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Ultrasound enhances the healing of orthodontically induced root resorption

in rats

Zhifeng Liua; Juan Xub; Lingling Eb; Dongsheng Wangc

ABSTRACT
Objective: To examine the effect of low-intensity pulsed ultrasound (LIPUS) on orthodontically
induced root resorption in rats.
Materials and Methods: Sixty-four male Wistar rats were divided randomly and equally into four
groups (n 5 16 rats each). The rats were untreated (negative control) or treated with orthodontic
tooth movement without (positive control) or with LIPUS at 100 or 150 MW/cm2 (LIPUS-treated
groups). An initial force of 100 g was applied to the areas between the upper right central incisors
and the first molars of the rats for 10 days. Eight rats were randomly chosen from each group, and
the root resorption index (RRI) was determined with scanning electron microscopy (SEM). Upper
first molar-centered mesial-distal tissue slices were generated from the upper first molars and
peridentium of the remaining eight rats from each group. Specimen slices were analyzed with
hematoxylin-eosin and tartrate-resistant acid phosphatase staining, osteoprotegerin (OPG) and
receptor activator of nuclear factor kappa-B ligand (RANKL) immunohistochemistry, and optical
microscopy. Analyses of cell number, densitometry, and one-way analysis of variance were
performed.
Results: The LIPUS-treated groups displayed decreased RRI values, decreased osteoclast
numbers and activity levels, and increased OPG/RANKL expression ratios. High-power SEM
revealed reparative cementum in the LIPUS-treated samples.
Conclusion: LIPUS regulates osteoclast differentiation via the OPG/RANKL ratio, evoking a
reparative effect on orthodontically induced root resorption in rats. (Angle Orthod. 2012;82:48–
55.)
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INTRODUCTION

Root resorption, a side effect of orthodontic tooth
movement,1 is a widespread concern among orthodon-
tic scholars. The occurrence rate of root resorption
ranges between 20% and 100%, with 1.3% of these
cases exhibiting severe root resorption greater than
3 mm.2 Root resorption that occurs as a consequence of
orthodontic treatment has all of the features of an

inflammatory reaction; therefore, some researchers
have proposed that the condition be designated
‘‘orthodontically induced inflammatory root resorption.’’
The inflammatory extent of root resorption is deter-
mined by many factors such as the invasiveness of the
various absorptive cells, tissue sensitivity, and individ-
ual variation.3 Accordingly, it is difficult to predict the
development of orthodontically induced root resorption.

The mechanisms of root resorption are thought to be
similar to those of bone resorption. In bone resorption
processes, mechanical forces induce the activity of the
primitive osteoclasts, which differentiate and enter
osteoclastogenesis.4 Cementoclasts, which mediate
cement resorption through an acidization/degradation–
associated pathway, are similar to osteoclasts in
morphology, activity, functions, and features.5 Tar-
trate-resistant acid phosphatase (TRAP) staining is
used to mark osteoclasts and cementoclasts, and can
be used to identify bone and root resorption.

Receptor activator of nuclear factor kappa-B ligand
(RANKL) is a type-II transmembrane protein that is
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indispensible for osteoclast development and differen-
tiation. Interactions between RANKL and its trans-
membrane receptor RANK on the osteoclast precursor
surface induce osteoclast differentiation. Osteoprote-
gerin (OPG, also known as osteoclast inhibitor) is a
receptor of tumor necrosis factor and a natural inhibitor
of RANKL. Osteoprotegerin inhibits alveolar bone
resorption and increases osteoclast apoptosis by
inhibiting the ruffling of mature osteoclasts. Osteoclas-
togenesis depends on the balance of OPG and RANKL
expressed by osteoblasts.6 When the balance is
inclined towards OPG, there are fewer active osteo-
clasts; when inclined towards RANKL, there are more
active osteoclasts. According to in vivo and in vitro
studies,7 OPG and RANKL not only adjust terminal
osteoclast differentiation, but also influence resorption.
Moreover, cementoblasts also can express OPG and
RANKL and can modulate osteoclast cytogenesis.8

No effective clinical methods are available currently
to treat orthodontically induced root resorption. Topical
bisphosphonate administration can dose-dependently
inhibit root resorption in orthodontically treated rats.9

However, the clinical utility of bisphosphonate in
orthodontics is limited since bisphosphonate is a
bone-resorption inhibitor that can affect orthodontic
tooth movement.10

Transmitted ultrasonography can change the local
microenvironmental stress and induce cellular-level
biological reactions. Therapeutic ultrasound (intensity
1–3 W/cm2) produces an obvious thermal reaction in
living tissue, eliciting anti-inflammatory effects,11 stimu-
lating growth factors,12 and enhancing bone protein
expression. Based on their observation that low-
intensity pulsed ultrasound (LIPUS) can promote dental
tissue formation in rabbits, el-Bialy et al.13 speculated
that LIPUS may be used to treat root resorption.
Although this hypothesis has been verified by various
cellular studies,14–16 it has not been tested in animals.
Therefore, the purpose of the present study was to
explore the effect of LIPUS on root resorption in rats.

MATERIALS AND METHODS

Experimental Animals and Groups

A total of 64 healthy, 8-week-old male Wistar rats
(Experimental Animal Center, Academy of Military Med-
ical Sciences), each weighing about 230 g, were divided
randomly and equally into four groups (n 5 16 rats each).
Group I rats were untreated (negative control group).
Group II rats were subjected to orthodontic treatment for
10 days only (positive control group). Groups III and IV
were subjected to orthodontic treatment combined with
LIPUS treatment at 100 MW/cm2 (Group III) or 150 MW/
cm2 (Group IV) for 10 days (LIPUS-treated experimental
groups). All animals were housed individually in plastic

cages in a colony room. Animals were fed a standard
pellet diet, and water was provided ad libitum.

Animal Model Establishment

The rats were anesthetized with an intraperitoneal
injection of 70 mg/kg Dormicum during the setting and
adjustment of the orthodontic appliance. A Ni-Ti closed
coil spring (Smart Co, China) orthodontic appliance
was inserted between the upper incisors and the upper
left first molar. The appliance was fixed with a 0.1-mm
stainless wire around both teeth.17 According to the
manufacturer’s database, the force level of the coil
spring after activation is approximately 100 g. The
force magnitude was measured with a tension gauge
(Changsha Tiantian Dental Co, Ltd) when the appli-
ance was set and at the end of the experiments.

The experimental groups were treated for 20 min/d for
10 consecutive days with LIPUS at a frequency of
1.5 MHz and intensity of 100 or 150 MW/cm.2 The spring
was checked every day to prevent it from dropping off.

Preparation of Specimens for Analyses by
Scanning Electron Microscopy or Histology

After 10 days of force application, all 64 rats were killed
by neck break. The rats were allocated randomly and
equally into two groups for further analysis by scanning
electron microscopy (SEM) or histology. Specimens
intended for SEM (n 5 8 rats from each group) or
histologic analysis (n 5 8 rats from each group) were
fixed in 10% formaldehyde solution for 48 hours.

For SEM analysis, the right upper first molar,
including its surrounding bone, was cut as a block.
Next, the alveolar bone was removed delicately, so as
to avoid any root surface damage. The molars were
submerged in 1% sodium hypochlorite to eliminate any
periodontal ligament remnants. The molars were dried
for 1 week in a 40uC incubator, placed on a retainer,
plated with gold, and observed with SEM. Adobe
Photoshop ME Version 7 was used to analyze the root
resorption index (RRI), defined as the resorbed
percentage of the mesial area of the middle palatal
root of the first molar (Figure 1).

For histologic analysis, fixed samples were decalcified
with 15% EDTA solution for 45 days, dehydrated with
alcohol, rendered transparent by xylene, and embedded
in paraffin wax. Upper first molar–centered mesial-distal
tissue slices were created with a thickness of 3 to 5 mm.

Observation of Staining and Root Resorption

TRAP staining was performed with a reagent kit
(Sigma-Aldrich, St. Louis, MO). Areas (4003) around the
mesial apex of the middle palatal root were used. The
number of osteoclasts that stained positive for TRAP was
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Figure 2. SEM images of control and LIPUS-treated rats. (A) Negative control group showing smooth root surfaces ( ) and few root resorption

pits. (B) Positive control group showing widespread resorption lacunae with clear-cut yet irregular rims ( ). (C) 100 MW/cm2 LIPUS-treated

group and (D) 150 MW/cm2 LIPUS-treated group showing small isolated resorption pits ( ) and new cementum ( ) on the root surfaces.

Figure 1. RRI. Black and gray refer to areas of resorption and no resorption, respectively. RRI represents black area / (black area + gray area) *

100%. (D indicates dentin; C, cementum.)
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determined as the mean value of three observations by
optical microscopy.

Immunohistochemical Staining

Immunological staining was performed with OPG and
RANKL polyclonal antibodies (Cruz Company, Santa Cruz),
the streptavidin-peroxidase (S-P) immunohistochemical
reagent kit, and the diaminobenzidine (DAB) developing
box (Beijing Zhongshan Biochemicals Co, Ltd, Zhongshan,
China) according to the manufacturers’ instructions. In the
negative control, phosphate-buffered saline (PBS) was
substituted for the primary antibodies. Areas around the
mesial apex of the middle palatal root were selected. Image

pro-Plus 6.0 was employed to measure the mean optical
density (OD) value of the positive products from a single
optical microscopy observation (4003).

Statistical Analysis

One-way analysis of variance (ANOVA) was per-
formed with SPSS version 13.0. Multiple intergroup
comparisons were performed with the q test. The
statistical significance was defined as P , .05.

RESULTS

Electron Microscopy

The SEM results revealed smooth root surfaces and
few root resorption pits in the negative control group
(Figure 2). The positive control group displayed wide-
spread root resorption lacunae. These resorption lacu-
nae had clear-cut yet irregular rims (Figure 2B). Root
surfaces in the LIPUS-treated groups were coarser
than those in the negative control group, and small
isolated resorption pits were seen on the root surfaces
(Figure 2C,D). Under high-power lens, a large amount of
new cementum was evidently found in both LIPUS-
treated groups (Figure 3; Table 1). The total number and

Figure 3. SEM images of control and LIPUS-treated rats. (A) Negative control group showing smooth root surfaces ( ) and few root resorption

pits. (B) Positive control group showing widespread resorption lacunae with clear-cut yet irregular rims ( ). (C) 100 MW/cm2 LIPUS-treated

group and (D) 150 MW/cm2 LIPUS-treated group showing increased deposition of new cementum evidently ( ).

Table 1. Percentage of Root Resorption for All Groups (Mean 6

SD, n 5 8)

Root Resorption, %

Negative control 0.53 6 0.07

Positive control 22.12 6 2.82a

100 MW/cm2 LIPUS-treated 2.80 6 0.51a,b

150 MW/cm2 LIPUS-treated 2.78 6 0.52a,b

* LIPUS indicates low-intensity pulsed ultrasound.
a,b P , .05 by ANOVA compared with negative control (a) or force-

only positive control (b).
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area of the resorption lacunae in the LIPUS-treated
groups were smaller than those in the positive control
group.

Histologic Observations

Staining with hematoxylin-eosin (HE) indicated that
root resorption mainly occurred at the root furcation
and in the vicinity of the stress-side apex. The LIPUS-
treated groups showed less resorption than the
positive control group (Figure 4).

TRAP Staining

Except for the negative control group, all groups
displayed osteoclasts or osteoclastic cytoplasm at the
teeth roots. The alveolar bone area in the three groups
stained positive. The multinucleate cells of this area
were distributed in the resorption pits of the cementum
and the alveolar bone, forming a line along the pit rims.
The positive chroma values of TRAP staining in the
LIPUS-treated groups were weaker than those in the
positive control group (Figure 5; Table 2). These
differences between the LIPUS-treated groups and
the positive control group were statistically significant.
Fewer cells stained positive for TRAP in the LIPUS-
treated groups than in the positive control group.

Immunohistochemical Results

The OPG/RANKL expression appeared as a yellow-

brown staining in the cytoplasm. The major locations of

positive OPG/RANKL expression were the periodontal

membrane, cementum, and osteoclasts in the resorp-

tion bone pits (Figure 6). Figure 6 displays the optical

microscopy images for OPG and RANKL staining.

Table 3 summarizes the densitometric analysis of

these findings. The mean OD value for OPG of the

LIPUS-treated groups was significantly higher than

that of the positive control group. The OPG OD values

of the two LIPUS-treated groups also were significantly

different from each other. The mean RANKL OD value

of the LIPUS-treated groups was significantly lower

than that of the positive control group. The RANKL OD

values of the two LIPUS-treated groups were signifi-

cantly different from each other.

DISCUSSION

In this study, we explored the effect of LIPUS on

root resorption in rats. The RRI values were reduced

in the LIPUS-treated groups. High-power SEM re-

vealed newly developed cementum in the LIPUS-

treated groups. Fewer osteoclasts were seen in the

Figure 4. Histologic examination of compressed surfaces (A) Negative control group showing smooth root surfaces. (B) Positive control group

showing widespread resorption lacunae. (C) 100 MW/cm2 LIPUS-treated group and (D) 150 MW/cm2 LIPUS-treated group showing small

isolated resorption pits (HE staining stain, magnification 4003).
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groups treated with LIPUS than in the positive control

group, and overall the cells that were seen were

less active. These results indicate that root resorption

was less active in the LIPUS-treated groups. Finally,

100 MW/cm2 LIPUS was more effective than 150 MW/

cm2 LIPUS, consistent with previous reports that the

stimulatory effect of LIPUS is dose-dependent.18

Treatment with LIPUS increased OPG and de-
creased RANKL expression in the experimental
groups, thereby reducing the number and activity of

osteoclasts and naturally reducing root resorption. By

treating cementoblasts with high-intensity (150 MW/

cm2) or low-intensity (30 MW/cm2) ultrasonic radiation,

Dalla-Bona16 previously found that LIPUS increases

OPG expression but does not affect RANKL expression.

There are at least two potential reasons for this

observed difference in results. First, LIPUS can influ-

ence stem cells in the periodontal membrane and can

induce interactions among cells. For example, exposure

of human umbilical cord–derived mesenchymal stem

cells to LIPUS increases the mesenchymal stem cell

yield by promoting release and enhancing prolifera-

tion.19 Second, the mechanical stimulus elicits the strong

release of inflammatory factors, such as tumor necrosis

factor-a (TNF-a), interleukin-b (IL-b), and prostaglandin

E2 (PGE2), from the weakened periodontal ligament.

These inflammatory factors can stimulate RANKL

expression. LIPUS can reduce the levels of these

inflammatory factors, TNF-a and IL-b, thereby reducing

RANKL expression and osteoclast differentiation.

Figure 5. TRAP staining of the rat molar tooth root. (A) Negative control group showing few osteoclasts in the apex. (B) Positive control group

showing substantial numbers of osteoclasts in the apex. (C) 100 MW/cm2 LIPUS-treated group and (D) 150 MW/cm2 LIPUS-treated group

showing fewer osteoclasts in the apex than in the positive control group (magnification 4003).

Table 2. Osteoclast Numbers in All Groups (Mean 6 SD, n 5 8)

Number of Osteoclasts

Negative control 0.6 6 0.7

Positive control 6.6 6 1.1a

100 MW/cm2 LIPUS-treated 4.0 6 0.9a,b

150 MW/cm2 LIPUS-treated 4.1 6 1.2a,b

* LIPUS indicates low-intensity pulsed ultrasound.
a,b P , .05 by ANOVA compared with negative control (a) or force-

only positive control (b).
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Prolonged treatment with LIPUS previously was
shown to promote bone and incisor growth and repair
as well as the rate of tooth eruption during mandibular
distraction.20 Exposure of cementoblasts to LIPUS
affects the mRNA expression of alkaline phosphatase
and increases cellular calcium levels, which regulate the
mineralization process. However, LIPUS had no effect
on cell proliferation in this previous study.14 Recently,
LIPUS was shown to stimulate MSC (mesenchymal

stem cells) differentiation along cartilage and osteogen-
ic lineages.21 These findings suggest that therapeutic
ultrasound may be advantageous for stem cell and
tissue engineering applications, and has great potential
in hard tissue repair and regeneration.

The different phylogenic status between humans
and lower animals such as mice, rats, and rabbits
makes it difficult to extrapolate results from animal
models to the clinic. The growth pattern of cementum

Figure 6. RANKL immunohistochemical staining of the rat molar tooth root. (A) Apical region of the middle palatal root of orthodontic tooth

movement. (B) Negative control experiment using nonimmune IgG instead of the primary antibody. (C-F) Immunoreactivity for RANKL at day 10.

Specimens are shown after treatment with mechanical force (100 g) without (C) or with LIPUS at an intensity of 100 MW/cm2 (D) or 150 MW/cm2

(E). Untreated specimens (F) show weak immunoreactivity for RANKL compared with other groups, which show strong staining for RANKL on the

compressed side. (G-J) Immunoreactivity for OPG on day 10. Specimens are shown after treatment with mechanical force (100 g) without (G);

arrows refer to osteoclasts in resorption lacunae) or with LIPUS at an intensity of 100 MW/cm2 (H) or 150 MW/cm2 (I). Untreated specimens (J)

show weak immunoreactivity for OPG compared with the other groups. PDL indicates periodontal ligament; C, cementum. Magnification is 403

(A) or 4003 (B-J).

Table 3. Mean OPG and RANKL OD Values for All Groups (Mean 6 SD, n 5 8)

OPG OD Values RANKL OD Values

Negative control 0.0325 6 0.0017 0.0304 6 0.0018

Positive control 0.0437 6 0.0021a 0.0898 6 0.0029a

100 MW/cm2 LIPUS-treated 0.1007 6 0.0022a,b 0.0564 6 0.0024a,b

150 MW/cm2 LIPUS-treated 0.0675 6 0.0032a,b,c 0.0642 6 0.0028a,b,c

* LIPUS indicates low-intensity pulsed ultrasound; OPG, osteoprotegerin; OD, optical density; RANKL, receptor activator of nuclear factor

kappa-B ligand.
a,b,c P , .05 by ANOVA compared with negative control (a), force-only positive control (b), or 100 MW/cm2 LIPUS-treated group (c).
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in lower animals involves continuous eruption, with
cementum being formed throughout their lifetime.
However, the study of root resorption in an adequate
sample size of higher animals (eg, monkeys) is
prohibitively expensive. As a result, the rat model for
root resorption remains widely used.

Therapeutic ultrasound can be used to stimulate the
expression of bone proteins (osteonectin, osteopontin,
and bone sialoprotein) in a dose-dependent manner.22

The frequency and intensity of ultrasound used for
imaging the human brain (7.5–20 MHz) are much higher
than those used for LIPUS (1.5 MHz); therefore, the latter
is much safer. Ultrasound also is being used to diagnose
early stages of cancer. Thus, ultrasound is considered to
be noncarcinogenic and has no known deleterious
effects.23 These findings may help promote the develop-
ment of convenient, noninvasive devices to prevent tooth
resorption and improve human health and quality of life.
Additional studies on this process are recommended.

CONCLUSION

N LIPUS has a reparative effect on orthodontic root
resorption in rats by modulating the OPG/RANKL
ratio and osteoclast differentiation. Therefore, LIPUS
may serve as a potential treatment for orthodontically
induced root resorption.
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