia condition and terminated immediately after
tooth extraction, namely group K0 (terminated on day
0, n¼5).

From all experimental animals in this study before being
given treatment, the maxillary left first molar was extracted.
Experimental rats before tooth extractionwere anesthetized
according to body weight (BW) and performed intraperito-
neally using ketamine combinedwith xylazine in the amount
of 0.1mL/10 g BW.

The dose was prepared by mixing 1.0mL of 100mg/mL
ketamine with 0.5mL of 20mg/mL xylazine. The volume of
the ketamine and xylazine mixture present was added to the
saline solution until a total of 10mL was reached. A total of
10mL of the combination of ketamine and xylazinewas used
as much as 0.1mL/10 g BW.19 After the anesthetic stage was
reached, when the animals were in a deep sleep condition,
tooth extraction was started.

Immediately after being anesthetized, teeth of the experi-
mental rats were extracted using modified tooth extraction
tools, namely a sterile dental periodontal surgical instrument
and arterial clamps as special pulling pliers; with unidirec-
tional movement, teeth were carefully pulled to avoid tooth
fracture and the teeth were completely extracted. Then post-
tooth extraction socket is cleaned with sterile gauze and
allowed to undergo natural healing, and no suturing of the
wound is performed on the tissue.

HH exposure in the IHH group (groups P1, P2, P3, and P4)
was performed by placing experimental rats into the Hypo-
baric Chamber for 30minutes at an altitude of 18,000 feet
and the air temperaturewasmaintained at around 28°Cwith
humidity around 58%. HH exposure was repeated every day
for intermittent hypobaric hypoxic exposure, namely one
time HH, three times HH, five times HH, and seven times HH.
The HH procedurewas designed based on special training for
Indonesian Air Force Soldiers.20 The hypobaric hypoxic pro-
cedure in this experiment is shown in ►Fig. 1.

The experimental rats were terminated for socket tissue
sampling performed on days 0, 1, 3, 5, and 7 after tooth
extraction. The IHH group was terminated immediately at
the end of each experiment after HH exposure at the ground
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level, the normoxic group was terminated at the end of each
experiment, and the control group was terminated immedi-
ately on the day after tooth extraction.

The experimental animals before termination were anes-
thetized intraperitoneally using a combination of ketamine
and xylazine in the amount of 0.1mL/10 g BW.19 After the
anesthetic stage was reached, and the experimental animals
were deep asleep, termination began.

Sampling from the socket tissue is performed when it is
confirmed that the experimental animal is dead. The upper
jaw was cut with a scalpel, and the post-extraction socket
tissue was carefully extracted and divided into half with the
thinnest separating disk drill. Half-socket tissue per animal
of approximately 20 to 30mg was rapidly placed in micro-
tube centrifuge tubes, preserved with RNA later, and stored
at �80°C until use for real-time polymerase chain reaction
(RT-PCR), and the remaining tissuewas fixed in formalin and
processed for histological analysis.

Measurement of mRNA Expression
Measurement of HIF-1α and VEGF messenger RNA (mRNA)
expression was done using one-step RT-PCR. Samples were
extracted using the RNeasy Mini Kit reagent from Qiagen. RT-
PCR was performed using the Rotor-Gene Q Software 2.3.1.49
real-time PCR system from Qiagen with the SensiFAST SYBR
No-ROX one-Step Kit for HIF-1α and VEGF. For mixing the
material into a PCR tube, use SensiFAST SYBR (2X) 10 µL
composition, Primer F 0.8 µL, Primer R 0.8 µL, Reverse Tran-
scriptase Enzyme 0.2 µL, Ribosafe RNAse Inhibitor 0.4 µL,
Nuclease Free Water 5.8 µL, and RNA Extract 2 µL. Insert the
PCR tube and then set the RT-PCR cycle starting with the first
incubation at 45°C for 10minutes, followed by a second incu-
bationat95°C for2minutes, thendenaturation40cycles at95°
C for 5 seconds, and extension at 60°C for 20 seconds. Instruc-
tions per manufacturer’s protocol must be strictly followed.

The primary sequences are as follows:

HIF-1α: 5′-CTTTCTCTGCGCGTGAGGAC-3′ as forward, and
5′-TTCGACGTTCGGAACTCATCCT-3′ as reverse, and pro-
duce the amplicon size of the PCR product 149 bp.

VEGF-a: 5′-CTGGACCCTGGCTTTACTGC-3′ as forward, and
5′-AATTGGACGGCAATAGCTGCG-3′ as reverse, and pro-
duce the amplicon size of the PCR product 136 bp
β-actin: 5′-CACCCGCGAGTACAACCTTC-3′ as forward, and
5′-CCCATACCCACCATCACACC-3′ as reverse.

The mRNA expression was calculated using the Livak 2
(�DDCT) formula, by comparing the Ct values of the treat-
ment group with the control group.21 Gene expression value
� 1 indicates that gene expression has increased compared
with control. β-actin is used as internal control. DCT¼Ct
target gene – Ct housekeeping gene. DDCT¼DCT treatment–
DCT control. Gene expression¼2(�DDCT).

Histological Assay
Post-tooth extraction socket tissues were fixed with for-
malin combined with phosphate buffer saline-formalin
solution for 24 hours at 4°C. Then the samples were decal-
cified with 10% ethylenediaminetetraacetic acid (EDTA)
solution at pH 7.4 and stored at temperature of 4°C for 6
to 8 weeks, depending on the degree of mineralization
with EDTA, and renewed every 3 days. Then they were
trimmed and arranged into tissue cassettes and labeled;
the dehydration stage is performed next by immersing the
tissues into an alcohol solution in stages starting from 70%,
then 80%, 90%, 95%, and finally 100%. They are cleaned
three times with xylene solution for 60minutes each per
cycle, then infiltrated in liquid paraffin in three cycles by
immersing the tissue into liquid paraffin for 60minutes
each per cycle, blocking until the paraffin freezes. The
tissues were cut using a microtome slicer that were then
made into slide preparations and stained with hematoxy-
lin and eosin (H&E); then the preparations were glued
using entellan and covered with a cover glass. The dry
slides were observed under a binocular lens microscope
(Olympus Type CX31) �400 magnification equipped with a
camera with five different fields of view. The photos
produced by the camera were transferred to a computer
and evaluated with the Tool Image J software. Histological
analysis of expressed angiogenesis was quantified by
counting neovascular cells with new vessel images, then
tabulated and data analyzed.

Statistical Analysis
Statistical tests analyzed the data of this research using the
MegaStat V.10.4 release 3.2.4 Mac software. The data nor-
mality test used the chi-square test (p > 0.01), and the result
was that all data were normally distributed. Meanwhile, the
variant homogeneity test used the Bartlett test, and the
result was that all data had a homogeneous variant. The
data results are presented asmean ± standard deviation (SD).
Data were analyzed using the one-way analysis of variance
(ANOVA) test followed by post hoc t-test analysis to analyze
the differences between the experimental group and the
control group. The difference was statistically significant
when it showed a value of p less than 0.05. When the data
results do not met the parametric test, then a nonparametric
test was performed with the Kruskal–Wallis test followed by

Fig. 1 Altitude simulation of hypobaric hypoxia exposure procedure
using the hypobaric chamber. Hypobaric hypoxia exposure in each
procedure occurred at an altitude of 18,000 feet for 30minutes.
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Mann–Whitney U test analysis to analyze differences in
expression between groups.

Results

All experimental animals (n¼45) were in a safe condition
and no complications occurred after tooth extraction. The
findings of each groupwere evaluated and calculated on days
0, 1, 3, 5, and 7 after tooth extraction. HIF-1α mRNA, VEGF
mRNA, and angiogenesis expressions were measured and
compared between the experimental group (IHH and nor-
moxia) and the control group. HIF-1α was the main regula-
tory molecule for oxygen homeostasis under hypoxic
condition and determined the outcome of wound healing
through the activation of several target genes. HIF-1α ex-
pression was detected in all IHH and normoxia groups and
the control group. The results of the one-way ANOVA test
found a significant difference, p¼0.0019 (��p<0.05), indi-
cating that there was an effect of IHH exposure on changes in
HIF-1α mRNA expression in the socket after tooth extrac-
tion; then a post hoc t-test was performed to examine the
differences between each group. Post hoc t-test results found
differences in HIF-1αmRNA expression after HH exposure in
the IHH group (groups P1, P2, P3, and P4), and the normoxia
group (groups K1, K2, K3, and K4) comparedwith the control
group (K0). The results of data analysis are shown as mean
� SD in ►Table 1.

In the IHH group, HIF-1α mRNA expression was found
after 1 time HH exposure on day 1 in the P1 group
(3.136�1.069) in which there was a significant increase,
p¼0.0033 (��p<0.05), comparedwith the control group, and
after 3 times HH exposure on day 3 in the P2 group
(2.509�0.805), there was a decrease compared with the
P1 group but still it increased significantly, p¼0.0323 (�p
<0.05), above the control group; then after 5 times HH
exposure on day 5 in the P3 group (2.073�0.904), there
was a decrease approaching the control groupwith a value of
p¼0.1221 and, after 7 times HH exposure on day 7 in the P4
group (1.114�0.560), there was a further decrease but still
above the control groupwith a value of p¼0.8673, indicating
that the P3 and P4 groups were not significantly different
from the control group.

In the normoxia group, HIF-1α mRNA expression was
found in the K1 group (2.165�1.669) on day 1, in which
therewas an increasewith a value of p¼0.0944, and in group
K2 (1.039�0.534) on day 3, there was a decrease but still it

was above the control group with a value of p¼0.9542; then
in the K3 group (0.751�0.777) on day 5, there was a
decrease below the control with a value of p¼0.7151, and
in group K4 (0.413�0.300) on day 7, it increasingly de-
creased under the control group with a value of p¼0.2534,
indicating that the K1, K2, K3, and K4 groups were not
significantly different from the control group. The results
of the analysis of differences in HIF-1αmRNA expression are
shown in ►Fig. 2.

VEGF after hypobaric hypoxic exposure was also mea-
sured in this study. VEGF as a growth factor is a target gene
for HIF-1α in a hypoxic condition, playing a role in facilitating
tissue repair by increasing vascular permeability that pro-
motes themigration of inflammatory cells to thewound site,
stimulates angiogenesis, and grows new blood vessels that
promote wound healing. VEGF-a mRNA expression was
detected in all IHH and normoxia groups and the control
group on days 0, 1, 3, 5, and 7 after tooth extraction. The
results of the one-way ANOVA test found a significant
difference, p¼0.0000000064 (��p<0.05), indicating that
there was an effect of IHH exposure on changes in VEGF-a
mRNA expression in the socket after tooth extraction. Then a
post hoc t-test was performed to test whether there was a
difference between each group. Post hoc t-test results found
that therewere differences in VEGF-amRNA expression after
exposure to HH in the IHH group (groups P1, P2, P3, and P4)
and the normoxia group (groups K1, K2, K3, and K4) com-
pared with the control group (group K0). The results of data
analysis are shown as mean� SD in ►Table 2.

In the IHH group, VEGF-a mRNA expression was found
after 1 time HH exposure on day 1 in the P1 group
(1.822�0.315), which increased compared with the control
group with a value of p¼0.1023, and after 3 times HH
exposures on day 3 in the P2 group (1.957�0.619), there
was an increasewith avalue of p¼0.0586, indicating that the
P1 and P2 groups were not significantly different from the
control group; then after 5 timesHH exposure on day 5 in the
P3 group (3.547�0.243), there was a significant increase,
p¼0.000008 (��p<0.05), and after 7 times HH exposure on
day 7 in the P4 group (4.153�0.432), a significant increase,
p¼0.0000002 (��p<0.05), was observed compared with the
control group.

In the normoxia group, there was a change in VEGF-a
mRNAexpression in group K1 (0.712�0.378) on day 1with a
value of p¼0.5603 but still it was below the control group,
and group K2 (0.888�0.539) on day 3 with a value of

Table 1 Differences of HIF-1α mRNA expression after IHH exposure, normoxia, and control

HIF-1α Day 0 Day 1 Day 3 Day 5 Day 7

Control 1.0

IHH 3.136� 1.069� 2.509� 0.805a 2.073�0.904 1.114� 0.560

Normoxia 2.165� 1.669 1.039� 0.534 0.751�0.777 0.413� 0.300

Abbreviations: ANOVA, analysis of variance; HIF-1α, hypoxia-induced factor-1α; IHH, intermittent hypobaric hypoxia; mRNA, messenger ribonucleic
acid; SD, standard deviation.
Note: Values presented are mean� SD.
ap< 0.05, one-way ANOVA test; significantly different compared with the control group.
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p¼0.8206 also was still below the control group, but group
K3 (1.263�0.162) on day 5 began to increase above the
control group with a value of p¼0.5942, indicating that
groups K1, K2, and K3 were not significantly different from
the control group, while the K4 group (3.351�0.612) on
day 7 experienced a significant increase, p¼0.00003 (��p
<0.05), compared with the control group. The results of the
analysis of differences inHIF-1αmRNAexpression are shown
in ►Fig. 3.

The amount of angiogenesis in post-tooth extraction
socket after exposure to HH was also measured on days 0,
1, 3, 5, and 7. Angiogenesis is the formation of new blood
vessels through the growth of capillary branches from exist-
ing vascular tissue, which occurs under the activity of
synergistic factor VEGF growth that plays an important
role in the wound-healing process. Angiogenesis was
detected in all IHH and normoxia experimental groups and
the control group. The results of the Kruskal–Wallis test
found that there was a significant difference, p¼0.00044
(���p<0.05), indicating that there was an effect of IHH
exposure on changes in the amount of angiogenesis in the
post-tooth extraction socket; then the Mann-Whitney test
was performed to test whether there were differences be-
tween each experimental group. The results of the Mann-

Whitney test showed that there was a difference in the
amount of angiogenesis after exposure to HH in the IHH
group (groups P1, P2, P3, and P4), and the normoxic group
(groups K1, K2, K3, and K4) compared with the control
group (K0).

This study found a change in the amount of angiogenesis
in the IHH group. After 1 timeHH exposure on day 1 in the P1
group (11.00), there was a significant increase, p¼0.0049
(��p<0.05), compared with the control group; then after 3
times HH exposure on day 3 in group P2 (29.80), there was a
very significant increase, p¼0.000000003 (��p<0.05), and
after 5 times HH exposure on day 5 in the P3 group (32.70), it
had a significant increase, p¼0.0000000005 (��p<0.05);
then after 7 times HH exposure on day 7 in the P4 group
(35.60), there was a significant increase, p¼0.0000000001
(��p<0.05), comparedwith the control group, which showed
that all IHH groups (P1, P2, P3, and P4) experienced an
increase compared with the control group.

In the normoxia group, a change in the amount of angio-
genesis was found. In the K1 group (9.50) on day 1, there was
a very significant increase, p¼0.0217 (��p<0.05), compared
with the control group; then in the K2 group (24.60) on day 3,
there was a very significant increase, p¼0.0000000001 (��p
<0.05), and in the K3 group (26.90) on day 5 therewas a very

Fig. 2 Hypoxia-induced factor-1α (HIF-1α) messenger ribonucleic acid (mRNA) expression in post-tooth extraction socket after intermittent
hypobaric hypoxia exposure. (A) Group K0 (control on day 0); hypobaric hypoxic groups, namely group P1 (one time hypobaric hypoxia [HH]
exposure on day 1), group P2 (three times HH exposure on day 3), group P3 (five times HH exposure on day 5), and group P4 (seven times HH
exposure on day 7); and the normoxia groups, namely group K1 (normoxia on day 1), group K2 (normoxia on day 3), group K3 (normoxia on day
5), and group K4 (normoxia on day 7). (B) HIF-1α mRNA expression in the socket after tooth extraction after intermittent hypobaric hypoxia
exposure in normoxia group on days 1, 3, 5, and 7. It was significantly different compared with the control group (�p< 0.05, one-way analysis of
variance test). IHH, intermittent hypobaric hypoxia.

Table 2 Differences of VEGF mRNA expression after IHH exposure, normoxia, and control

VEGF Day 0 Day 1 Day 3 Day 5 Day 7

Control 1.0

IHH 1.822�0.315 1.957� 0.619 3.547� 0.243a 4.153� 0.432a

Normoxia 0.712�0.378 0.888� 0.539 1.263� 0.162 3.351� 0.612a

Abbreviations: ANOVA, analysis of variance; IHH, intermittent hypobaric hypoxia; mRNA, messenger ribonucleic acid; SD, standard deviation; VEGF,
vascular endothelial growth factor.
Note: Values presented are mean� SD.
ap< 0.05, one-way ANOVA test; significantly different compared with the control group.
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significant increase, p¼0.00000002 (��p<0.05); then in the
K4 group (32.70) on day 7, there was a significant increase,
p¼0.0000000005 (��p<0.05), compared with the control
group, indicating that all normoxia groups (K1, K2, K3, and
K4) increased compared with the control group. The results
of the analysis of differences in the number of angiogenesis
are shown in ►Fig. 4.

In this study, the histological results of angiogenesis were
found in the post-tooth extraction socket in the IHH group,
the normoxia group, and the control group on days 0, 1, 3, 5,
and 7 with H&E staining; angiogenesis had begun to appear
on day 1, and increased on day 3, then increased on day5, and
reached the highest peak on day 7 after tooth extraction.
Histological picture of angiogenesis is shown in ►Fig. 5.

Discussion

In this study, we investigated the direct impact of IHH
exposure on rats after tooth extraction. After being exposed
to HH in the Hypobaric Chamber, by simulating flying for
30minutes every day at an altitude of 18,000 feet, with
exposure of 1 time HH, 3 times HH, 5 times HH, and 7 times
HH, molecular changes were found in the socket after tooth
extraction in hypoxic conditions as a regulator of wound
healing, describing that flying at high altitudes will result in
HH that can activate several target genes in response to
hypoxia. Early wounds will cause hypoxia due to disruption
of blood vessels that activate a series of molecular events
needed in the wound-healing process. Tissue hypoxia

Fig. 4 Total angiogenesis in post-tooth extraction socket after intermittent hypobaric hypoxia exposure. (A) Group K0 (control on day 0);
hypobaric hypoxic groups, namely group P1 (one time hypobaric hypoxia [HH] exposure on day 1), group P2 (three times HH exposure on day 3),
group P3 (five times HH exposure on day 5), and group P4 (seven times HH exposure on day 7); and the normoxia groups, namely group K1
(normoxia on day 1), group K2 (normoxia on day 3), group K3 (normoxia on day 5), and group K4 (normoxia on day 7). (B) Total angiogenesis in
the socket after tooth extraction after intermittent hypobaric hypoxia (IHH) exposure in normoxia group on days 1, 3, 5, and 7. Significantly
different compared with the control group (�p< 0.05, Kruskal–Wallis test).

Fig. 3 Vascular endothelial growth factor-a (VEGF-a) messenger ribonucleic acid (mRNA) expression in post-tooth extraction socket after
intermittent hypobaric hypoxia exposure. (A) Group K0 (control on day 0); hypobaric hypoxic groups, namely group P1 (one time hypobaric
hypoxia [HH] exposure on day 1), group P2 (three times HH exposure on day 3), group P3 (five times HH exposure on day 5), and group P4 (seven
times HH exposure on day 7); and the normoxia groups, namely group K1 (normoxia on day 1), group K2 (normoxia on day 3), group K3
(normoxia on day 5), and group K4 (normoxia on day 7). (B) VEGF-a mRNA expression in the socket after tooth extraction after intermittent
hypobaric hypoxia exposure in normoxia group on days 1, 3, 5, and 7. Significantly different compared with the control group (�p< 0.05, one-way
analysis of variance test). IHH, intermittent hypobaric hypoxia.
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induces a sustained increase in HIF-1α expression as a major
regulator of oxygen homeostasis and transcriptionally reg-
ulates the expression of many other genes that enhance the
wound-healing process.7

The result of this study found that HIF-1α mRNA expres-
sion in the post-tooth extraction socket increased signifi-
cantly (��p<0.05), and reached thehighest after one timeHH
exposure on day 1, illustrating that acute HH condition with
low-level oxygen increased HIF-1α expression even higher.
HIF-1αmRNAexpression began to decrease after three times
HH on day 3, and further decreased after five times HH
exposure on day 5, and continued to decrease closer to the
control after seven times HH exposure on day 7. The result of
this study described that there was an increase in HIF-1α
mRNA expression in the socket after tooth extraction under
acute HH condition and there was a gradual systemic adap-
tation at the cellular and tissue level of socket wound after
tooth extraction under intermittent hypobaric hypoxic con-
dition. Previous research stated that after being given IHH
exposure to experimental rat liver tissue, there was an
increase in HIF-1α after one time HH and two times HH
compared with the control group; then after three times HH
and four times HH exposure, it would not increase the
expression of HIF-1α, because there had been a gradual
adaptation of hepatocytes to hypoxia.18 HIF-1α expression
was significantly increased under IHH exposure condition
and returned to normal levels after repeated or intermittent
hypobaric hypoxic exposure induced a protective response
causing cells to adapt to intermittent hypobaric hypoxic
conditions.16–18,22 Changes in oxygen concentration due to

hypoxia would modulate cell function by stabilizing HIF-1α,
which was a transcription factor for many genes that
regulated adaptive responses to hypoxia.7,23 Stabilization
of HIF-1α as the main regulator of oxygen homeostasis and
a determinant of wound healing results through the activa-
tion of several HIF-1α target genes.7

HIF-1α mRNA expression was also found in normoxia
without HH exposure on days 1, 3, 5, and 7 after tooth
extraction, indicating a difference comparedwith the control
group. HIF-1α mRNA expression began to increase to the
highest on day 1 after tooth extraction compared with the
control group, illustrating initial wound hypoxia due to
decreased oxygen levels below physiological levels, which
modulated cell function by increasing HIF-1α. In the initial
wound, there was disruption of blood vessels, which caused
disruption of oxygen delivery to the wound site resulting in
tissue hypoxia, which could induce increased expression of
HIF-1α.7 HIF-1α appeared as the most active isoform during
short periods (2–24hours) of hypoxia in some cell line.24

HIF-1α mRNA expression on day 3 after tooth extraction
began to decrease toward the control group, then on days 5
and 7 there was a further decline until it was below the
control group, illustrating that oxygen supply during nor-
moxic conditions returned to normal and supplied all the
cells in the wound tissue. HIF-1α expression on cells under
normoxia conditions degraded quickly and continuously,
resulting in a decrease in HIF-1α transcriptional activity.7,23

In normoxic conditions, when there is sufficient amount of
oxygen, HIF-1a will be degraded, whereas under hypoxic
conditions, HIF-1a undergoes stabilization by forming

Fig. 5 Histological test of angiogenesis in post-tooth extraction socket after intermittent hypobaric hypoxia exposure. (A) Control group
(normoxia on day 0). Intermittent hypobaric hypoxia (IHH) groups, namely: (B) one-time hypobaric hypoxia [HH] exposure group on day 1, (C)
three times HH exposure group on day 3, (D) five times HH exposure group on day 5, and (E) seven times HH exposure group on day 7. Normoxia
groups, namely: (F) normoxia group on day 1, (G) normoxia group on day 3, (H) normoxia group on day 5, and (I) normoxia group day 7.
Magnification �400; yellow arrow indicates angiogenesis; hematoxylin and eosin staining.
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heterodimers with HIF-1β and then translocating to the
nucleus and binding to Hypoxia-Response Element (HRE)
elements promoting expression of target genes7,23–25

In this study, VEGF-a mRNA expression in the IHH group
was higher than that in the normoxia group and the control
group. The IHH group found that VEGF-a mRNA expression
increased in all groups. VEGF-a mRNA expression in the IHH
group began to increase after one time HH exposure on day 1
above the control group, then increased again after three
times HH exposure on day 3, then increased further again
after five times HH exposure on day 5, and then the highest
increase occurred after seven times HH exposure on day 7,
illustrating that relatively low oxygen conditions would
respond to HIF-1α activity that could affect VEGF-a mRNA
expression under HH condition that is regulated by the HIF-
1α transcription factor. The effect of IHH on VEGF expression
was highest on day 7, indicating that the formation of new
blood vessels had started to support the healing process
better. VEGF could promote endothelial cell proliferation,
migration, and angiogenesis by promoting mitochondrial
function.26 Increased accumulation of VEGF via its receptor
(VEGFR) on endothelial cells induced angiogenesis and indi-
rectly increased the oxygen supply that is required for
angiogenesis. Overall, the HIF-1α-VEGF pathway linked the
process of angiogenesis.27Activation ofHIF-1α could activate
VEGF expression, and played an important role in angiogen-
esis and stimulated the formation of new blood vessels at
tooth extraction sites that affected wound healing.7,8 Regu-
lation of angiogenesis by HIF-1α is very important for
stimulating the formation of new blood vessels, increasing
blood supply, returning oxygen, and delivery of nutrients to
thewound site, thus increasing cell survival, which promotes
wound healing.28

VEGF-a mRNA expression during normoxia condition
without HH exposure on days 1, 3, 5, and 7 after tooth
extraction in this study did not experience much change.
VEGF-a mRNA expression in the normoxia group on days 1
and 3 after tooth extraction had not increased and was still
below the control group, whereas on day 5, it began to
increase, and the highest increase occurred on day 7 after
tooth extraction, which describes the normoxic condition in
line with the normal wound healing. Another study was
reported on normalwound healing, which showed that VEGF
increased on days 3 to 5 and would decrease from days 7 to
14; after tooth extraction injury, VEGF level and activity
decreased and a decrease in granulation tissue formation
was observed.29VEGFand angiogenesis expression reached a
peak in the first week after surgery, and then levels progres-
sively decreased until the fourth week of healing.30 The
normoxia situation was different when compared with after
of IHH exposure. The increase in VEGF-a mRNA expression
occurred faster and was higher in the IHH group compared
with the normoxia group and the control group, illustrating
that at the beginning of the wound, tissue hypoxia occurred
and the provision of IHH exposure with low oxygen levels
caused HIF-1α to be activated, resulting in an increase in the
amount of VEGF-a mRNA expression, which was higher than
the normoxia group and the control group.

The result of histological tests in this study found that the
amount of angiogenesis in the post-tooth extraction socket
after IHHexposures in thenormoxiagroupbegan to increaseon
days 1, 3, and 5, and reached the highest peak on day 7. The
increase in the number of angiogenesis occurred faster and
higher in the IHH group compared with the normoxia group
and the control group, illustrating that at the beginning of the
wound, tissue hypoxia occurred plus the provision of IHH
exposure with low oxygen levels, activating the VEGF growth
factor, resulting in an increase in the amount of angiogenesis,
which was higher than the normoxia group and the control
group. This increase in the number of angiogenesis was in line
with the increase in VEGF-amRNA expression, illustrating that
VEGF-a mRNA expression under hypobaric hypoxic condition
could be regulated by the transcription factor HIF-1α. VEGF
significantly promoted proliferation, migration, angiogenesis,
and the cell cycle of endothelial cells.26 The relatively low O2

environment at the start of injury causes hypoxic tissue to
express HIF-1α, which activates proangiogenic transcription
factors, such as VEGF, as themain regulators of vascular growth
stimulusangiogenesis.8,31Angiogenesis is theformationofnew
blood vessels through the growth of new capillary branches
from the existing vascular tissue and occurs under the syner-
gistic activity of the VEGF growth factor, which is important in
accelerating tissue repair in the wound-healing process.28

The limitation of this study is that this is a preliminary
study to investigate the effect of IHH exposure on changes in
HIF-1α mRNA, VEGF mRNA, and angiogenesis expression
after tooth extraction in rats as themodel, and this studywas
only performed for 7 dayswith seven times HH exposure and
the clinical examination analysis of the post-tooth extraction
wound was not recorded.

Conclusion

In conclusion, the present study ascertained that IHH expo-
sure increases the amount of angiogenesis in the post-tooth
extraction socket. The increased HIF-1α mRNA and VEGF-a
mRNA expressions can stimulate the formation of new blood
vessels, increase blood supply, and acceleratewound healing,
thus becoming the basis for targeted and appropriate post-
tooth extraction wound-healing therapy in the future
according to the patient’s adaptation to the altitude. Further
research is needed to evaluate the effect of IHH for more than
7 days with exposure to more than seven times HH and
radiographic examination.

Authors’ Contribution
All authors were involved in primary data collection,
analysis, documentation of collection, and publication
of the writing.

Conflict of Interest
None declared.

Acknowledgment
The authors would like to thank the Team of Aerospace
Medicine Lakerspra Dr.Saryanto TNI AU, Indonesia, which

European Journal of Dentistry Vol. 18 No. 1/2024 © 2023. The Author(s).

Hypobaric Hypoxic Exposure in Post-Tooth Extraction Sockets Linawati et al.312



has provided hypobaric chamber facilities; Team of the
Integrated Research Laboratory, Dental Faculty, Universi-
tas Padjadjaran, Bandung, Indonesia; Team of the Molec-
ular Genetics Laboratory, Faculty of Medicine, Universitas
Padjadjaran, Bandung, Indonesia; Team of the Veterinary
Teaching Hospital, IPB University, Bogor, Indonesia, which
has provided laboratory facilities; and Center of Military
Dentistry Research, Universitas Padjadjaran.

References
1 Politis C, Schoenaers J, Jacobs R, Agbaje JO. Wound healing

problems in the mouth. Front Physiol 2016;7:507
2 Pagni G, Pellegrini G, Giannobile WV, Rasperini G. Postextraction

alveolar ridge preservation: biological basis and treatments. Int J
Dent 2012;2012:151030

3 Cohen N, Cohen-Lévy J. Healing processes following tooth extrac-
tion in orthodontic cases. J Dentofac Anomalies Orthod 2014;
17:304

4 de Sousa Gomes P, Daugela P, Poskevicius L, Mariano L, Fernandes
MH. Molecular and cellular aspects of socket healing in the
absence and presence of graft materials and autologous platelet
concentrates: a focused review. J Oral Maxillofac Res 2019;10
(03):e2

5 Guo S, Dipietro LA. Factors affecting wound healing. J Dent Res
2010;89(03):219–229

6 Gilany K, Vafakhah M. Hypoxia: a review. J Paramed Sci 2010;1
(01):43–60

7 HongWX, Hu MS, Esquivel M, et al. The role of hypoxia-inducible
factor in wound healing. AdvWound Care (New Rochelle) 2014;3
(05):390–399

8 D’Alessandro S, Magnavacca A, Perego F, et al. Effect of hypoxia on
gene expression in cell populations involved in wound healing.
BioMed Res Int 2019;2019:2626374

9 Kumar Singh LCS. Spectrum of oral diseases in high altitude area &
its association with cardiovascular risk factors. J Med Sci Clin Res
2019;7(04):69

10 Alam P, Saini N, Pasha MA. MicroRNAs: an apparent switch
for high-altitude pulmonary edema. MicroRNA 2015;4(03):
158–167

11 Ahmad Y, Sharma NK, Ahmad MF, Sharma M, Garg I, Bhargava K.
Proteomic identification of novel differentiation plasma protein
markers in hypobaric hypoxia-induced rat model. PLoS One 2014;
9(05):e98027

12 Tarver WJ, Volner K, Cooper JS. Aerospace Pressure Effects. 2017
13 Davis JR, Johnson R, Stepanek J, Fogarty JA. Fundamentals of

Aerospace Medicine: Fourth Edition. Wolters Kluwer Health
Adis (ESP); 2011:724

14 Hinkelbein J, Jansen S, Iovino I, et al. Thirty minutes of hypobaric
hypoxia provokes alterations of immune response, haemostasis,
and metabolism proteins in human serum. Int J Mol Sci 2017;18
(09):1882

15 Mulyani SWM, Astuti ER, Wahyuni OR, Ernawati DS, Ramadhani
NF. Xerostomia therapy due to ionized radiation using precondi-

tioned bone marrow-derived mesenchymal stem cells. Eur J Dent
2019;13(02):238–242

16 Coimbra-Costa D, Garzón F, Alva N, et al. Intermittent hypobaric
hypoxic preconditioning provides neuroprotection by increasing
antioxidant activity, erythropoietin expression and preventing
apoptosis and astrogliosis in the brain of adult rats exposed to
acute severe hypoxia. Int J Mol Sci 2021;22(10):5272

17 Herawati M, Wardaya, MulyawanW, et al. Expression of hypoxia-
inducible factor-1α and myoglobin in rat heart as adaptive
response to intermittent hypobaric hypoxia exposure. Hayati J
Biosci 2017;24:131–135

18 Dewi S, Yulhasri Y, Mulyawan W. The impact of intermittent
hypobaric hypoxia exposures on triacylglycerol synthesis in rat
liver. Rep Biochem Mol Biol 2021;10(03):437–444

19 Khoswanto C. A new technique for research on wound healing
through extraction of mandibular lower incisors in Wistar rats.
Eur J Dent 2019;13(02):235–237

20 Mabesau. Petunjuk Teknis Indoktrinasi Dan Latihan Aerofisiologis
(ILA) Bagi Awak Pesawat. Keputusan Kepala Staf Angkatan Udara
Nomor Kep/267/X/2020.; 2020

21 Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-D D C(T)) method.
Methods 2001;25(04):402–408

22 Viscor G, Torrella JR, Corral L, et al. Physiological and biological
responses to short-term intermittent hypobaric hypoxia expo-
sure: from sports and mountain medicine to new biomedical
applications. Front Physiol 2018;9:814

23 Semenza GL. Hypoxia-inducible factor 1 (HIF-1) pathway. Sci
STKE 2007;2007(407):cm8

24 Kumar H, Choi DK. Hypoxia inducible factor pathway and physio-
logical adaptation: a cell survival pathway? Mediators Inflamm
2015;2015:584758

25 Frede S, Berchner-Pfannschmidt U, Fandrey J. Regulation of hyp-
oxia-inducible factors during inflammation. Methods Enzymol
2007;435:405–419

26 Guo D, Wang Q, Li C, Wang Y, Chen X. VEGF stimulated the
angiogenesis by promoting the mitochondrial functions. Onco-
target 2017;8(44):77020–77027

27 Schipani E, Maes C, Carmeliet G, Semenza GL. Regulation of
osteogenesis-angiogenesis coupling by HIFs and VEGF. J Bone
Miner Res 2009;24(08):1347–1353

28 Melincovici CS, Boşca AB, Şuşman S, et al. Vascular endothelial
growth factor (VEGF) - key factor in normal and pathological
angiogenesis. Rom J Morphol Embryol 2018;59(02):455–467

29 Nirwana I, Rachmadi P, Rianti D. Potential of pomegranate fruit
extract (Punica granatum Linn.) to increase vascular endothelial
growth factor and platelet-derived growth factor expressions on
the post-tooth extractionwound of Cavia cobaya. VetWorld 2017;
10(08):999–1003

30 Morelli T, Neiva R, Nevins ML, et al. Angiogenic biomarkers and
healing of living cellular constructs. J Dent Res 2011;90(04):
456–462

31 Lim HC, Thoma DS, Jeon M, Song JS, Lee SK, Jung UW. Effect of
hypoxia-inducible factor 1α on early healing in extraction sockets.
BioMed Res Int 2018;2018:8210637

European Journal of Dentistry Vol. 18 No. 1/2024 © 2023. The Author(s).

Hypobaric Hypoxic Exposure in Post-Tooth Extraction Sockets Linawati et al. 313


