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SUMMARY Endothelins (ET)-1, ET-2, and ET-3 are one group of cytokines likely to be released during
orthodontic tooth movement (OTM). Therefore, the expression of ET levels was investigated to determine
the importance and involvement of isopeptides during the several phases of OTM.

Thirty-two male Wistar rats (12-13 weeks old) were divided into four groups of eight: control, 14, 28,
and 42 day groups. Tooth movement was induced by a closed-coil spring inserted between the upper
left first molar and the upper incisors. The distance between the teeth was measured on days 0,
2, 7,14, 21, 28, 35, and 42 using a digital calliper. The rate of tooth movement was calculated. The
animals were sacrificed on days 14, 28, and 42 and gene expression levels of all three ET were determined
using reverse transcription polymerase chain reaction. Statistical analysis was performed using two-way
analysis of variance, Bonferroni’s correction, and paired t-tests.

The distance between the teeth decreased in all appliance groups (P<0.001). The rate of tooth movement
was 0.20 + 0.02, 0.03 + 0.01, and 0.06 + 0.02 mm/day between days 0-2, 3-21, and 22-42, respectively. On
day 14, gene expression levels for ET-1 (P < 0.05) and ET-3 (P< 0.001) increased compared with day 0. On
day 28, a downregulation of ET-3 was observed when compared with day 0 (P < 0.001). On day 42, ET-1
(P < 0.001) and ET-3 (P < 0.01) gene expression levels were strongly upregulated, while ET-2 gene
expression level was downregulated (P < 0.01) when compared with day 0. ET-1 and ET-3, but not ET-2,
are involved in all three phases of OTM, and ET-1 seems to be the predominant form in the late phase

of OTM.

Introduction

Endothelins (ET) are a family of peptide cytokines that
include ET-1, ET-2, and ET-3. ET-1 is the principal and
most studied isoform in humans (Miyauchi and Masaki,
1999; Rich and McLaughlin, 2003). ET are involved in
many physiological and pathophysiological processes and
probably also in orthodontic tooth movement (OTM;
Drevensek et al., 2006; Sprogar et al., 2008).

Dependent on force characteristics, OTM comprises three
phases: an initial phase, which lasts 1-2 days after force
application; a lag phase, which lasts 20-30 days after
force application and a late phase, which lasts as long as a
force is applied to the teeth. During the initial phase, several
changes cause the release of many different hormones,
growth factors, cytokines, and other chemical messengers,
which modulate OTM (Krishnan and Davidovitch, 2006).
ET could be one group of these cytokines since it has been
shown that ET-1 is released in the periodontal ligament
(PDL) microvasculature after 3 hours continuous loading of
a rat molar (Sims, 2001). During the lag phase, in which
only minor tooth movement is present, necrotic tissue that
has formed due to hypoxia in the initial phase is removed
by cells, which functioning is influenced by ET, namely

macrophages, foreign body giant cells, and osteoclasts
(Ehrenreich et al., 1990; Alam et al., 1992). Therefore, ET
could also be involved in the lag phase of OTM. During
the late phase, rapid bone formation on the tension side,
mediated by osteoblasts and bone resorption on the pressure
side, mediated by osteoclasts, are the predominant processes
(Reitan, 1967; Rygh, 1976; Krishnan and Davidovitch,
2006). ET-1 has been found in both major types of bone
remodelling cells: in osteoblasts (Kitten and Andrews,
2001) as well as in osteoclasts (Sasaki and Hong, 1993).
Furthermore, ET-1 increases osteoblast differentiation,
proliferation and activity and, therefore, bone formation
(Tatrai et al., 1992; Nelson et al., 1999, von Schroeder et al.,
2003; Yin et al., 2003; Guise and Mohammad, 2004; Clines
et al., 2007). The findings on the influence of ET on bone
resorption are inconsistent. Some researchers found that
ET, mainly ET-1, increase bone resorption (Tatrai ef al.,
1992; Sprogar et al., 2008), while others concluded the
opposite effect (Alam et al., 1992).

While it has been shown that ET-1 is involved in the late
phase of OTM in rats (Sprogar et al., 2008), there is no
evidence of the involvement of ET-2 or ET-3. Therefore,
the aim of this study was to determine whether ET-2 and
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ET-3 are involved in OTM and, furthermore, since ET-1 is
the predominant isopeptide in other processes, whether it
also predominates in all phases of OTM. Therefore, the
expression levels of ET-1, ET-2, and ET-3 during the initial,
lag, and late phases of OTM in rats were investigated.

Materials and methods
Animals and study protocol

The investigation was approved by the Veterinary
Administration of the Republic of Slovenia (No. 323-02-
234/2005/2) and complied with the guiding principles in the
‘Care and Use of Animals’.

The study was performed on 32 male Wistar rats (330—
350 g, 12-13 weeks old). The animals were housed in
groups of four in polycarbonate cages under normal
laboratory conditions at a constant temperature (24—25°C)
and humidity with a 12 hour circadian cycle. They were fed
with soaked standard laboratory rat chow diet (Krka, Novo
mesto, Slovenia) and water ad libitum.

The animals were divided into four groups (n = 8):
control, 14, 28, and 42 day groups. In the last three groups,
a closed-coil spring (25¢N, wire diameter 0.15 mm; GAC
International, Bohemia, New York, USA) was placed
between the upper left first molar and the maxillary incisors.
Before placing the appliance, the animals were anaesthetized
as described previously (Drevensek et al., 2006; Sprogar
et al., 2007). The closed-coil spring was attached to the
upper left first molar with a stainless steel ligature wire
(diameter 0.25 mm; Dentaurum, Ispringen, Germany) and to
the upper incisors by a surgical steel wire (4-0, multifilament,
W310, Ethicon; Johnson&Johnson, New Brunswick, New
Jersey, USA). To improve fixation of the appliance, a 0.5 mm
hole was made using a hard metal burr (HM 1, 204, 005,
Meisinger, Neuss, Germany). The hole was drilled through
the approximal tooth surfaces, perpendicular to the
longitudinal axis of the incisors at the gingival level. The steel
wire was inserted through the hole and bent on the approximal
surface of the right incisor. Light curing bonding material
(Tetric flow, Ivoclar Vivadent, Schaan, Lichtenstein) was
used to protect the soft tissues from the sharp wire ends
(Sprogar et al., 2007). The superelasticity of the coil spring
ensured a constant force (25 ¢cN) during activation (Drevensek
et al., 2006).

Measurements

In the control group and in the 42 day group, the distance
between the most mesial point of the upper left first molar
and the most palatal point of the ipsilateral incisor at
the gingival level was measured. Measurements were
undertaken on days 0, 2, 7, 14, 21, 28, 35, and 42 using a
digital calliper (Wilson & Wolpert, Utrecht, The Netherlands;
Sprogar et al. 2007). During this procedure, the animals were
anaesthetized. All measurements were carried out twice
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by two investigators (AH and SS) independently within a
period of a few minutes. Interexaminer reliability was tested
using the intraclass correlation coefficient (ICC) and a
paired t-test was used to assess the systematic bias. Tooth
movement was calculated by subtracting the distance
between teeth on each day (2, 7, 14, 21, 28, 35, and 42)
from the distance between the teeth on day 0. The rate of
tooth movement was calculated by subtracting the distance
between the teeth on each day from the distance between
the teeth on the previous day and dividing this difference by
the number of days between these two measurements (2, 5,
or 7 days).

Semi-quantitative reverse transcription polymerase chain
reaction

All animals in the 14, 28, 42 day, and control group were
killed by an intraperitoneal injection of anaesthetic and
CO,. Tissue samples of the alveolar bone containing all
three left maxillary molars and their PDL were excised,
frozen in liquid nitrogen, and mechanically powdered.
The total RNA content was isolated from 100-150 mg of
each of the powdered sample using TRIzol reagent
(Invitrogen, Carlsbad, California, USA), according to the
manufacturer’s protocol. Prior to reverse transcription, RNA
was treated with RNase-free DNase 1 (Fermentas, Vilnius,
Lithuania). Approximately 500 ng of DNA-free RNA was
reverse transcribed into cDNA in a 20 pl reaction using
Improm II reverse transcriptase (Promega, Mannheim,
Germany) and random hexamer primers (Promega),
according to the manufacturer’s instructions. Polymerase chain
reaction (PRC) with Gotaq Green master mix (Promega) was
performed using 1 pl of the reverse transcription reaction in
a 25 ul PCR reaction with 15 nmol of the transcript specific
primers (Invitrogen): 5'-GCTCCTGCTCCTCCTTGAT-3'
and 5-CTCGCTCTATGTAAGTCATG-3' for ET-1;
5'-ggccatccctgeatacteta-3' and 5'-ctagggaaggggaaccagaG-3'
for ET-2; and 5-GCACTTGCTTCACTTATAAG-3’ and
5'-CAGAAGCAAGAAGCATCAGT-3' for ET-3. The
internal normalization gene of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was amplified using 3 nmol of
primers 5'-TCCCTCAAGATTGTCAGCAA-3" and 5'-
AGATCCACAACGGATACATT-3'. Thermal cycling
conditions comprised 32 cycles, each consisting of 30
seconds at 94°C, 1 minute at 55°C, and 30 seconds at 72°C.
The number of cycles (32) was empirically determined as
the optimal cycle number within the linear range of
amplification by measuring the concentration of PCR
products after 28, 30, 32, and 34 cycles. Ten microlitres of
PCR products were resolved in 1.5 per cent agarose gels
containing ethidium bromide. The band intensities were
quantified using the TotalLab gel analysis program
(Nonlinear Dynamics, Newcastle-upon-Tyne, UK) after
image acquisition from ultra violet-illuminated gels by
MiniBis (DNR Biolmaging Systems, Jerusalem, Israel).
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Statistics

Descriptive statistics (mean and standard error) were
calculated for each parameter (tooth movement, rate of
tooth movement, and gene expression levels) for all animals
in all groups. Interexaminer reliability was tested with the
ICC and a paired -test was used to assess systematic bias.
Within and between groups comparisons were made for
gene expression levels using the analysis of variance and
Bonferroni’s correction in GraphPad Prism 4.00 (GraphPad
Software, San Diego, California, USA). Values of P < 0.05
were considered statistically significant.

Results
Measurements

Systematic bias, which showed a value of P > (.88 was
determined using a paired #-test. The ICC was found to be
0.93 £ 0.02. Since reliability was within the standards, the
mean value of the four measurements was used for further
statistical analysis.

In the control group, the distance between the teeth
increased from days 0 to 42 (P <0.001). While in the 42 day
group, it decreased from days 0 to 42 (P < 0.001). Changes
in the distances significantly differed between the control
group compared with the 42 day group on days 7, 14, 21,
28, 35, and 42 (P <0.001). The rate of tooth movement was
significantly faster in the initial phase compared with the
lag and late phases (P < 0.001) and was also significantly
faster in the late phase compared with the lag phase
(P <0.05; Figure 1).

Gene expression levels of ET-1, ET-2, and ET-3 during
OT™M

Reverse transcription PCR analysis showed that the
expressionof ET-1, ET-2,and ET-3 genes varied considerably
during the time course of force application (Figure 2). For
all three transcripts tested, time course-dependent gene
expression profiles were observed after normalization to
the expression level of the housekeeping gene GAPDH.
The basal levels of ET-1 and ET-3 transcripts in the control
group (day 0) were almost the same, while ET-2 was
significantly higher when compared with ET-1 and ET-3 (P
< 0.001). A subsequent consensus increase during the
following 14 days of force application was further observed
for ET-1 and ET-3 but not for ET-2 gene expression level
(Figure 2), bringing all three transcripts to almost the same
level. A strong downregulation of ET-3 and a non-significant
downregulation of ET-1 and ET-2 levels were observed on
day 28 of force application. Therefore, on day 28, the ET-2
transcript level remained significantly higher compared
with both ET-1 and ET-3 transcript levels (P < 0.001). Even
more evident change in gene expression for all three ET was
observed after 42 days of force application. On day 42, a
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Figure 1 Tooth movement and rates of tooth movement + mean and
standard error in rats in the control (solid line) and the 42 day (dotted line)
group in all three phases of orthodontic tooth movement. Filled triangles:
42 days group—rats with coil spring (n = 8). Filled squares: control
group—no appliance (n = 8). Initial phase ~ days 0-2 (0.20 = 0.02 mm/
day); lag phase =~ days 3-21 (0.03 + 0.01 mm/day); and late phase =~ days
22-42 (0.08 £ 0.02 mm/day).
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Figure 2 Gene expression levels of endothelins (ET)-1, ET-2, and ET-3
in alveolar bone and the periodontal ligament during orthodontic tooth
movement on days 0, 14, 28, and 42. The relative expression levels of
the indicated genes were performed after normalization against the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
*P<0.05,""P<0.01, ™ P<0.001.

strong upregulation of ET-1 and ET-3 genes was observed.
The ET-1 transcript level rose sevenfold compared with the
level on day 28, thus exceeding the expression level at any
previous time point (Figure 2). The expression level of ET-1



ENDOTHELIN GENE ISOFORMS IN TOOTH MOVEMENT

on day 42 was also significantly higher compared with
ET-2 and ET-3 transcript levels (P < 0.001 and P < 0.01,
respectively). In contrast, the ET-2 transcript level was
significantly downregulated and reached the lowest level
compared with previous time points (Figure 2).

Discussion

OTM is modulated by many chemical messengers
(Krishnan and Davidovitch, 2006), among which may be
ET. Until now, only the involvement of ET-1 in bone
modelling has been studied, using in vitro and ex vivo
models. However, the involvement of ET-2 and ET-3 in
these processes is not known nor is it clear whether ET-1
is the predominant isopeptide form of the ET family in
all phases of OTM. Studies examining the role of ET at
the molecular level using in vivo models could provide a
deeper insight into the process of OTM, thereby
identifying the important pharmacological targets for
modulating this process. The present data showed that
ET-1 and ET-3 could have a parallel role in OTM since
their gene expression levels demonstrated a similar
pattern. ET-2 appeared to have no significant role during
OTM in this model (Figure 2).

The present animal model expressed all three phases of
OTM (Figure 1). The initial phase lasted 48 hours and the
lag phase approximately 20 days, followed by the late
phase. This is in agreement with other studies (Shirazi ez al.,
2002; von Bohl et al., 2004; Krishnan and Davidovitch,
2006; Yoshimatsu et al., 2006). The proposed model that
shows the increases in gene expression levels of ET on day
14 represents the involvement of ET in the initial and later
lag phase. Gene expression levels of ET on day 28 represent
their involvement in the shift from the lag phase to the late
phase, and on day 42 their involvement in the late phase of
OTM, during which bone formation on the tension side and
bone resorption on the pressure side enabled movement of
teeth through alveolar bone.

ET-1 and ET-3, but not ET-2, are most likely involved in
the events of the initial and lag phase of OTM since their
gene expression levels were significantly upregulated on
day 14. It appears that both ET-1 and ET-3 contribute equally
to these events since their gene expression levels were
similar (Figure 2). ET are released probably due to
mechanical loading, ischaemia, and hypoxia (Kourembanas
et al., 1991; Schmitz-Spanke and Schipke 2000), which
appear immediately after force application and last
throughout most of the initial and lag phase of OTM. It has
been shown that after acute loading of a rat molar, ET-1
immunofluorescence increased in the microvasculature of
the PDL and alveolar bone socket surface (Sims, 2001).
During the initial phase in the present study, the rate of tooth
movement was high (Figure 1). This rapid movement is the
result of the shift of the tooth in its PDL space and early
bone resorption (Keeling et al. 1993, King et al. 1997,
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Noxon et al., 2001), following which the lag phase starts.
The events of the lag phase, where the rate of tooth movement
is significantly decreased due to hyalinization (Figure 1),
are intense cellular activity and the reestablishment of cell
and fibre function (Rygh, 1973). These events are mediated
by a variety of cells, among which are fibroblasts,
macrophages, osteoclasts, and osteoblasts, which are all
under the influence of ET (Ehrenreich et al. 1990; Zeballos
et al., 1991; Alam et al., 1992; Kitten and Andrews, 2001).
Gene expression levels of ET on day 28 showed the
involvement of these peptides in the last days of necrotic
tissue degradation and the start of the bone modelling
process. Since the gene expression levels of ET-1 and ET-2
did not differ from those on day 0 and as the significant
downregulation of the gene expression level of ET-3 seems
to be a compensatory mechanism activated due to excessive
peptide levels from the earlier phases, it seems that none of
the ET isopeptides seems to contribute to these events
(Figure 2). The late phase is dominated by bone resorption
on the pressure side and bone formation on the tension side
of the loaded tooth. During that time, the rate of tooth
movement increased compared with the lag phase (Figure 1).
This is a result of an increase in osteoblast and osteoclast
number and activity (Ren et al, 2005, Krishnan and
Davidovitch, 2006). These cells mediate bone remodelling
and, therefore, enable teeth to move through alveolar bone.
ET-1 and ET-3 peptides contribute to the bone modelling
processes since their gene expression levels on day 42 were
upregulated. Furthermore, it appears that ET-1 dominates
that phase of OTM since its gene expression level was
significantly higher compared with that of ET-3 (Figure 2).
However, it appears that ET-2 has no role in that phase of
OTM, due to the relatively small change and downregulation
of its gene expression (Figure 2).

Many studies have already shown that ET-1 increases
bone formation (Tatrai et al., 1992, Yin et al., 2003;
Guise and Mohammad, 2004; Clines et al., 2007). Lately,
it has also been suggested that ET-1 increases osteoclastic
bone resorption during OTM (Sprogar et al., 2008). No
data on the effects of ET-3 on bone modelling are
currently available. However, considering the similar
expression patterns between ET-1 and ET-3, which could
be a result of the involvement of the same transcript
factors, it is likely that ET-3 plays a similar role to ET-1
in bone remodelling, increasing both bone formation and
resorption.

Conclusions

During the late phase of OTM, when bone remodelling
comprises bone formation and bone resorption, ET-1 and
ET-3 are the predominant ET isoforms. ET-1 and ET-3 are
equally important during the initial and lag phase, but ET-1
predominates the late phase. The role of ET-2 seems to be
irrelevant during OTM.



328

Address for correspondence

Spela Sprogar
Institute of Pharmacology and Experimental Toxicology
Faculty of Medicine
University of Ljubljana
Korytkova 2
1000 Ljubljana
Slovenia
E-mail: spela.sprogar@mf.uni-lj.si

Funding

This investigation was carried out under the research
programme P3-0067, granted by the Slovenian Research
Agency and the Ministry of Higher Education, Science and
Technology.

Acknowledgement

We wish to thank Andrej Tomeljak for statistical analysis.

References

Alam A S et al. 1992 Endothelin inhibits osteoclastic bone resorption by
a direct effect on cell motility: implications for the vascular control of
bone resorption. Endocrinology 130: 3617-3624

Clines G A et al. 2007 Dickkopf homolog 1 mediates endothelin-1-
stimulated new bone formation. Molecular Endocrinology 21:
486-498

Drevensek M, Sprogar S, Boras I, Drevensek G 2006 Effects of endothelin
antagonist tezosentan on orthodontic tooth movement in rats. American
Journal of Orthodontics and Dentofacial Orthopedics 129: 555-558

Ehrenreich H et al. 1990 Endothelins, peptides with potent vasoactive
properties, are produced by human macrophages. The Journal of
Experimental Medicine 172: 1741-1748

Guise T A, Mohammad K S 2004 Endothelins in bone cancer metastases.
Cancer Treatment and Research 118: 197-212

Keeling S D, King G J, McCoy E A, Valdez M 1993 Serum and alveolar
bone phosphatase changes reflect bone turnover during orthodontic
tooth movement. American Journal of Orthodontics and Dentofacial
Orthopedics 103: 320-326

King G J, Latta L, Rutenberg J, Ossi A, Keeling S D 1997 Alveolar bone
turnover and tooth movement in male rats after removal of orthodontic
appliances. American Journal of Orthodontics and Dentofacial Orthopedics
111: 266-275

Kitten A M, Andrews C J 2001 Endothelin-1 expression in long-term
cultures of fetal rat calvarial osteoblasts: regulation by BMP-7. Journal
of Cellular Physiology 187: 218-225

Kourembanas S, Marsden P A, McQuillan L P, Faller D V 1991
Hypoxia induces endothelin gene expression and secretion in
cultured human endothelium. The Journal of Clinical Investigation
88: 1054-1057

Krishnan V, Davidovitch Z 2006 Cellular, molecular, and tissue-level
reactions to orthodontic force. American Journal of Orthodontics and
Dentofacial Orthopedics 129: 469.¢1-469.¢32

S. SPROGAR ET AL.

Miyauchi T, Masaki T 1999 Pathophysiology of endothelin in the
cardiovascular system. Annual Review of Physiology 61: 391-415

Nelson J B et al. 1999 New bone formation in an osteoblastic tumor model
is increased by endothelin-1 overexpression and decreased by endothelin
A receptor blockade. Urology 53: 1063—1069

Noxon S J, King G J, Gu G, Huang G 2001 Osteoclast clearance from
periodontal tissues during orthodontic tooth movement. American Journal
of Orthodontics and Dentofacial Orthopedics 120: 466476

Reitan K 1967 Clinical and histologic observations on tooth movement
during and after orthodontic treatment. American Journal of Orthodontics
53:721-745

Ren Y, Kuijpers-Jagtman A M, Maltha J C 2005 Immunohistochemical
evaluation of osteoclast recruitment during experimental tooth movement
in young and adult rats. Archives of Oral Biology 50: 1032-1039

Rich S, McLaughlin V'V 2003 Endothelin receptor blockers in cardiovascular
disease. Circulation 108: 2184-2190

Rygh P 1973 Ultrastructural changes in pressure zones of human
periodontium incident to orthodontic tooth movement. Acta Odontologica
Scandinavica 31: 109-122

Rygh P 1976 Ultrastructural changes in tension zones of rat molar
periodontium incident to orthodontic tooth movement. American Journal
of Orthodontics 70: 269281

Sasaki T, Hong M H 1993 Localization of endothelin-1 in the osteoclast.
Journal of Electron Microscopy 42: 193196

Schmitz-Spanke S, Schipke J D 2000 Potential role of endothelin-1 and
endothelin antagonists in cardiovascular diseases. Basic Research in
Cardiology 95: 290-298

Shirazi M, Nilforoushan D, Alghasi H, Dehpour A R 2002 The role of nitric
oxide in orthodontic tooth movement in rats. The Angle Orthodontist
72:211-215

Sims M R 2001 Endothelin-1 expression in the microvasculature of normal
and 3-hour continuously loaded rat molar periodontal ligament. European
Journal of Orthodontics 23: 647-662

Sprogar S, Vaupotic T, Cor A, Drevensek M, Drevensek G 2008 The
endothelin system mediates bone modeling in the late stage of orthodontic
tooth movement in rats. Bone 43: 740-747

Sprogar S, Volk J, Dreveniek M, Dreveniek G 2007 The effects of
TBC3214, a selective endothelin ETsreceptor antagonist, on orthodontic
tooth movement in rats. European Journal of Orthodontics 29: 605-608

Tatrai A, Foster S, Lakatos P, Shankar G, Stern P H 1992 Endothelin-1
actions on resorption, collagen and noncollagen protein synthesis, and
phosphatidylinositol turnover in bone organ cultures. Endocrinology
131: 603-607

von Bohl M, Maltha J C, Von Den Hoff J W, Kuijpers-Jagtman A M 2004
Focal hyalinization during experimental tooth movement in beagle dogs.
American Journal of Orthodontics and Dentofacial Orthopedics 125:
615-623

von Schroeder H P, Veillette C J, Payandeh J, Qureshi A, Heersche J N
2003 Endothelin-1 promotes osteoprogenitor proliferation and
differentiation in fetal rat calvarial cell cultures. Bone 33: 673-684

Yin J J et al. 2003 A causal role for endothelin-1 in the pathogenesis of
osteoblastic bone metastases. Proceedings of the National Academy of
the Sciences of the United States of America 100: 10954-10959

Yoshimatsu M ez al. 2006 Experimental model of tooth movement by
orthodontic force in mice and its application to tumor necrosis factor
receptor-deficient mice. Journal of Bone and Mineral Metabolism 24:
20-27

Zeballos G A, An S J, Wu J M 1991 Endothelin-1 secretion by human
fibroblasts in culture: effects of cell density and IFN-beta. Biochemistry
International 25: 845-852



Copyright of European Journal of Orthodonticsis the property of Oxford University Press/ UK and its content
may not be copied or emailed to multiple sites or posted to alistserv without the copyright holder's express
written permission. However, users may print, download, or email articles for individual use.



