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in response to applied mechanical forces that

cause remodeling of the periodontal tissues.?
When orthodontic force is applied to a tooth, the
alveolar bone on the pressure side undergoes
successive cycles of bone resorption and forma-
tion, while bone on the tension side predomi-
nantly undergoes continuous bone formation.
Bone resorption is induced by a complex process.
It implies the recruitment of osteoclast precur-
sor cells to future resorption sites in which they
differentiate into mature osteoclasts and adhere
to the matrix. This is followed by the organiza-
tion of the sealing zone and ruffled border. Vari-
ous hormonal and local factors, including
parathyroid hormone (PTH),* 1,25-dihydroxy
vitamin D5, interleukin-1 (IL-1),° interleukin-6
(IL-6),” and prostaglandins,® are involved in this
process.

In orthodontic treatment, teeth are rearranged

In addition to these factors, some bone matrix
proteins may also play an important role in bone
remodeling.®’ For example, osteopontin and bone
sialoprotein support the cell-matrix interactions
of osteoclasts and may influence their activity."
Some investigators have reported that
osteocalcin, also called Bone Gla Protein (BGP),
shows chemotactic activity for human cells in the
osteoclast lineage and rat osteosarcoma (ROS)
cells in in vitro studies.'™™® Additionally,
osteocalcin-deficient bone particles from war-
farin-treated rats are shown to be degraded to a
lesser extent than normal bone particles when
they are implanted subcutaneously into rats.™
The subsequent experiments with hydroxyapa-
tite particles revealed that pretreatment with
osteocalcin stimulated the appearance of tartrate-
resistant acid phosphatase (IRAPase)-positive
multinuclear cells around these particles.' These
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The purpose of this study was to evaluate the effects of local administration of osteocalcin, a major noncollagenous bone
matrix protein, on experimental tooth movement in rats. An orthodontic elastic band was inserted between the upper first
and second molars, and the first molar was moved mesially. Purified osteocalcin (0 to 10 ug) in 20 ul of phosphate-buffered
saline was injected into the region of the root bifurcation of the first molar daily for 4 days. Tooth movement increased
significantly following the injections. Histological studies revealed that the injections markedly stimulated the appearance
of osteoclasts on the pressured side of the alveolar bone surface. The results suggest that osteocalcin has an additive effect
on the rate of orthodontic tooth movement through the enhancement of osteoclastogenesis on the pressured side.
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Figure 1

An orthodontic elastic
band was inserted be-
tween the maxillary
first and second mo-
lars on the right side.
The asterisk indicates
the site of injection. X
and Y indicate the dis-
tances between the
anterocone of the first
molar and the hypo-
cone of the second
molar on the right side
and the left side, re-
spectively. These dis-
tances were measured
oneach plasterreplica.
The amount of tooth
movement was ob-
tained by subtracting
the Y value from the X
value.
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reports suggest the possibility that osteocalcin
functions as a matrix signal in the recruitment
and differentiation of osteoclasts. However, the
precise role of osteocalcin on the active bone re-
modeling process still needs to be elucidated.

In this study we used Waldo's rat experimen-
tal tooth movement model in which an elastic
band is inserted between the maxillary first and
the second molars." We examined the effect of
local administration of osteocalcin on the mesial
movement of the first molar. Since the maxillary
first molar undergoes physiological distal drift,
the remodeling phase of the alveolar bone sur-
face in the tooth socket drastically changes upon
insertion of the elastic band, from resorption to
formation on the distal side, and from formation
to resorption on the mesial. Local administration
of factors that modulate bone remodeling is ex-
pected to significantly influence tooth move-
ment. The effects of the local administration of
prostaglandin E and 1,25-dihydroxy vitamin Dy
on tooth movement and the remodeling of alveo-
lar bone in experimental tooth movement mod-
els have been reported elsewhere 222%

Materials and methods
Purification of rat osteocalcin

Rat osteocalcin was purified from formic acid
extracts of rat cortical bone according to the pro-
cedure described by Hale,'* with some modifi-
cations. Final purification was performed by
high-performance liquid chromatography
(HPLC) using a reversed phase Ci1g column (ut-
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Bondasphere, 19 mm x 300 mm, Waters Millipore
Inc, Tokyo, Japan) with a linear gradient of 0-60%
(v/v) acetonitrile in 0.1% trifluoroacetic acid. The
purity of osteocalcin was analyzed by a reverse
phase HPLC-photo diode array system (Japan
Spectroscopic Co Ltd, Tokyo, Japan) on a C1g re-
verse phase analytical column (u-Bondasphere,
5 mm x 150 mm). Peak detection was performed
by measuring absorbency in the wavelength
range between 195 and 650 nm. Furthermore, the
N-terminal amino acid sequence of the purified
protein was confirmed by automated Edman
degradation (477A protein sequencer, Applied
Biosystems Inc, Foster City, Calif). No detectable
contamination with fatty acids, sugars, or col-
lagen fragments was observed.

Experimental tooth movement

Thirty-three 5-week-old male Wistar rats, av-
erage body weight 159.2+7.0g (mean + SD) were
divided into 5 groups. The control group (n=9)
received 20 pl phosphate-buffered saline (PBS)
via injection; the 4 experimental groups (n=6 in
each group) were injected with 0.01 pg, 0.1 ug, 1
ug and 10 pug osteocalcin/20 ul PBS, respectively.
The rat osteocalcin was resolved in PBS at the
desired concentration and sterilized with a 0.22
pum filter (Millipore). Twenty microliters of the
solution was injected into the submucosal pala-
tal area corresponding to the root furcation of the
maxillary right first molar using a microsyringe
(27-gauge) under ether anesthesia. The injection
was repeated once a day from day 0 to day 3.

Orthodontic elastic bands (No 404-136, Unitek/
3M, Monrovia, Calif) were randomly chosen, and
their thicknesses were measured using an ocu-
lar micrometer with a minimal graduation of 10
um under a microscope. An elastic band with an
average thickness of 590 + 31 (SD) pm was
stretched and inserted in the interproximal space
between the first and second molars of the right
maxilla for 4 days according to the method out-
lined by Waldo and Rothblatt.’ The elastic bands
were checked every 12 hours under light ether
anesthesia, for a total of 7 checks during the ex-
perimental period. About 3% of the bands fell
out during each 12-hour period. In this event, a
new band was inserted between the teeth.

The rats were treated in compliance with the
ethics regulations of Nagasaki University. A
standard diet for rodents (Oriental Yeast Co, Ltd,
Japan) and water were provided ad libitum. The
rats were housed in a room exposed to a natural
light cycle and weighed every day during the
experimental periods. Before the rats were sac-
rificed, blood samples were collected for chemi-
cal analyses. Total calcium content was



measured by an atomic absorption spectropho-
tometer."”” Inorganic phosphorous content was
measured by the ascorbic acid method.'®
Measurement of tooth movement

To measure tooth movement, a plaster replica
of the maxilla, including the molars, was made
for each rat. The distance between the anterocone
of the first molar and the hypocone of the sec-
ond molar was measured on the cast under a ste-
reoscope using dial calipers (Mitsutoyo Co, Ltd,
Japan) with a minimal graduation of 0.02 mm.
The amount of tooth movement was calculated
by subtracting the intercanine distance on the
control side (Y-value) from the distance on the
experimental side (X-value), as shown in Figure
1. In order to improve the reliability of data, all
the plaster replicas were coded and stored. Thus
each plaster model was selected randomly.
Histochemical examinations

The animals were sacrificed by cardiac punc-
ture under ether anesthesia on day 4. The max-
illa was dissected out and fixed in a periodate
lysine paraformaldehyde solution at 4°C for 6
hours. It was washed in PBS containing increas-
ing amounts of glycerol, up to 15%, and then
demineralized in 10% ethylenediaminetetraacetic
acid (EDTA)/15% glycerol (pH 7.2) at 4°C for 4
weeks. The demineralized samples were washed
in the same buffer containing increasing amounts
of sucrose, up to 20%, and decreasing amounts
of glycerol, to 0%. They were embedded in OCT
compound. Forty transverse serial cryo-sections
(6 um) were obtained at the level of the first mo-
lar furcation to a depth of 240 um by Cryostat
(Frigocut-E, Reichert-jung Co Ltd, Germany).
Eight sections at 30 um intervals were analyzed
for TRAPase activity by Fast garnet GBC with
naphtol AS-BI as a substrate in the presence of
50 mM L(+)-tartaric acid. The sections were then
counterstained with 0.5% toluidine blue and ob-
served under a light microscope (Axiophoto,
Carl Zeiss Co, Ltd, Germany). The other sections
were processed either for nonspecific acid phos-
phatase (ACPase) in which tartrate was omitted,
or for hematoxylin-eosin staining. The mesiobuc-
cal root area of the first molar was divided in
half, one half being the pressure side and the
other the tension side, in accordance with the
direction of tooth movement. The number of os-
teoclasts on the alveolar bone surface on the pres-
sure side was counted in each section.
Osteoclasts were defined as TRAPase-positive
multinuclear cells on the bone surface. The val-
ues from eight sections were averaged for each
rat.
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Contact microradiogram (CMR)

In order to evaluate the systemic effects of
osteocalcin on the remodeling of limb bone, con-
tact microradiograms (CMR) of the tibia were
prepared. Briefly, the proximal parts of the tibiae
were dissected and fixed as described above.
These tibiae were dehydrated in ethanol and
embedded in polyester resin. Ground sections
(60 pm in thickness) of each tibia were made, and
then the CMR of each tibia was obtained using
Kodak 649-0 film with a soft X-ray generator
(SOFRON SRO-M50, SOFRON Co, Ltd, Japan).
Statistical analysis

Values are expressed as mean * standard error
of the mean (SEM). Statistical differences among
groups were evaluated using one-way analysis
of variance (ANOVA). Fisher’s protected least
significant difference (Fisher's PLSD) was used
to identify differences between groups when
ANOVA indicated that a significant difference
(p<0.05) existed.

Resuits
Animal condition

Throughout the experimental period, there
were no significant differences in body weight
between the control and the osteocalcin-injected
rats. Body weight changes of the control and the
1 ug osteocalcin-injected rats are shown in Fig-
ure 2. The daily administration of osteocalcin or
PBS caused no appreciable macroscopic changes
in the mucosa at the site of injection during the
experimental period (data not shown). To evalu-
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Figure 2

Changes in body
weight during the ex-
perimental period.
There was no signifi-
cant difference be-
tween the PBS-injected
control (open circle)
and 1 pg osteocalcin-
injected (closed circle)
rats during the experi-
mental period. Values
represent the mean +
SEM.
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Table 1
Effect of osteocalcin on total calcium and inorganic phosphorous
content in plasma

n Ca (mg/dl) Pi (mg/dl)

mean + SEM mean + SEM

PBS 9 108+ 0.7 11.4+07
OC 10ng 6 109+ 0.6 106+ 0.5
OC 100 ng 6 11.2+ 0.6 11.3+0.7
OC 1 ug 6 11.3+05 11.6+ 0.9
OC 10 g 6 106+ 0.5 11.8+1.3

Serum was collected before the rats were sacrificed.
PBS: phosphate-buffered saline. OC:osteocalcin.
No significant difference in Ca and Pi content between pairs of these groups.

Figure 3

Contact microradiograms (CMR) of the proximal part of the tibia in PBS-
injected control and osteocalcin-injected rats. There was no marked
difference between the groups in the trabecular bone mass or in the
thickness of the growth plate.

Figure 4

Changes in the cumulative amount of tooth movement (mm). The amount
of tooth movement was evaluated by measuring the intercuspal distance
between the first and the second molars on the precise plaster replica of
the maxilla of each rat. Values represent the mean + SEM, n=9 for control
and n=6 for each experimental group. N p<0.05: significant difference
between the two groups (by one-way ANOVA and Fisher’s PLSD).
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ate the effects of osteocalcin injections on sys-
temic bone growth, CMR of the proximal part of
the tibiae were obtained. There were no appar-
ent differences in the structure of cortical bone,
cancellous bone, primary spongiosa, or growth
plate of the tibia between the control and the
osteocalcin-injected rats (Figure 3). Moreover, the
osteocalcin injections did not affect the total cal-
cium or inorganic phosphorus content of the
plasma during the experimental period (Table 1).
Tooth movement

One day after insertion of the elastic band be-
tween the first and second molars, 1 ug of
osteocalcin caused a significant increase in tooth
movement, as shown in Figure 4. The 1 ug
osteocalcin-injected group showed significant
tooth movement throughout the observation pe-
riod (p<0.05). In the 10 ug osteocalcin-injected
group, tooth movement tended to increase, but
the increase was statistically insignificant up to
day 3. Repeated administration of osteocalcin
(0.1 to 10 pg) resulted in significant tooth move-
ment on day 4 (p<0.05). The maximal amount of
tooth movement was observed in the 1 ug
osteocalcin-injected group.
Histological observation

In order to determine whether the additive ef-
fect of osteocalcin on tooth movement was re-
lated to the enhancement of osteoclast
recruitment and/ or differentiation on the alveo-
lar bone surface, we evaluated the number of
osteoclasts by counting TRAPase-positive multi-
nuclear cells. TRAPase is one of the best charac-
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terized and requisite criteria for identifying os-
teoclasts.’>? In the 1 pug osteocalcin-injected rats,
numerous osteoclasts were found on the alveo-
lar bone surface of the pressure-side tooth socket
and in the adjacent marrow space, whereas fewer
osteoclasts were observed on the alveolar bone
surface of the pressure-side for the control rats
(Figure 5). The increase in the number of osteo-
clasts in the osteocalcin-injected groups (0.1 to
10 pg) was significant (Figure 6). Under this ex-
perimental condition, the highest number of os-
teoclasts was observed in the rats administered
1 pg osteocalcin/day, in accordance with the
greatest effect on tooth movement.

Discussion

This is the first time that topical administration
of osteocalcin has been shown to stimulate the
appearance of osteoclasts in orthodontic tooth
movement. It is likely that the increased num-
ber of osteoclasts caused tooth movement to ac-
celerate. A maximal effect was observed when 1
ug of osteocalcin in 20 ul PBS, corresponding to
8.3 uM, was applied daily. At the higher dose of
osteocalcin, 10 pg in 20 pl PBS, decreased tooth
movement was observed, as well as fewer osteo-
clasts. Such a bell-shaped dose-response is com-
parable to the chemotactic activity of osteocalcin
to human osteoclast-like cells® or to human pe-
ripheral monocytes.”! Using elastic bands, we
could extend the experimental period no longer
than 4 days because of the decay of elasticity
thereafter. Hence, at this time, we have no evi-

" “fhy 4:' ’, e **’,5. Figure 5A-D
w11 i ) ol e W o 2 Periodontal tissues on
i ' L0 P . B the pressured side of

the mesiobuccal root of
maxillary first molars 4
days after elastic band
insertionina controlrat
(A), and a 1 ug osteo-
calcin-injected rat (B).
C and D show higher
maghnification of the
boxed areas (bars = 50
um.) Many TRAPase-
positive multinuclear
cells were found on the
alveolarbone surface of
osteocalcin-injected
rats compared with the
controls. Pointers indi-
cate TRAPase-positive
multinuclear cells.
Large arrows indicate
direction of tooth move-
ment. b=alveolar bone;
r=mesiobuccal root of
maxillary first molar.
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Figure 6

The number of osteoclasts on the pressured side of the mesiobuccal root
of the maxillary first molars of the control and osteocalcin-injected
groups. Values for 8 sections were averaged for each rat and represented
as mean * SEM, n=9 for control and n=6 for each experimental group. N
p<0.05: significant difference between the two groups (by one-way ANOVA
and Fisher’s PLSD).
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dence as to whether osteocalcin exerts an accel-
eration effect on tooth movement when mechani-
cal force is applied to the tooth for more than 4
days.

The effects of osteocalcin did not seem to be
secondary effects of inflammation or immuno-
logical reaction evoked by the protein injection;
we observed no difference between the control
and osteocalcin-injected rats in the infiltration of
inflammatory cells, such as polymorphonuclear
cells or lymphocytes in sections stained with he-
matoxylin-eosin (data not shown). The effects of
osteocalcin on cells may be mediated by a puta-
tive cell surface receptor molecule, since
osteocalcin can induce a rise in intracellular cal-
cium levels via release of calcium from
thapsigargin-sensitive calcium stores in cells.!
However, the identity of the receptor molecule
for osteocalcin is not known and needs to be elu-
cidated.

Local administration of 1,25-dihydroxy vitamin
D,, or prostaglandin E has also been shown to
accelerate experimental tooth movement.?? The
effects of these chemicals on osteoclast recruit-
ment are different from that of osteocalcin. Both
chemicals have been shown to act as potent in-
ducers of bone resorption in vitro and in vivo.*
Repeated injections of prostaglandin E1 in rat
alveolar bone have been shown to produce
marked changes in bone morphology with in-
creased resorption at the site where the drug was
infiltrated.” Administration of 1,25-dihydroxy
vitamin D3 has been reported to induce enlarged
osteoclasts on the bone surface.”* In contrast,
local administration of osteocalcin itself had no
appreciable effect on intact bone surface. We
noted that osteocalcin induced mature osteo-
clasts on the pressure side only, not on the ten-
sion side, during orthodontic tooth movement.
Although the injected osteocalcin can act as a
chemoattractant for osteoclast precursors at sites
where the protein is released, the microenviron-
ment on the pressure side is also important for
the maturation of osteoclasts into the mature
phenotype with TRAPase-activity and multi-
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nuclei. Using the in vitro murine long-term bone
marrow culture system, Liggett et al. demon-
strated that osteocalcin itself has little or no ef-
fect on the formation of TRAPase-positive
multinuclear osteoclast-like cells. While
osteocalcin significantly enhances osteoclast-like
cell formation in the presence of macrophage
colony stimulating factor (M-CSF) and granulo-
cyte/macrophage colony stimulating factor
(GM-CSF) in the same system,” these CSFs are
known to be produced by various cell types, in-
cluding fibroblasts® and osteoblasts,** and their
production is greatly stimulated by IL-1c. and f3
and tumor necrosis factor alpha (TNFa) in fibro-
blasts.?** Since IL-1o. and B are produced on
the pressure side in response to orthodontic
force,* CSF may also be produced on the pres-
sure side as a result of increased IL-1. Therefore,
it is likely that osteocalcin promoted the
osteoclastogensis in concert with the CSF.

Therapeutic use of osteocalcin can be consid-
ered in clinical orthodontic treatment so that the
effects of the protein limit the local bone remod-
eling. Mundy et al. reported that the COOH-ter-
minal penta peptide derived from bovine
osteocalcin is a chemoattractant for cells in os-
teoclastic lineage. If such a peptide possesses the
capacity to support osteoclast maturation to the
same extent as does mature protein, then the use
of this peptide would be practical for orthodon-
tic therapy.

Conclusions

The local administration of rat osteocalcin
stimulated the appearance of osteoclasts on the
alveolar bone surface of the pressured side dur-
ing orthodontic tooth movement in rats. This re-
sulted in increased tooth movement.
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