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Abstract

Shockwave therapy is used in medicine due to its ability to stimulate healing

processes. The application of orthodontic force evokes an inflammatory

reaction resulting in tooth movement. Shockwave therapy might have an

effect on both inflammatory and periodonal ligament cytokine profiles. Our

aim was to evaluate the fluctuations of different inflammatory cytokines after

orthodontic force induction with and without shockwave therapy. An ortho-

dontic appliance was applied between the rats’ molars and incisors. In

conjunction with the commencement of orthodontic force, the rats were

treated with a single episode of 1000 shock waves and the gingival crevicular

fluid was collected for 3 days. The expression and concentration of different

cytokines was evaluated by a commercial 4-multiplex fluorescent bead-based

immunoassay. The level of all cytokines displayed a similar trend in both

shockwave-treated and untreated groups; the concentration peaked on the

first day and declined thereafter. In all cases, however, the cytokine levels

were smaller in the shockwave-treated than in untreated animals; a significant

difference was found for sRANKL and borderline difference for IL-6 on Day

1. We conclude that shockwave therapy during the induction of orthodontic

tooth movement influences the expression of inflammatory cytokines.
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1 Introduction

Shock waves have been applied clinically for the

first time in renal stone therapy (Graff et al. 1988),

where they were casually noted to have an effect on

the iliac bone with primary osteocyte damage,

followedbyosteoblastic stimulation.Consequently,

shockwave therapy is widely applied in musculo-

skeletal disorder treatment (Tamma et al. 2009).

Over the last 10 years, this therapy has been used

in other fields of medicine, such as treatment of

impaired wound healing, burn injuries (Novak

et al. 2008; Sathishkumar et al. 2008; Haupt 1997),

and erectile dysfunction (Vardi et al. 2012). The

recent transformation in the application of shock

waves for the stimulation of the healing process

has become possible due to the understanding of

the effects of shock waves on neovascularization,

differentiation of stem cells into injured tissue cells,

and the release of different growth factors

(Sathishkumar et al. 2008; Nishida et al. 2004;

Wang et al. 2003). Recently, the anti-inflammatory

effect of shockwave therapy has also been reported

(Mittermayr et al. 2012; Mariotto et al. 2009).

Although the biochemical mechanisms underlying

this effect are not fully understood, extracorporeal

shockwave therapy (ESWT) may modulate endog-

enous nitric oxide (NO) production by positively

affecting endothelial NO synthase activity and sub-

sequently suppressing NF-κB activation (Mariotto

et al. 2009). In addition, the level of macrophage-

derived inflammatory proteins (MIP-1α and

MIP-1β) and the oxidative burst of leukocytes

were reduced after ESWT (Mittermayr et al. 2012).

Orthodontic tooth movement is an accepted

model for inducing and resolving inflammation

during a limited time period (Proffit 2006). The

prolonged pressure applied by the orthodontic

appliance on a tooth results in its movement

due to a weakening of the periodontal ligament

(PDL), a collagenous supporting structure, as the

bone around the tooth remodels. Like any inflam-

matory reaction, it involves two phases. An acute

phase (the first 1–3 days) is initiated by resident

macrophages that undergo activation and release

inflammatory mediators enabling propagation

and maturation of the inflammatory response

(Eugene Roberts 2005). When stimulation (i.e.,

the orthodontic pressure) is sustained, a shift

occurs toward the chronic phase, which is

characterized by tissue destruction and resolution

due to persisting inflammatory process.

Rat models of tooth movement have provided

in vivo evidence that the receptor activator of

nuclear factor kappa-B ligand (RANKL), interleu-

kin-1β (IL-1β), tumor necrosis factor-alpha

(TNF-α), and IL-6 are up-regulated in PDL cells

and osteoblasts (Hazan-Molina et al. 2013; Kim

et al. 2007; Bletsa et al. 2006; Alhashimi

et al. 2001; Shiotani et al. 2001), and are important

regulators of bone remodeling in response to

mechanical stimulation (Yamaguchi 2009; Ren

et al. 2007; Kanzaki et al. 2006; Uematsu

et al. 1996; Le and Vilcek 1987). These cytokines

are elevated in the gingival crevicular fluid of

patients during orthodontic treatment within a few

days after force application (Nishijima et al. 2006;

Lowney et al. 1995; Grieve et al. 1994).

In our previous preliminary study, the appli-

cation of shock waves during orthodontic tooth

movement increased acutely the expression of

IL-1β in the gingival crevicular fluid on the com-

pressed side of the PDL on Day 2, along with

a reduction in the number of TRAP (tartrate

resistant acid phosphatase) positive cells, charac-

teristic of osteoclasts on Day 3. These findings

contradicted each other, since IL-1β is known to

promote osteoclastogenesis by inducing RANKL

(receptor activator of nuclear factor κβ ligand)

expression on stromal cells and synergizes with

RANKL to promote osteoclast differentiation

(Bloemen et al. 2011; Lee et al. 2010;

Takayanagi 2007; Teitelbaum 2006). In an

attempt to resolve the controversy, in the present

study we set out to further investigated the

expression of acute phase cytokines in the rat

periodontal tissue using an alternative method

of cytokine determination. The study was

conducted in two separate sets of experiments.

In the first set, ESWT was compared to a sham

control (no orthodontic force). In the second set,

orthodontic force was applied with and without

ESWT. Both sets of experiments lasted for

3 days; the time that covers the acute phase of

the orthodontic inflammatory reaction.
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2 Methods

All procedures were approved by the Institu-

tional Animal Care and Use Committee at the

Technion – Israel Institute of Technology

(IL-0005-01-11). Twenty one, 3–4 months old,

Wistar male rats, weighing 260–280 g were used

in this study. The animals were fed a standard

pellet diet and water ad libitum, and kept at 25 �C
(�2 �C) while alternating 12-h periods of light

and dark. Following acclimation (1 week), rats

were randomly categorized into 4 groups: with-

out an orthodontic appliance or ESWT (negative

control: n ¼ 3); ESWT without an orthodontic

appliance (ESWT: n ¼ 6); with an orthodontic

appliance and without ESWT (Spring: n ¼ 6);

and with an orthodontic appliance and ESWT

(Spring + ESWT: n ¼ 6). General anesthesia

using 75 mg/kg of ketamine (Rotexmedica;

Trittau, Germany) and 10 mg/kg of xylazine

(Eurovet Animal Health B.V.; Bladel, the

Netherlands), administered by intramuscular

injection in a hindlimb, was induced for the

application of the orthodontic appliance and for

the shock wave therapy.

2.1 The Orthodontic System

In each rat, the experimental side was randomly

chosen and the skin above it was shaved. A

stainless steel ligature wire (0.01200) (SIA; Ortho-
dontic Manufacturer, Caserta, Italy) was bent and

inserted beneath the contact point of the second

and third maxillary molars, thus enclosing the

first and second maxillary molars as a single

unit on each experimental side. The contralateral

side was not used as control due to short distance

from the experimental side and the possible

effect of the ESWT. A 20 cN sentalloy closed

coil spring (GAC; Central Islip, NY) was

attached to this ligature wire and tightened to

the teeth (Fig. 1). A transverse hole was drilled

through both maxillary incisors at the apical third

of the crown using a drilling bur and the stainless

steel ligature wire was inserted through the hole

as previously described (Ren et al. 2004). When

the pulp exposure occurred, dentine continued to

build up thus forming a bridge over the exposure

site and sealing it during the following 3 days of

the study (Inoue and Shimono 1992). The

Sentalloy® spring was activated and subse-

quently attached to the ligature wire through the

incisors. The spring’s delivered force was tested

and confirmed to produce a force of 20 � 2

cN. There was no reactivation during the experi-

mental period.

2.2 ESWT Application

Based on the literature reports (Sathishkumar

et al. 2008; Nishida et al. 2004), right after surgi-

cal application of the orthodontic appliance, the

rats from the ESWT and Spring + ESWT groups

were treated with a single application of 1000

unfocused impulses at EFD 0.1 mJ/mm2, with a

Fig. 1 Scheme of the

orthodontic rat model
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pulse rate of 5 pulses per sec by DermaGold

(MTS; Konstanz, Germany) to the area of the

maxillary tuberosity, i.e., the anatomical location

of the 3 maxillary molars.

2.3 Gingival Crevicular Fluid (GCF)
Collection

GCF was collected under general anesthesia dur-

ing the 3 days of the experiment. The upper

second molar, on the experimental side, was

isolated with cotton rolls and gently dried with

an air syringe. Paper filter strips (Periopaper –

gingival fluid collection strips; Pro Flow;

Amityville, NY) were longitudinally cut, care-

fully inserted into the gingival crevice until

mild resistance was felt and remained there for

30 s. Upon removal, the paper strips were cov-

ered with aluminum foil, placed in an Eppendorf

tube and stored at �20 �C. Paper filter strips

contaminated with saliva or blood were placed

aside and reapplied to the gingival crevice after

1 h. This method has been used to collect and

analyze small volumes of biological fluids

(Perinetti 2004). Sampling of GCF often collects

the entire volume of fluid at the sampled site, and

this volume varies from tooth site to tooth site.

As a result, an approach to GCF sampling was

developed, which standardizes the time of col-

lection and reports the data as a total amount

(or activity) in the timed sample (Lamster

et al. 1998; Lamster 1997).

2.4 Determination of Cytokine
Concentrations

Cytokine concentrations (pg/ml) were deter-

mined using a commercial 4-multiplex fluores-

cent bead-based immunoassay (Procarta

Cytokine Assay Kit; Affymetrix, Santa Clara,

CA) and the Luminex 100 IS Instrument

(Luminex; Austin, TX). The multiplex kit used

was capable of detecting pro-inflammatory

cytokines: IL-1β, IL-6, soluble receptor activator
of nuclear factor kappa-B ligand (sRANKL) and

tumor necrosis factor (TNF)-α.

For the assay, each paper strip was inserted

into an individual test tube containing 75 μL of

PBS. Tubes were kept at room temperature for

30 min, and were shaken every 5 min to facilitate

extraction of the sample from the filter papers.

After eluting the gingival crevicular fluid from

the paper strips by centrifugation at 14,000 � g

for 5 min, 50 μL aliquots/well of the gingival

crevicular fluid samples were incubated with

anti-rat multi-cytokine beads at room tempera-

ture for 1 h in the dark. The unbound material

was removed by filtration. Twenty-five

microliters/well of detection antibodies were

added, and reactions were incubated at room

temperature for 30 min in the dark. Twenty-five

microliters/well of streptavidin–phycoerythrin

were then added, and the plates were incubated

at room temperature for an additional 30 min in

the dark. One hundred and twenty microliters/

well of reading buffer were added and the plate

was read in a plate reader. Concentrations of

cytokines in each sample were extrapolated

from standards by means of Luminex

100 Integrated System 2.3 software (Austin,

TX). All samples were run in duplicates.

2.5 Statistical Analysis

Results were expressed as means � SE. The

inter-group differences in IL-1β/IL-6/sRANKL/
TNF-α levels in the multiplex fluorescent bead-

based immunoassay were assessed with the

Kruskal-Wallis test on ranks, and multiple

comparisons were adjusted by the Mann-

Whitney U test with Holm’s sequential

Bonferroni correction. The differences in the

cytokine levels between the 3 days of the experi-

ment were assessed by the Wilcoxon signed-rank

test. Statistical significance was assumed to be at

p < 0.05. Data were evaluated using SPSS soft-

ware, ver. 17 (SPSS, IBM, Chicago, IL).

3 Results

All cytokines displayed a similar trend in both

the Spring + ESWT and Spring groups, whereby
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the concentration peaked on Day 1 and decreased

thereafter (Fig. 2). In all cases, the level of

cytokines was smaller in the Spring + ESWT

than that in the Spring group. However, a statis-

tical significance was only revealed in sRANKL

concentration (p ¼ 0.01) and a borderline sig-

nificance in the IL-6 concentration (p ¼ 0.07).

On Day 2, the difference in cytokine

concentrations between the two groups

decreased, with sRANKL in the Spring + ESWT

group maintaining a borderline lower level com-

pared with the Spring group (p ¼ 0.07) (Fig. 2).

On Day 3, all differences in cytokine

concentrations between the two groups levelled

off.

The ESWT and negative control groups also

displayed a similar trend with no statistically

significant difference found between the two in

regard to all cytokines during the 3 days of the

study (Fig. 2).

We also examined the change in each cyto-

kine concentration during the 3 days in each

group. In the Spring + ESWT and Spring groups,

increases in all cytokines were significant

between Days 0 and 1 (p � 0.01). Then, on

Day 2 the level of cytokines reverted in both

groups, but the reversion was significant only

regarding sRANKL and IL-1β (p � 0.05).

In the negative control group, all cytokines

remained quite stable and their change was

largely insignificant between the days of the

experiment (Fig. 2). Nevertheless, in the ESWT

group, sRANKL displayed a significant increase

from Day 0 to Day 1 (p ¼ 0.04), and IL-1β and

IL-6 demonstrated a significant decrease from

Day 1 to Day 2 (p < 0.05).

Fig. 2 Concentration of different cytokines in the four study groups during a 3-day study. (a) – sRANKL; (b) – IL-6;

(c) – IL-1β; (d) – TNF-α. Data are means � SE. *p = 0.01; }p = 0.07
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4 Discussion

In the present study we determined the effects of

extracorporeal (ESWT) shockwave therapy on the

expression of cytokines in the periodontal tissues

after induction of orthodontic force. The force of

20 cN was distributed over the two first maxillary

molars. Since the human molar is approximately

20 times larger than the rat molar (Sato

et al. 1984), the effect of force could be estimated

to be the same as the force of 200 cN on a human

molar, which is considered a substantial orthodon-

tic force (Lee et al. 2013).

We selected the cytokines for the study which

are known to respond with increases following

orthodontic force activation (Uematsu

et al. 1996; Lowney et al. 1995; Grieve

et al. 1994) to assess the effect of ESWT on the

inflammatory process in general and on its initia-

tion in particular. The evidence of similar pattern

of biologic reactions in the presence of ESWT

indicates that this treatment leads to a modifica-

tion of the inflammatory process rather than to its

elimination. Spring activation, as a means of

achieving orthodontic tooth movement, created

an inflammatory response expressed by increases

in the concentration of all cytokines. The

increases peaked 24 h after the application of

force application, which is in accord with previ-

ous reports (Karacay et al. 2007; Ren et al. 2007;

Dudic et al. 2006; Nishijima et al. 2006; Tian

et al. 2006). The anti-inflammatory effect of

ESWT, previously reported by Mariotto

et al. (2009), was validated in this study as all

cytokines were reduced in the GCF after

shockwave therapy. Moreover, a significant

decrease in the concentration of sRANKL after

ESWT may indicate a positive effect exerted by

ESWT on bone formation. That is also supported

by Tamma et al. (2009) who have reported a

decrease in the ratio of sRANKL to

osteoprotegerin after ESWT, suggesting the inhi-

bition of osteoclastogenesis.

Several studies that have described a specific

effect of ESWT in different cell cultures

consisting of an elevation of different cytokines

(Nishida et al. 2004; Han et al. 2009; Hofmann

et al. 2008). In the present in vivo study, concen-

tration of all cytokines in both ESWT and nega-

tive control groups did not differ significantly on

all study days. Application of ESWT in in vivo

model should be followed by induction of

inflammatory processes, such as flap creation

(Yan et al. 2008), ischemia-induced myocardial

dysfunction (Nishida et al. 2004), periodontal

disease induction (Sathishkumar et al. 2008), or

spring activation during orthodontic force appli-

cation to detect changes in cytokine concentra-

tion. ESWT alone is probably insufficient to

cause an appreciable change in the tissue cyto-

kine profile.

In our previous study (Hazan-Molina

et al. 2013), we have observed a significantly

higher concentration of IL-1β in the GCF on

Day 2 in the Spring + ESWT group, along with

a reduced number of TRAP positive cells, a

constituent of osteoclasts, on the compressed

side of PDL on Day 3, compared with the Spring

alone group. IL-1β promotes osteoclastogenesis

by inducing RANKL expression in stromal cells

and synergizes with RANKL to promote osteo-

clast differentiation later on (Bloemen

et al. 2011; Lee et al. 2010; Takayanagi 2007;

Teitelbaum 2006). IL-6 is also known as a poten-

tial osteoporotic factor due to its effect on osteo-

blast lineage cells (Chung et al. 2003; Ota

et al. 2001). Thus, we could expect a similar

pattern of expression of IL-1β, IL-6, and

RANKL in the GCF during the study days. The

present findings regarding IL-1β, IL-6, and

RANKL in GCF were generally in line with the

previous reports above mentioned and with our

expectations, although only a trend was noted in

some cases. Furthermore, Han et al. (2009)

detected a non-statistically significant decrease

in IL-1β concentration, along with a statistically

significant decrease in IL-6. This divergent

effect, compared with our previous studies

(Hazan-Molina et al. 2013; Hazan-Molina

et al. 2011), might be explained by the use of

different cytokine detection methods, i.e., ELISA

and 4-multiplex fluorescent bead-based immuno-

assay in the previous and in this study, respec-

tively. The inability to detect other than IL-1β
cytokines in the GCF in the previous study and
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the contradiction in the expression pattern

between IL-1β and TRAP positive cells led us

to search for a different detection method more

suitable for small volumes. Multiplex fluorescent

bead-based immunoassay has been known as a

very sensitive and specific method for the detec-

tion and quantitation of different proteins in

human sera and other body fluids of small

volumes (Martins et al. 2004; Kellar

et al. 2001). The ability to consistently repeat

the pattern of expression of all cytokines in the

present study may indicate that the 4-multiplex

fluorescent bead-based immunoassay proved

superior to ELISA in cytokine detection in GCF.

It is likely that despite some anti-inflammatory

effect of ESWT, the initial inflammatory reaction

may be strong enough to propagate into an ortho-

dontic tooth movement. Furthermore, since a

faster healing process is expected, due to a smaller

inflammatory reaction, paradoxically an even

larger orthodontic tooth movement could be

anticipated with ESWT for the same orthodontic

force applied during the same time frame.

The surprising results presented in this study

raise a question of whether the anti-inflammatory

effect of ESWT may have a clinical potential to

be implemented in enhancing orthodontic tooth

movement. This study focused on the first 3 days

of the inflammatory reaction. During this time

frame the tooth is only minimally displaced in

the alveolar socket. Further research should be

conducted through a longer time frame (at least

3 weeks), comparing the amount of orthodontic

tooth movement with and without the effect of

ESWT. In addition, ESWT may be also

implemented in the future for the treatment of

different lesions, involving acute inflammatory

reactions in the oral cavity with damage to the

alveolar bone, due to the ability of ESWT to

reduce the inflammatory process and inhibit

osteoclastogenesis. One example is periodontal

diseases that often leads to osseous defect and

teeth loss or periodontal inflammation around

implants (peri-implantitis).

Conflicts of Interest The authors declare no conflicts of

interest in relation to this article.

References

Alhashimi N, Frithiof L, Brudvik P, Bakhiet M (2001)

Orthodontic tooth movement and de novo synthesis of
proinflammatory cytokines. Am J Orthod Dentofacial

Orthop 119:307–312

Bletsa A, Berggreen E, Brudvik P (2006) Interleukin-

1alpha and tumor necrosis factor-alpha expression

during the early phases of orthodontic tooth move-

ment in rats. Eur J Oral Sci 114:423–429

Bloemen V, Schoenmaker T, de Vries TJ, Everts V (2011)

IL-1beta favors osteoclastogenesis via supporting

human periodontal ligament fibroblasts. J Cell

Biochem 112:1890–1897

Chung HW, Seo JS, Hur SE, Kim HL, Kim JY, Jung JH,

Kim LH, Park BL, Shin HD (2003) Association of

interleukin-6 promoter variantwith bonemineral density

in pre-menopausal women. J Hum Genet 48:243–248

Dudic A, Kiliaridis S, Mombelli A, Giannopoulou C

(2006) Composition changes in gingival crevicular

fluid during orthodontic tooth movement:

comparisons between tension and compression sides.

Eur J Oral Sci 114:416–422

Eugene Roberts W (2005) Bone physiology, metabolism

and biomechanics in orthodontic practice. In:

Graber T, Vanarsdall R, Vig K (eds) Orthodontics:

current principles and techniques. Mosby, Maryland

Heights, pp 263–265

Graff J, Pastor J, Funke PJ, Mach P, Senge T (1988) Extra-

corporeal shock wave lithotripsy for ureteral stones: a

retrospective analysis of 417 cases. J Urol 139:513–516

Grieve WG 3rd, Johnson GK, Moore RN, Reinhardt RA,

DuBois LM (1994) Prostaglandin E (PGE) and

interleukin-1 beta (IL-1 beta) levels in gingival

crevicular fluid during human orthodontic tooth move-

ment. Am J Orthod Dentofacial Orthop 105:369–374

Han SH, Lee JW, Guyton GP, Parks BG, Courneya JP,

Schon LC (2009) J.Leonard Goldner Award 2008.

Effect of extracorporeal shock wave therapy on

cultured tenocytes. Foot Ankle Int 30:93–98

Haupt G (1997) Use of extracorporeal shock waves in the

treatment of pseudarthrosis, tendinopathy and other

orthopedic diseases. J Urol 158:4–11

Hazan-Molina H, Kaufman H, Reznick ZA, Aizenbud D

(2011) Orthodontic tooth movement under extracor-

poreal shock wave therapy: the characteristics of the

inflammatory reaction – a preliminary study. Refuat

Hapeh Vehashinayim 28:55–60

Hazan-Molina H, Reznick A, Kaufman H, Aizenbud D

(2013) Assessment of IL-1β and VEGF concentration

in a rat model during orthodontic tooth movement and

extracorporeal shock wave therapy. Arch Oral Biol

58:142–150

Hofmann A, Ritz U, Hessmann MH, Alini M, Rommens

PM, Rompe JD (2008) Extracorporeal shock wave-

mediated changes in proliferation, differentiation, and

gene expression of human osteoblasts. J Trauma

65:1402–1410

The Influence of Shockwave Therapy on Orthodontic Tooth Movement Induced in the Rat 63



Inoue T, Shimono M (1992) Repair dentinogenesis fol-

lowing transplantation into normal and germ-free

animals. Proc Finn Dent Soc 88(Suppl 1):183–194

Kanzaki H, Chiba M, Arai K, Takahashi I, Haruyama N,

Nishimura M, Mitani H (2006) Local RANKL gene

transfer to the periodontal tissue accelerates orthodon-

tic tooth movement. Gene Ther 13:678–685

Karacay S, Saygun I, Bengi AO, Serdar M (2007) Tumor

necrosis factor-alpha levels during two different canine

distalization techniques. Angle Orthod 77:142–147

Kellar KL, Kalwar RR, Dubois KA, Crouse D, Chafin

WD, Kane BE (2001) Multiplexed fluorescent bead-

based immunoassays for quantitation of human

cytokines in serum and culture supernatants.

Cytometry 45:27–36

Kim T, Handa A, Iida J, Yoshida S (2007) RANKL

expression in rat periodontal ligament subjected to a

continuous orthodontic force. Arch Oral Biol

52:244–250

Lamster IB (1997) Evaluation of components of gingival

crevicular fluid as diagnostic tests. Ann Periodontol

2:123–137

Lamster IB, Oshrain RL, Fiorello LA, Celenti RS, Gordon

JM (1998) A comparison of 4 methods of data presen-

tation for lysosomal enzyme activity in gingival

crevicular fluid. J Clin Periodontol 15:347–352

Le J, Vilcek J (1987) Tumor necrosis factor and interleu-

kin 1: cytokines with multiple overlapping biological

activities. Lab Invest 56:234–248

Lee B, Kim TH, Jun JB, Yoo DH, Woo JH, Choi SJ, Lee

YH, Song GG, Sohn J, Park-Min KH, Ivashkiv LB, Ji

JD (2010) Direct inhibition of human RANK+ osteo-

clast precursors identifies a homeostatic function of

IL-1beta. J Immunol 185:5926–5934

Lee J, Kim JY, Choi YJ, Kim KH, Chung CJ (2013)

Effects of placement angle and direction of orthopedic

force application on the stability of orthodontic

miniscrews. Angle Orthod 83:667–673

Lowney JJ, Norton LA, Shafer DM, Rossomando EF

(1995) Orthodontic forces increase tumor necrosis

factor alpha in the human gingival sulcus. Am J

Orthod Dentofacial Orthop 108:519–524

Mariotto S, de Prati AC, Cavalieri E, Amelio E,

Marlinghaus E, Suzuki H (2009) Extracorporeal

shock wave therapy in inflammatory diseases: molec-

ular mechanism that triggers anti-inflammatory action.

Curr Med Chem 16:2366–2372

Martins TB, Burlingame R, von Muhlen CA, Jaskowski

TD, Litwin CM, Hill HR (2004) Evaluation of

multiplexed fluorescent microsphere immunoassay

for detection of autoantibodies to nuclear antigens.

Clin Diagn Lab Immunol 11:1054–1059

Mittermayr R, Antonic V, Hartinger J, Kaufmann H,

Redl H, Teot L, Stojadinovic A, Schaden W (2012)

Extracorporeal shock wave therapy (ESWT) for

wound healing: technology, mechanisms, and clinical

efficacy. Wound Repair Regen 20:456–465

Nishida T, Shimokawa H, Oi K, Tatewaki H, Uwatoku T,

Abe K, Matsumoto Y, Kajihara N, Eto M, Matsuda T,

Yasui H, Takeshita A, Sunagawa K (2004) Extracor-

poreal cardiac shock wave therapy markedly

ameliorates ischemia-induced myocardial dysfunction

in pigs in vivo. Circulation 110:3055–3061

Nishijima Y, Yamaguchi M, Kojima T, Aihara N,

Nakajima R, Kasai K (2006) Levels of RANKL and

OPG in gingival crevicular fluid during orthodontic

tooth movement and effect of compression force on

releases from periodontal ligament cells in vitro.

Orthod Craniofac Res 9:63–70

Novak KF, Govindaswami M, Ebersole JL, Schaden W,

House N, Novak MJ (2008) Effects of low-energy

shock waves on oral bacteria. J Dent Res 87:928–931

Ota N, Nakajima T, Nakazawa I, Suzuki T, Hosoi T,

Orimo H, Inoue S, Shirai Y, Emi M (2001) A nucleo-

tide variant in the promoter region of the interleukin-6

gene associated with decreased bone mineral density.

J Hum Genet 46:267–272

Perinetti G (2004) The use of ISO endodontic paper points

in determining small fluid volumes. J Appl Sci Clin

Dent 1:7–11

Proffit WR (2006) Contemporary orthodontics. Mosby,

Maryland Heights

Ren Y, Maltha JC, Kuijpers-Jagtman AM (2004) The rat

as a model for orthodontic tooth movement – a critical

review and a proposed solution. Eur J Orthod

26:483–490

Ren Y, Hazemeijer H, de Haan B, Qu N, de Vos P (2007)

Cytokine profiles in crevicular fluid during orthodon-

tic tooth movement of short and long durations. J

Periodontol 78:453–458

Sathishkumar S, Meka A, Dawson D, House N,

Schaden W, Novak MJ, Ebersole JL, Kesavalu L

(2008) Extracorporeal shock wave therapy induces

alveolar bone regeneration. J Dent Res 87:687–691

Sato T, Iida J, Kurihara S (1984) A histological study of

the periodontal tissue changes during molar depres-

sion in rats. Nihon Kyosei Shika Gakkai Zasshi

43:361–372

Shiotani A, Shibasaki Y, Sasaki T (2001) Localization of

receptor activator of NFkappaB ligand, RANKL, in

periodontal tissues during experimental movement of

rat molars. J Electron Microsc (Tokyo) 50:365–369

Takayanagi H (2007) Osteoimmunology: shared

mechanisms and crosstalk between the immune and

bone systems. Nat Rev Immunol 7:292–304

Tamma R, dell’Endice S, Notarnicola A, Moretti L,

Patella S, Patella V, Zallone A, Moretti B (2009)

Extracorporeal shock waves stimulate osteoblast

activities. Ultrasound Med Biol 35:2093–2100

Teitelbaum SL (2006) Osteoclasts; culprits in inflamma-

tory osteolysis. Arthritis Res Ther 8:201

Tian YL, Xie JC, Zhao ZJ, Zhang Y (2006) Changes of

interlukin-1beta and tumor necrosis factor-alpha

levels in gingival crevicular fluid during orthodontic

tooth movement. Hua Xi Kou Qiang Yi Xue Za Zhi

24:243–245

Uematsu S, Mogi M, Deguchi T (1996) Interleukin (IL)-1

beta, IL-6, tumor necrosis factor-alpha, epidermal

64 H. Hazan-Molina et al.



growth factor, and beta 2-microglobulin levels are

elevated in gingival crevicular fluid during human

orthodontic tooth movement. J Dent Res 75:562–567

Vardi Y, Appel B, Kilchevsky A, Gruenwald I (2012)

Does low intensity extracorporeal shock wave therapy

have a physiological effect on erectile function?

Short-term results of a randomized, double-blind,

sham controlled study. J Urol 187:1769–1775

Wang CJ, Wang FS, Yang KD, Weng LH, Hsu CC,

Huang CS, Yang LC (2003) Shock wave therapy

induces neovascularization at the tendon-bone junc-

tion. A study in rabbits. J Orthop Res 21:984–989

Yamaguchi M (2009) RANK/RANKL/OPG during ortho-

dontic tooth movement. Orthod Craniofac Res

12:113–119

Yan X, Zeng B, Chai Y, Luo C, Li X (2008) Improvement

of blood flow, expression of nitric oxide, and vascular

endothelial growth factor by low-energy shockwave

therapy in random-pattern skin flap model. Ann Plast

Surg 61:646–653

The Influence of Shockwave Therapy on Orthodontic Tooth Movement Induced in the Rat 65


	The Influence of Shockwave Therapy on Orthodontic Tooth Movement Induced in the Rat
	1 Introduction
	2 Methods
	2.1 The Orthodontic System
	2.2 ESWT Application
	2.3 Gingival Crevicular Fluid (GCF) Collection
	2.4 Determination of Cytokine Concentrations
	2.5 Statistical Analysis

	3 Results
	4 Discussion
	References


