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Abstract Relapse after orthodontic tooth movement is a
significant problem in orthodontics. The purpose of this
study was to examine the efficacy of the osteoclast inhib-
itor osteoprotegerin-Fc (OPG-Fc) for inhibiting postorth-
odontic relapse. Rat maxillary molars were moved mesially
and allowed to relapse for 24 days. Low-dose (1 mg/kg) or
high-dose (5 mg/kg) OPG-Fc or saline was injected adja-
cent to the molars during relapse. Tooth movement, micro-
CT, histologic bone quality, and serum OPG and TRAP-5b
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were measured. OPG-Fc injections significantly diminished
postorthodontic relapse from 63% (0.78/1.20 mm) of total
movement in vehicle control rats to 31% (0.31/1.00 mm) in
low-dose and 24% (0.28/1.16 mm) in high-dose OPG-Fc
groups 24 days after appliance removal. Normalization of
bone and periodontal tissues occurred as early as 8 and
16 days in the high- and low-dose OPG-Fc-treated groups,
respectively, while the vehicle-treated group showed only
partial tissue recovery 24 days following tooth movement.
After 24 days of relapse, there was complete recovery to
pre-tooth-movement values for bone volume fraction
(BVF) and tissue mineral density (TMD) in both the low-
and high-dose OPG-Fc groups, while BVF recovered only
partially and TMD did not recover in the vehicle control
group. Greatly elevated serum OPG levels and reduced
serum TRAP-5b levels in OPG-Fc-treated animals indi-
cated systemic exposure to locally injected drug. The
profound decrease in postorthodontic relapse by local
OPG-Fc administration indicates that osteoclasts are criti-
cal to bone maturation following tooth movement and
points to the potential pharmacologic use of OPG-Fc or
other RANKL inhibitors for orthodontic retention.

Keywords Osteoclast - OPG - TRAP-5b -
Orthodontic treatment - Orthodontic relapse -
Micro-computed tomography

“Orthodontic relapse” refers to the tendency of teeth to
regress toward their original locations after being moved
through bone with orthodontic forces. It is observed clini-
cally as the movement of teeth relative to each other from
their aligned positions. Posttreatment relapse is a signifi-
cant limitation of orthodontic treatment due to its high rate
of occurrence, adverse effects on tooth alignment, and
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additional financial burden on patients. Furthermore, the
classic approaches to orthodontic retention primarily
involve the use of fixed or removable mechanical retainers
whose caveats include reliance on patient compliance and
the long duration of retention required to ensure stability.
The high frequency of orthodontic relapse and the need for
long-term patient compliance-based retention make it
important to understand its causes for the purpose of
developing innovative methods to enhance posttreatment
stability of teeth. While the specific causes of orthodontic
relapse remain poorly understood, traditional theories
implicate factors such as imbalances in muscle and soft
tissue pressures [1, 2]; forces exerted by stretched peri-
odontal and gingival connective tissue fibers [3—6]; chan-
ges in tooth inclination [7, 8], arch dimensions [9], or facial
growth [10, 11]; and potentially ongoing bone turnover
[12]. Of these variables, the current knowledge of bone
biology, and particularly its responses to mechanical for-
ces, may provide cues toward understanding how bone
undergoes posttreatment normalization, thereby aiding in
therapeutic strategies to enhance postorthodontic stability.

Orthodontic tooth movement involves osteoclast-medi-
ated resorption of alveolar bone adjacent to the pressure
side of the tooth roots [4, 13—15]. This bone resorption
allows for tooth movement in the direction of the com-
pressive force beyond the original constraints of the tooth
socket. Simultaneously, new bone is deposited by osteo-
blasts on the opposite side of the tooth roots in the area
from which the tooth was moved [13]. After completion of
orthodontic treatment, this new woven bone is purportedly
remodeled into mature bone, which is more organized and
of higher strength and mineral content than newly formed
bone and therefore potentially less susceptible to resorp-
tion. The new woven bone is thought to mature through
remodeling, the first step of which is the removal of
immature bone by osteoclasts, followed by its replacement
with lamellar bone. It is likely that the initial resorptive
activity of this immature bone might permit relapse by
creating a temporary void adjacent to the periodontal lig-
ament (PDL) neighboring the tooth roots, which are under
rebound compression [16]. Thus, mechanisms that enhance
bone maturation or diminish its resorption by osteoclasts
are likely to aid in minimizing posttreatment relapse.

The key regulator of osteoclast differentiation and
activation is the receptor activator of nuclear factor xff
(RANK)/RANK ligand (RANKL)/osteoprotegerin (OPG)
receptor/ligand system [17]. RANKL, which is found on
the surface of osteoblasts and PDL cells, stimulates
osteoclast activity by binding to its receptor, RANK, a
transmembrane protein found on mature osteoclasts and
their precursors [18]. The binding of RANKL to RANK is
critical for osteoclast formation, activation, and survival
involved in bone catabolism [19]. Conversely, OPG is a

soluble protein that binds to RANKL and functions as a
competitive inhibitor of RANK [20] such that the binding
of OPG to RANKL inhibits osteoclastogenesis and bone
resorption [20-22].

That OPG could be a suitable adjunct for orthodontic
retention is suggested by findings showing that administra-
tion of OPG-Fc results in a rapid and sustained decrease in
bone surface osteoclasts as well as increases bone mineral
density [23] and rescues the estrogen [24] or androgen [25]
deficiency-induced osteoporosis in rats. Furthermore, both
OPG and a monoclonal antibody to RANKL (denosumab),
which functions similarly to OPG by blocking RANKL
binding to RANK, decrease bone resorption in postmeno-
pausal women [26, 27]. Besides its systemic effects, OPG
also functions to restore bone locally in lipopolysaccharide-
induced periodontitis [28] and decreases the rate of tooth
movement and osteoclastogenesis, while increasing alveolar
bone volume in an animal model of orthodontic tooth
movement [29, 30]. Conversely, local RANKL gene delivery
in rats results in locally increased RANKL expression,
osteoclastogenesis, and enhanced rates of tooth movement
[31]. In the context of postorthodontic relapse, it is known
that new bone which forms behind orthodontically mobilized
tooth roots likely serves as a barrier that resists, but does not
eliminate, relapse [16]. By inhibiting the initial turnover of
this new bone, OPG might allow it to rapidly mineralize in a
manner that better resists compressive forces from the
neighboring tooth roots. This postulate together with the
known role of the RANK/RANKL/OPG axis in orthodontic
tooth movement [28-30] suggests that manipulation of
osteoclast activity via local delivery of OPG could enhance
postorthodontic tooth stability. Here, we utilized a rodent
model of orthodontic tooth relapse to investigate whether
local delivery of recombinant rat OPG-Fc inhibits alveolar
osteoclast activity and postorthodontic relapse. In addition,
we utilized micro-computed tomography (CT) and histology
to gain a better understanding of the little understood bio-
logical processes of bone maturation that may contribute to
postorthodontic relapse.

Materials and Methods
Animals

All experiments were performed following approval from
the University of Michigan Committee on Use and Care of
Animals (protocol 10104). The study design, animal
numbers, and OPG doses were based on findings of pre-
liminary studies performed with the relapse model utilized
in the current study and/or published studies [28]. A total of
50 young adult, male Sprague-Dawley rats weighing
approximately 350 g were used for the study. The
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experiment was divided into two phases: initial tooth
movement (days 1-28), during which only tooth-move-
ment measurements were taken, and the tooth relapse phase
(days 28-52), during which injections of OPG-Fc or
phosphate-buffered saline (PBS) vehicle were administered
and the various procedures described below and in Fig. 1
were performed.

Forty-two rats, divided into three groups of 14 each,
were subjected to orthodontic forces for 28 days, after
which the forces were removed and volumetrically equiv-
alent injections (60 pL) of 5.0 mg/kg (high dose) OPG-Fc
(rat recombinant OPG; Amgen, Thousand Oaks, CA),
1.0 mg/kg (low dose) OPG-Fc, or PBS vehicle were
administered. Four other animals received no orthodontic
appliances or injections and were killed as baseline pre-
tooth-movement controls. Four additional animals were
killed at day 28 of the experiment as post-tooth-movement
controls (henceforth referred to as day O of the relapse
phase). During the relapse phase, three groups of six ani-
mals each served as the control, low-dose OPG-Fc, and
high-dose OPG-Fc groups, which were observed for the
entire 24 day period of relapse. These rats were killed at
day 24 post-tooth movement for histology and micro-CT.
Additional animals were killed at days 8 and 16 postre-
moval of appliances (n = 4 in each group at each time
point) for histologic analysis. Rats were anesthetized by
intraperitoneal administration of ketamine (87 mg/kg) and
xylazine (10 mg/kg) for appliance placement and all sub-
sequent procedures and killed by CO, inhalation.

Applince Placed
l Tooth movement phase

| ] ]

Orthodontic Tooth Movement and Relapse

A previously described rat tooth-movement model [29, 32]
was modified to develop a model of orthodontic relapse.
For the tooth-movement phase of this model, mesial molar
force was delivered bilaterally with closed coil nickel
titanium springs (extra-light Sentalloy®; GAC, Bohemia,
NY) calibrated to provide 50 g of force, which produces
significant molar movement in the rat [29, 32]. Springs
were fastened to the maxillary first molars and ipsilateral
incisor with 0.010 stainless-steel ligatures tied around the
teeth and secured in small grooves prepared on each tooth
(Fig. 1). Ligatures were bonded to the teeth with composite
(Transbond XT Light Cure Adhesive Paste; 3 M Unitek,
Monrovia, CA). Mandibular incisors were reduced on a
weekly basis to prevent breakage of the appliance. After
28 days of tooth movement, appliances were removed and
relapse was allowed to occur for 24 more days (Fig. 1).

Local Administration and Doses of OPG-Fc

The doses of recombinant rat OPG-Fc used were as
determined from previous studies [29] and through pre-
liminary investigations. Volumetrically equivalent injec-
tions (60 pL) of low-dose (1.0 mg/kg) OPG-Fc, high-dose
(5.0 mg/kg) OPG-Fc, or PBS were administered at appli-
ance removal (day 28), at 2 days after appliance removal
(days 30 and 32), and every 4 days thereafter until the end
of the relapse observation period (day 52) (Fig. 1). OPG-Fc

Appliance Removed

Relapse phase

283032 36 40 44 48 52

Day 0 7 14 21
l
I

Post-tooth movement day
PBS or OPG administration

Procedures

Tooth movement X X X
Histology x

Serum X

ucT X

Fig. 1 Study design and rodent model of orthodontic tooth
movement and relapse. Closed coil nickel titanium springs calibrated
to deliver 50 g of force were placed bilaterally between incisor and
molar teeth (upper left panel) during the tooth-movement phase.
Appliances were removed after 28 days and the molars allowed to
relapse for an additional 24 days (relapse phase). During this relapse
phase, PBS, low-dose (1 mg/kg) OPG-Fc, or high-dose (5 mg/kg)
OPG-Fc was administered near the molars (asterisks in upper left
panel) at appliance removal and at specified time points. Upper-arch
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impressions were taken for tooth-movement measurements at the
indicated time points during active tooth-movement and relapse
phases. Additionally, micro-CT imaging was performed, and tissue
and serum samples were retrieved at specified time points for
determination of bone quality, periodontal histology, and systemic
concentrations of TRAP-5b and OPG. An untreated group of four rats
were maintained without springs for 28 days, after which they were
killed, blood was retrieved for OPG and TRAPSb assays, and tissues
were utilized for baseline control histologic and micro-CT analyses
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or PBS was administered into the palatal mucosa in prox-
imity of the mesiopalatal and distopalatal surfaces of each
maxillary first molar with 33 gauge microneedles (Hamil-
ton, Reno, NV).

Tooth-Movement Measurements

Tooth movement was measured as previously described,
with minor modifications [29]. Precise stone models (Jade
Stone; Whip Mix, Louisville, KY) were fabricated from
polyvinylsiloxane (Dimension Garant 2L Quick; 3M
ESPE, St. Paul, MN) impressions of the maxillary teeth.
The occlusal surfaces together with a 100 mm ruler placed
next to the casts were scanned (Epson Expres-
sion 10000XL; Epson, Long Beach, CA) at 1,200 dpi and
magnified x300 using Adobe Photoshop (CS3; Adobe
Systems, San Jose, CA). Since the focus of this study was
to determine the postorthodontic changes in interdental
relationships, the movement of the first molar was mea-
sured relative to that of the third molar rather than to
skeletal structures. This approach minimizes the effects of
maxillary growth and other physiologic changes in deter-
mining the magnitude of postorthodontic dental relapse.
Molar movement was measured to the nearest 0.02 mm by
a single blinded, calibrated examiner from the distal groove
of the maxillary first molar to the distal surface of the
maxillary third molar using the measuring tool in the
software. The ruler on each scan was also measured to
calibrate the measurements from the casts.

To determine whether local administration of OPG-Fc
also affected the stability of other teeth, incisor movement
was measured by determining the distance from the center
of the facial surface of the maxillary incisor at the gingival
margin to the distal surface of the maxillary third molar.
The amount of incisor relapse was calculated as the dif-
ference in relative position of incisors to third molars
between the immediate post-tooth-movement measurement
and that at end of the relapse phase.

The error of method for tooth-movement measurements
was determined by two repeat measurements of first molar
movement on 36 teeth taken 2 weeks apart. Bland-Altman
analysis was performed with a resulting coefficient of
repeatability of 0.045 mm. Most (85%) of the repeat
measurements were smaller than this coefficient, which
shows high reliability in the measurement of tooth move-
ment. The higher limit of agreement was 0.041 mm and the
lower limit of agreement was —0.048 mm, which means
that there was no fixed or systematic bias.

Micro-CT Analysis

Block tissue biopsies of the right and left hemimaxillae
were harvested, immediately fixed in 10% formalin for

48 h, and transferred to 70% ethanol. Micro-CT analysis
was performed to quantify the alveolar bone surrounding
the maxillary first molars. Rat hemimaxillae were scanned
with a polychromatic cone beam micro-CT system (GE
Healthcare, London, ON, Canada). Scans were recon-
structed at a voxel mesh size of 18 um?> and 3-D digital
reconstructions generated for each of the specimens
(Fig. 5a). GE Healthcare Microview Analysis 4+ software
was used to rotate and crop the 3-D images into a standard
orientation. A standard threshold was applied to each
sample to distinguish the levels of mineralization in the
various hard tissues present, such as bone and tooth roots.
An optimal threshold value was calculated for each sample,
and the individual thresholds were averaged to give a
representative threshold value that was used on all images.

A region of interest (ROI) for alveolar bone surrounding
the five maxillary first molar roots was defined by a single,
blinded, and calibrated investigator on all of the samples
using a previously established protocol (Fig. 5a) [33]. This
ROI was chosen because of its previously verified high
level of reproducibility and because it includes the highly
relevant region of bone directly investing the five roots of
the orthodontically moved teeth, thus permitting quantifi-
cation of the recently remodeled bone tissue [34]. The bone
volume fraction (BVF), defined as bone volume/total vol-
ume of the ROI, and tissue mineral density (TMD), defined
as mineral content/volume of the ROI using an auto
threshold for mineralization, were determined using a
previously established algorithm [34].

Histological Analysis

Following micro-CT scans, samples were decalcified with
10% vol/vol EDTA for 6 weeks and embedded in paraffin,
and 5 pm sagittal sections were obtained through the
mesial root of the maxillary first molar and stained with
hematoxylin and eosin for descriptive histology. The
mesial root was chosen for analysis because it is the largest
of the five roots, allows for histological evaluation of the
entire root structure, and is commonly used for analysis in
tooth-movement studies [29, 35]. Slides were evaluated by
an investigator blinded to the identity of the experimental
groups. Microscopy was performed using an Olympus
BX45 light microscope (Olympus, Central Valley, PA)
equipped with a 12.5 megapixel digital camera (Olympus
DP72) and images of representative images were captured.

Serum TRAP-5b and OPG Assays
Blood (200 pL) was retrieved from animals at indicated
time points through the lateral tail vein with a 27 gauge

needle (Fig. 1). Serum was isolated by centrifugation, and
25 pL aliquots were utilized for OPG and TRAP-5b assays.
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Serum levels of OPG were measured per the manufac-
turer’s instructions with a luminex-based enzyme-linked
immunosorbent assay (ELISA) (Millipore, Billerica, MA).
Serum levels of TRAP-5b enzyme were measured with a
solid-phase immunofixed enzyme activity assay specific for
the determination of osteoclast-derived TRAP-5b (Immu-
nodiagnostic Systems, Fountain Hills, AZ) per the manu-
facturer’s instructions.

Statistical Analysis

Each animal was treated as a unit, and bilateral measures of
tooth-dependent parameters were taken for each side of the
maxilla and averaged to give a single measure for each
animal at each time point. If only one side of the maxilla
could be measured due to a damaged or missing sample or
a compromised tooth, the value from the available side was
used as the measure for that animal. Descriptive statistics
(means and standard errors) were calculated for each
parameter for all groups. A repeated measures analysis of
variance (ANOVA) was used to compare tooth-movement
data between the three groups (SAS version 9.1; SAS
Institute, Cary, NC). Incisor relapse, BVF, and TMD
comparisons were made using one-way ANOVA. Inter-
group differences were analyzed with the Bonferroni post-
hoc test. Statistical significance was set at P < 0.05.

Results
Animal Status

All animals tolerated the various procedures with no dis-
cernable effect on their abilities to thrive. Average initial
weight of the animals was 364.3 (SD + 11.0) g, and
weight at the time of orthodontic appliance removal was
378.3 (SD £ 12.0) g. There was no difference (P > 0.66)
in weight gain among the treatment groups during the
relapse phase. Mean weights at the end of the relapse phase
were 429.8 (SD =+ 13.5) g in the vehicle-treated, 427.8
(SD £ 10.9) g in the low-dose OPG-Fc, and 432.0
(SD =+ 19.4) g in the high-dose OPG-Fc groups.

OPG Minimizes Postorthodontic Relapse

Upon removal of appliances (day 28) there was no statisti-
cally significant difference in the mesial movement of the
molars achieved with the orthodontic appliance between the
control (1.20 £ 0.17 mm), low-dose OPG-Fc (1.00 +
0.07 mm), and high-dose OPG-Fc (1.16 £ 0.16 mm)
groups (Fig. 2a, b). There was no difference (P > 0.19) in
the both the linear and percentage relapse measured 2 days
post-appliance removal (day 30) between the low-dose
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OPG-Fc (18.40 £ 3.19%, 0.18/1.00 mm), high-dose
OPG-Fc (25.73 £ 2.76%, 0.29/1.16 mm), and control
(22.60 = 2.11%, 0.27/1.20 mm) groups (Fig. 2b, c). Local
delivery of low-dose and high-dose OPG-Fc resulted in a
significant linear and percentage reduction in distal molar
relapse compared with PBS-injected control animals from
days 12 to 24 of the relapse phase. Rats in the low-dose group
exhibited a minimum of 46% (P < 0.01) to a maximum of
52% (P < 0.001) less relapse, and the high-dose OPG-Fc
group had a minimum of 48% (P < 0.01) to a maximum of
60% (P < 0.001) lower relapse than control rats over this
duration of the experiment. By day 24 of relapse, control rats
had 63% (0.78/1.20 mm) reversion of the original tooth
movement, which was greater than the 31% (0.31/1.00 mm,
P < 0.001) and 24% (0.28/1.16 mm, P < 0.001) relapse in
the low-dose and high-dose OPG-Fc rats, respectively. There
were no differences in the magnitude or percent relapse
between the low-dose and high-dose OPG-Fc groups at any
of the time points (P > 0.17).

Incisor relapse at 24 days post-appliance removal was
lower in the low-dose OPG-Fc (0.15 £ 0.04 mm,
P < 0.001) and high-dose OPG-Fc (0.10 & 0.02 mm,
P < 0.001) groups compared with the control group
(0.67 & 0.12 mm) (Fig. 2d). However, there was no dif-
ference (P > 0.87) in incisor relapse between the low-dose
and high-dose OPG-Fc groups.

OPG Enhances Bone Regeneration and Decreases
Cellular Infiltrate following Orthodontic Tooth
Movement

As opposed to control untreated baseline samples, both
tension (distal) and compression (mesial) sites post-tooth
movement (Figs. 3c, 4c, respectively) showed a widened
PDL space, multiple areas of bony lysis, extensive cellular
infiltration, and isolated areas of root resorption, which was
particularly marked at compression sites. These findings
are consistent with the active process of tooth movement
and are contrasted with the normal periodontal histology
that includes a normal dentine, cementum, cellularity, and
width of the PDL and organized bone in the baseline
control tissues (Figs. 3b, 4b).

Over the 24 day relapse phase, there was gradual reso-
lution of the cellular infiltrate, increasing amount and
maturation of bone, and decreased width of the PDL in all
groups of rats (Figs. 3d-1, 4d-1). However, the rates of this
trend toward normal varied substantially between the PBS-
treated and the two OPG-treated groups, with some dif-
ferences also being noted between high- and low-dose
OPG-Fc samples. Overall, the cellular infiltrate and bone
loss were more marked and took longer to resolve on the
compression (mesial) side of the root (Fig. 4) than on the
tension (distal) side of the root (Fig. 3). PBS control tissues
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Fig. 2 Local delivery of OPG-Fc inhibits postorthodontic relapse.
a Axial micro-CT views of representative vehicle, low-dose, and
high-dose OPG-Fc-injected animals 24 days after orthodontic appli-
ance removal. Note the difference in interdental distance visible
between the first and second molar teeth in vehicle versus OPG-Fc-
treated animals. Arrows with dashed line indicate the direction of
molar distal relapse following appliance removal. b Maxillary molar
tooth movement and relapse over the entire experimental period show
equivalent initial mesial orthodontic tooth movement in the three
groups of rats up to 28 days and significantly different relapse distal
tooth movement between the vehicle control and the two OPG-Fc-

showed continued cellular infiltrate and slowly maturing
bone from the end of active tooth movement to the end of
the experimental period, which also appeared to be more
delayed on the compression than tension sites. In contrast,
sections from the high-dose OPG-Fc group showed histo-
logical features including near normal cellularity, PDL
thickness, and bone similar to that in baseline control tis-
sues at both tension and compression sites as early as
8 days post-appliance removal. By 8 days post-tooth

0 2 4 8 12 16 20 24
Time (Days)

Relapse

injected groups as well as over time only in the vehicle control group.
¢ Molar distal relapse presented as a percentage of initial molar
movement shows significant differences between the vehicle control
and the low-dose and high-dose OPG-Fc groups. d Incisor relapse
anterior movement of vehicle control, low-dose OPG-Fc, and high-
dose OPG-Fc-injected animals 24 days after orthodontic appliance
removal. All results are expressed as means = SEM. Intergroup
comparisons differences are denoted as *P < 0.05, **P < 0.01, and
*##%P < 0.001. Intragroup differences at each time point relative to
day 28 of tooth movement or day O of relapse are denoted as
#P < 0.05, P < 0.01, and **P < 0.001 (n = 6 in each group)

movement, sections from the high-dose OPG-Fc rats
showed well-organized bone phenotype, which was more
advanced at the tension than the compression site. For the
low-dose OPG-Fc group the near normalization of the
cementum, PDL cellularity and thickness, and bone quality
was achieved by 16 days post-appliance removal, while
these features were just becoming evident at 24 days after
appliance removal in the PBS control group. Bone anatomy
and height on both the mesial and intraradicular sites
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Fig. 3 Photomicrographs of representative hematoxylin and eosin-
stained sections of the distal (tension) site of the first molar mesial
root at 8, 16, and 24 days of relapse for vehicle control, low-dose
OPG-Fc, and high-dose OPG-Fc groups showing more rapid
normalization of histology in the OPG-Fc than the vehicle control
group. a Low-power photomicrograph with rectangle showing area
represented at higher magnification in remaining panels. Represen-
tative photomicrographs of baseline untreated control sample (b),

returned to near normal levels earlier in the OPG-Fc than
the PBS-treated groups. The compression sites of the
vehicle control group also appeared to have greater areas of
root resorption than either the low-dose or high-dose OPG-
Fc groups.

OPG Enhances Postorthodontic BVF and TMD

The BVF of supporting alveolar bone was lower in post-
tooth-movement (0.481 + 0.064, P < 0.01) than in pre-
tooth-movement (0.697 £ 0.010) animals (Fig. 5b). BVF
was higher in vehicle control (0.605 £ 0.017, P < 0.05),
low-dose OPG-Fc (0.714 + 0.013, P < 0.001), and high-
dose OPG-Fc (0.725 £ 0.017, P < 0.001) animals at day
24 of relapse in comparison with that in immediate post-
tooth-movement rats. Also at 24 days of relapse there was
no difference (P > 0.23) in BVF between baseline animals,
control animals, and the two treatment groups. Finally, at
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immediate post-tooth-movement sample (c), vehicle-treated control
samples at 8 (d), 16 (g), and 24 (j) days, low-dose OPG-Fc samples at
8 (e), 16 (h), and 24 (k) days; and high-dose OPG-Fc samples at 8 (f),
16 (i), and 24 (1) days. b bone, ¢ cementum, d dentine, pd! periodontal
ligament, ci cellular infiltrate, arrowhead root resorption site,
continuous-line arrow direction of orthodontic tooth movement,
dashed-line arrow direction of relapse

the end of the relapse phase, BVF was higher (P < 0.05) in
low- and high-dose OPG-Fc rats than in vehicle-treated
animals.

TMD of supporting alveolar bone was lower (P < 0.05)
in post-tooth-movement (932.76 £ 43.58 mg/cc) than in pre-
tooth-movement (1,048.22 + 6.45 mg/cc) animals (Fig. 4c).
TMD remained significantly diminished (P < 0.01) in vehi-
cle-treated animals (933.91 £ 14.81 mg/cc) after 24 days of
relapse relative to pre-tooth-movement levels. In contrast,
TMD in low-dose and high-dose OPG-Fc-treated animals at
24 days of relapse returned to levels similar to those seen in
pre-tooth-movement rats. At the end of the relapse phase,
TMD in the high-dose OPG-Fc animals (1021.83 £
8.90 mg/cc) was greater (P < 0.05) than that in post-tooth-
movement animals (932.76 £ 43.58 mg/cc). Also at this time
point, TMD was greater (P < 0.05) in both the low-dose
(1015.31 + 13.05 mg/cc, P < 0.05) and high-dose OPG-Fc-
injected rats than in vehicle-injected animals.
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Fig. 4 Photomicrographs of representative hematoxylin and eosin-
stained sections of the mesial (compression) site of the first molar
mesial root at 8, 16, and 24 days of relapse for vehicle control, low-
dose, and high-dose OPG-Fc groups showing more rapid normaliza-
tion of histology in the OPG-Fc than the vehicle control group.
a Low-power photomicrograph with rectangle showing area repre-
sented at higher magnification in remaining panels. Representative
photomicrographs of baseline untreated control sample (b),

Local Administration of OPG Modulates Serum TRAP-
5b and OPG Levels

Serum concentrations of TRAP-5b atdays 8 (4.7 £ 0.6 U/L)
and 24 (6.0 £ 1.0 U/L) in PBS-treated rats were similar to,
while that in day 16 (6.3 £ 1.5 U/L) rats was greater
(P < 0.05) than, those in immediate posttreatment rats
(4.9 =+ 1.2 U/L) (Fig. 6a). In contrast, at days 8, 16, and 24
post-tooth movement, serum TRAP-5b levels were pro-
foundly lower (P < 0.001) in the low-dose OPG-Fc-injected
(1.0 £ 03, 1.0 £ 0.2, 0.8 £ 0.2 U/L, respectively) and
high-dose = OPG-Fc-injected (0.7 £ 0.3, 0.8 £ 04,
1.0 £ 0.5, respectively) animals compared with vehicle-
injected animals (4.7 £ 0.6, 6.3 £ 1.5, 6.0 £+ 1.0 U/L,
respectively). No differences in serum TRAP-5b levels were
noted between the low-dose and high-dose OPG-Fc groups at
any of the relapse time points (P > 1.0).

Concentrations of endogenous serum OPG in control
rats progressively and significantly decreased at 24 days

immediate post-tooth-movement sample (c¢), vehicle-treated control
samples at 8 (d), 16 (g), and 24 (j) days, low-dose OPG-Fc samples at
8 (e), 16 (h), and 24 (k) days, and high-dose OPG-Fc samples at 8 (f),
16 (i), and 24 (1) days. b bone, ¢ cementum, d dentine, pdl periodontal
ligament, ci cellular infiltrate, arrowhead root resorption site,
continuous-line arrow direction of orthodontic tooth movement,
dashed-line arrow direction of relapse

(0.7 £ 0.2 ng/m, P < 0.05) relative to that at 8 days of the
relapse phase (Fig. 6b). As expected, serum levels of OPG
in OPG-Fc-treated animals were profoundly increased
(P < 0.001) atdays 8, 16, and 24 following appliance removal
in the low-dose OPG-Fc (4,996 + 794, 4,569 + 1,011,
4,744 £ 1,095 ng/mL, respectively) and high-dose OPG-Fc
(11,844 + 1,477, 11,732 £ 1,595, 11,039 £ 431 ng/mL,
respectively) groups compared with vehicle-injected animals
(6.5 £ 3.6, 25 £ 2.0, 0.7 £ 0.2 ng/mL, respectively). At
days 8, 16, and 24 post-tooth movement, the high-dose OPG-
Fc-injected animals also showed higher levels (P < 0.001) of
OPG in serum compared with low-dose OPG-Fc-injected
animals.

Discussion

By regulating osteoclast activity, the RANK/RANKL/OPG
axis has ramifications for a wide range of physiologic and
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Fig. 5 Local administration of OPG-Fc enhances the normalization
of postorthodontic BVF and TMD in alveolar bone investing
maxillary first molar roots. a Sagittal and axial perspectives of ROI
used to quantify BVF and TMD of alveolar bone investing maxillary
first molar roots by micro-CT. The ROI includes bone (yellow) and
excludes tooth roots. BVF (b) and TMD (c¢) were significantly
reduced at the end of the orthodontic tooth movement and recovered
to normal levels at day 24 on administration of low-dose and high-
dose OPG-Fc. Results are expressed as means + SEM. Intergroup
differences are denoted as *P < 0.05, **P < 0.01, and ***P < 0.001
(n = 6 in each group)
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Fig. 6 Local administration of OPG modulates systemic levels of
TRAP-5b and OPG. Blood retrieved from animals at indicated time
points was utilized for serum TRAP-5b enzyme and OPG protein
levels by solid-phase immunofixed enzyme activity assay and ELISA,
respectively. a Local administration of OPG-Fc resulted in significant
decreases in TRAP-5b activity at all time points assayed, reflecting a
decrease in osteoclast activity. b In contrast, OPG assays that
measured both endogenous OPG and exogenous recombinant OPG-Fc
showed profound and sustained dose-dependent increases in serum
OPG in low- and high-dose OPG-Fc-treated rats relative to PBS-
treated control rats at all time points. PBS-treated controls had a
temporal decrease in serum OPG levels over the duration of the
experiment. All results are expressed as means & SEM. Intergroup
differences are denoted as ***P < 0.001 (n = 6 in each group)

pathologic processes in bone, including osteoporosis,
metastatic bone disease, rheumatoid arthritis, fracture
healing, and periodontal disease [21, 25-28, 36-42]. OPG
has a well-defined bone protective effect and is able to
rescue bone mass in a variety of bone catabolic conditions
through its central role as an inhibitor of osteoclast dif-
ferentiation and survival [43]. Thus, administration of OPG
(or anti-RANKL antibody) is accompanied by increased
bone mass, bone mineral density, and cortical and trabec-
ular bone volumes and by decreased systemic measures of
bone turnover and diminished bone surface osteoclast
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numbers in a variety of animal models and human condi-
tions [23-27]. Relevant to orthodontics, mechanically
mediated cellular responses in the PDL result in increased
RANKL expression at compression sites that likely con-
tributes to enhanced osteoclast activity and bone resorp-
tion, resulting in tooth movement [44—46]. In addition,
OPG gene transfer or local delivery of recombinant OPG
profoundly decreases mechanically mediated bone model-
ing and orthodontic tooth movement by inhibiting osteo-
clasts [29, 30]. Taken together, these results indicate that
manipulation of osteoclast activity via local delivery of
RANKL or OPG enhances or inhibits orthodontic tooth
movement, respectively.

Our study sought to apply this and other current knowl-
edge of cellular control of bone turnover and the role of OPG
in regulating osteoclast activity to mitigate the clinically
significant problem of postorthodontic relapse. This imme-
diate post-mechanically mediated bone modeling period is
critical for studying the early biologic phenomenon during
orthodontic relapse because of the ongoing high rates of bone
turnover and cellular activity as well as the unpredictable
response of the treated dentition to the withdrawal of
orthodontic forces [6, 13, 16]. For this purpose we modified
and validated an established rodent model of orthodontic
tooth movement to create a post-tooth-movement relapse
model, in which mesial molar movement with an orthodontic
spring is followed by relapse in the opposite direction upon
appliance removal. We also found that OPG-Fc is highly
efficacious in minimizing postorthodontic relapse, with its
effects being statistically evident by 12 days postorthodontic
tooth movement and the differences in relapse progressively
increasing over time such that by 24 days relapse was
approximately half in the OPG-Fc groups than in the saline-
treated rats. Also, in contrast to the 63% relapse in PBS-
treated controls, low-dose and high-dose OPG-Fc-treated
animals showed profoundly diminished relapse rates of 31
and 24% of the original movement, respectively, at 24 day
after appliance removal. More importantly, when the
immediate distal rebound of the teeth in the widened PDL
space within 2 days of appliance removal, which is similar in
all three groups and therefore not attributable to the OPG-
mediated biologic phenomenon, was subtracted from the
total relapse, the difference in relapse between the sham
control and OPG-treated groups was substantially magni-
fied. Thus, this adjusted percentage relapse of 43% in the
PBS-treated group was almost 3.5-fold greater than in the
low-dose OPG-Fc group (13%) and 40-fold greater than in
the high-dose OPG-Fc group (—1.6%). These findings
demonstrate for the first time that OPG-mediated osteoclast
activity and bone turnover play a critical role in postorth-
odontic relapse.

The enhanced postorthodontic stability of the teeth in
OPG-Fc- versus PBS-treated rats was accompanied by

increased bone regeneration together with a higher quantity
and better quality of bone around the roots as evident from
micro-CT and histologic analyses. This assessment also
revealed several novel facets of post-tooth-movement bone
maturation. Thus, immediately post-tooth movement both
the quantity of bone (BVF) and the degree of mineraliza-
tion (TMD) of alveolar bone supporting the molar roots
were markedly reduced. This was paralleled histologically
by a marked cellular infiltrate and diminished bone levels
compared with baseline pre-tooth-movement findings. This
indicates that orthodontic tooth movement leads to bone
modeling activity, resulting initially in immature alveolar
bone formation. Additionally, after 24 days of relapse, the
vehicle-treated group showed a partial improvement in
BVF but no improvement in TMD compared with the post-
tooth-movement values. These findings complement the
histologic observations, in which the bone quantity seems
to have recovered but likely lacks adequate mineralization,
and substantiate the idea that it takes more than 24 days
after active tooth movement for newly formed bone to
mature and mineralize. In contrast, at 24 days post-appli-
ance removal TMD and BVF in both the low- and high-
dose OPG-Fc-treated groups recovered to values similar to
those seen pre-tooth movement, indicating that OPG-Fc
administration enhances alveolar bone maturation and
mineralization after cessation of orthodontic tooth
movement.

In addition to the changes in the quality of bone
observed by micro-CT at day 24, cross-sectional histologic
analysis at 8, 16, and 24 days after appliance removal
demonstrated temporal differences in the rates of normal-
ization of bone and periodontal features between the two
OPG-Fc-treated groups as well as between these two
groups and the PBS-treated control group. Thus, normali-
zation of the bone and PDL occurred in the high-dose and
low-dose OPG-Fc-treated groups as early as 8 and 16 days
following orthodontic tooth movement, respectively, while
these features were just becoming evident at 24 days after
appliance removal for the PBS control group. Also, the
compression sites had a higher magnitude of cellular
infiltration and bony lysis at the end of active tooth
movement and a slower resolution of these changes during
the relapse phase than the tension sites. Moreover, the
continued presence of cellular infiltrate and decreased
TMD in saline-treated rats even after 24 days following
tooth movement correspond with continued distal move-
ment of the molar and may explain the ongoing relapse in
this group throughout the experimental period. This com-
pares with the near normalization of histologic features in
the two OPG-treated groups at 8—16 days posttreatment
and, consequently, a corresponding significant difference in
relapse between the saline- and OPG-Fc-treated groups
starting at 12 days post-tooth movement. These findings
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taken together indicate that osteoclast activity inhibits bone
maturation post-tooth movement and that inhibition of
osteoclast activity by local administration of OPG-Fc likely
enhances bone maturation, regeneration of the periodontal
structures, and diminished cellular infiltrate after ortho-
dontic tooth movement. It is possible that this rapid
improvement in bone maturation mediated by OPG-Fc
injections could provide a substantial benefit in achieving
the desired immediate stability of orthodontic treatment
results.

Although currently no other study has examined the process
by which OPG contributes to repair or regeneration of intra-
membranous bone, findings on a model of bone repair in
fracture healing which undergoes endochondral ossification
provide some insights on the role of OPG in this process. As
with orthodontic tooth movement, where RANKL is increased
at compression/resorptive sites [47] and OPG levels are ele-
vated at tension/bone formative sites during uncoupled mod-
eling [48], similar observations of temporally distinct phases
of RANKL and OPG expression are seen in models of fracture
healing. As such, the peak of OPG levels correlates with car-
tilaginous callus formation and the RANKL peak correlates
with remodeling of the callus into bone tissue [37]. Also,
chondroclast activity is upregulated in OPG™'~ knockout
mice, resulting in an increased rate of callus replacement [39].
Conversely, RANKL antibody therapy inhibits the normal
sequence of callus remodeling in a mouse long bone fracture
model, leading to greater callus size, mineral content, and
biomechanical strength [42]. These findings together with ours
point to the importance of the OPG/RANKL/RANK axis in
distinct models of bone regeneration and maturation during
both intramembranous and endochondral bone repair. Our
findings also suggest the likelihood that OPG contributes to
postorthodontic tooth stabilization by minimizing resorption
of immature bone and enhancement of its mineralization fol-
lowing appliance removal.

Besides assessing the local effects of OPG on tooth
movement and bone maturation, this study also provides
insights on systemic changes in osteoclast activity through
serum analyses on TRAP-5b and OPG. Serum TRAP-5b
levels were markedly reduced and endogenous OPG con-
centrations substantially increased immediately post-tooth
movement compared with pre-tooth-movement values.
These unexpected findings may reflect higher systemic
bone turnover present in the younger baseline group
compared with that in the 4 week older postorthodontic
rats [49]. Serum OPG concentrations gradually decreased
in PBS control animals such that at 24 days of relapse these
levels returned to those seen prior to tooth movement.
Also, serum TRAP-5b levels in PBS-treated rats demon-
strated only a partial return to pre-tooth-movement levels
over the 24 day relapse phase. These latter results indicate
that the body responds to removal of orthodontic
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appliances by normalizing systemic OPG levels but that
this does not immediately result in normalization of sys-
temic osteoclastic activity.

The dramatically increased serum OPG levels and sub-
stantially decreased TRAP-5b levels in both OPG-Fc-
treated groups compared with vehicle-injected animals at
all relapse time points demonstrate that locally injected
OPG-Fc protein accesses the systemic circulation and
affects systemic osteoclast activity. This suggests that local
administration OPG-Fc at the concentrations used in our
studies may contribute to a generalized effect on the body.
Indeed, this postulate is supported by the profound inhi-
bition of incisor relapse found in both the low-dose and
high-dose OPG-Fc groups despite delivery of the protein
locally to the first molars. Finally, although high-dose
OPG-Fc-injected animals had significantly higher levels of
systemic OPG than low-dose animals, both concentrations
of OPG-Fc resulted in similarly lowered levels of TRAP-5b
in serum and equivalent inhibition of relapse, suggesting a
plateauing effect of OPG-Fc in inhibiting osteoclastic
activity at OPG-Fc concentrations of 1.0 mg/kg or lower.
These findings suggest the need for additional studies to
determine the lowest dose of OPG-Fc required for effica-
cious inhibition of orthodontic relapse.

In conclusion, we have shown for the first time that the
regulation of osteoclast activity by the RANK/RANKL/OPG
axis immediately following active tooth movement plays a
critical role in alveolar bone maturation and postorthodontic
stability. While it has previously been shown that modulating
osteoclast activity can regulate orthodontic tooth movement,
this work provides the first evidence that osteoclasts are also
critical for post-tooth-movement relapse and stability. The
results of this study also indicate that inhibition of osteo-
clastogenesis and osteoclast activity by local delivery of
recombinant OPG protein could serve as a rational phar-
macological approach for enhancing orthodontic retention.
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