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Abstract 
Purpose: The purpose of this study was to investigate the expression of MMP-9 and MMP-13 on 
compression side of tooth movement. Material and Methods: Twenty male Wistar rats were used 
for this experiment. Maxillary right first molar was moved orthodontically with a constant force of 
20 g and on the side of the maxillary left first molar was used as control group. On the 4th, 10th 
and 17th days after experiment, 5 rats were euthanized, respectively. Histologic process was pro- 
cessed for immunohistochemical staining of MMP-9 and -13. Results: MMP-9 and -13 expressions 
were upregulated at day 4 after tooth movement. The expression of MMP-9 was not observed at 
days 7, 10 and 14, while the expression of MMP-13 was greatly increased at days 7 and 10. Conclu-
sion: This study suggests that different characteristics of MMPs expression may contribute to the 
remodeling process of collagen fibers in the PDL during tooth movement. 
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1. Introduction 
Orthodontic tooth movement occurs from combined biological reactions to orthodontic force in the periodontal 
ligament (PDL) and alveolar bone [1] [2]. Many studies have been performed to investigate the reaction of al-
veolar bone, however, less is known about the PDL remodeling during tooth movement. The periodontal liga-
ment originates from cranial neural crest cells that differentiate into the collagen-producing cells in the peri-
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odontal ligament [3]. The cells in the PDL secrete an extracellular matrix that organizes collagen fiber bundles. 
The PDL width is maintained throughout a life time, which is the measure of the homeostasis [4]. This is 
achieved by adaptation of the PDL to applied forces. The cells in PDL play an important role in this remodeling 
process. 

During tooth movement, the cells in the PDL play an important role in the remodeling process to adapt into 
the new position. Force loading causes recruitment of inflammatory cells, which are detected in the crevicular 
fluid as well as PDL during orthodontic tooth movement [5]-[7]. On pressure side, bone remodeling occurs by 
osteoclasts and collagen fiber remodeling occurs by fibroblasts in the PDL cells. Proteinases produced by PDL 
cells may participate in phagocytes is during the remodeling of collagen fibers [8] [9]. Matrix metalloproteinases 
(MMPs) are zinc-dependant protease involved in inflammation, degenerative diseases and wound healing [10] 
[11]. MMPs are involved in the breakdown of matrix in embryonic development, bone development and wound 
healing. Most MMPs, which are secreted as an inactive form, are activated when chopped by other extracellular 
proteinases. MMP-9 degrades type IV and V collagens and other matrix proteins [12]. MMP-13 cleaves type II 
collagen more efficiently compared to types I and III [13]. MMP-13 expression is increased during embryonic 
development, which is involved in reorganization of the collagen [14]. Some subgroups of MMP including 
MMP-8, -9 and -13 are highly expressed under inflammation such as rheumatoid arthritis and osteoarthritis [15] 
[16]. In addition, MMP-8, -9 and -13 expressions were found in the PDL after tooth movement. Thus, these 
MMPs could play an important role in the remodeling process of the PDL. The aim of this study is to test the 
hypothesis that MMP-9 and -13 are expressed on the pressure sides during tooth movement using mouse model. 

2. Material and Methods 
2.1. Experiment 
Twenty 26-week-old, male Wistar rats, approximate weight of 260 g, from Seoul University vivarium were used. 
All animals were kept in stainless-steel cages in air-conditioning and subject to standard 12-hour light/dark cycle. 
They were checked everyday in regard to their health status. This experiment was approved by the ethics com-
mittee of Seoul National University. 

A constant force of 20 g was generated using a closed coil spring (Sentalloy, 0.009 × 0.036, Tomy Incorpo-
rated, Tokyo, Japan) to move the maxillary first molar mesially. The springs were attached to the maxillary right 
first molar and the maxillary incisors using a stainless steel ligature wires. Light-curing bonding material (3 M 
Unitek, Nonrovia, CA, USA) was applied on perforations produced by diamond bur along the mesio-lingual and 
disto-lingual line angle of the maxillary first molar and the distal sides of the incisors to ensure maximum reten-
tion of the coil spring (Figure 1). Reactivation was not done during the study period. The side of the maxillary 
left first molar was used as a control. 

All procedures were performed using general anesthesia induced by subcutaneous injections of Zoletil (Tile-
tamine 125 ml, Zolazepam 125 ml; 0.04 ml Virbac, 060516 carros, France) and Rompun (Xylazirehydroxychloride 

 

 
Figure 1. Schematic drawing of the rat model showed the placement 
of orthodontic appliance. 
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23.32 mg/ml; 0.01 ml Bayer AG, 51368 Leverkusen, German). At the end of each experimental period the ani-
mals were euthanized using an overdose of an anesthetic. 

2.2. Sample Preparation, Processing and Histology 
Maxillae from mice were harvested and fixed in 4% paraformaldehyde overnight at 4˚C. Samples were decalci-
fied in a heat-controlled microwave in 19% EDTA for two weeks. After demineralization, specimens were de-
hydrated through an ascending ethanol series prior to paraffin embedding. Eight-micron-thick longitudinal sec-
tions were cut and collected on Superfrost-plus slides for histology. Hematoxylin and eosin stain (H & E) stain 
was performed to see the overall structures. 

2.3. Immunohistochemistry 
Tissue sections were deparaffinized following standard procedures. Endogenous peroxidase activity was quenched 
by 3% hydrogen peroxide for 5 min, and then washed in PBS. Slides were blocked with 5% goat serum (Vector 
S-1000) for 1 hour at room temperature. The appropriate primary antibody was added and incubated overnight at 
4˚C, then washed in PBS. Samples were incubated with appropriate biotinylated secondary antibodies (Vector 
BA-x) for 30 minutes, and washed in PBS. An advidin/biotinylated enzyme complex (Kit ABC Peroxidase 
Standard Vectastain PK-4000) was added and incubated for 30 minutes and a DAB substrate kit (Kit Vector Pe-
roxidase subtrate DAB SK-4100) was used to develop the color reaction. Antibodies used include MMP-9 (Epi-
tomics, Burlingame, CA) and MMP-13 (Abcam, Cambridge, MA). All immunohistochemical staining was per-
formed at the same time using the same concentration of antibody and for the same duration. Each assay was run 
in triplicate. 

3. Results 
3.1. Histologic Evaluation in the PDL 
In control group, the PDL is located between alveolar bone and root. The difference of the PDL width between 
tension and pressure side was not observed in the control group (Figure 2(A)). Surprising, root resorption close 
to cementoenamel junction was observed in the sections of control groups (Figure 2(A)). In the experimental 
groups, the PDL width was widened on the tension side compared to the pressure side and collagen fibers ap-
peared elongated on the tension side on day 4 after tooth movement (Figure 2(B)). On day 7 following tooth 
movement, the difference of the PDL width between tension and pressure sides was not evident (Figure 2(C)). 
On days 10 and 17 after tooth movement, the PDL width was similar between tension and pressure sides 
(Figure 2(D) and Figure 2(E)). 

3.2. Expression Pattern of MMP-9 
MMP-9 expression was not observed in both the cells lining the cementum and alveolar bone of the control 
groups (Figures 3(A)-(D)). On the other hand, the expression of MMP-9 in the PDL space was minimally ob-
served on day 4 after tooth movement (Figure 3(E)). The expression of MMP-9 in the PDL was observed on 
day 7 (Figure 3(F)) after tooth movement. However, expression of MMP-9 returned to the control group on 
days 10 and 17 after tooth movement (Figure 3(G) and Figure 3(H)). 
 

 
Figure 2. (A) The control group showed no difference in the PDL width between the tension and pressure sides; (B) The 
experiment group showed the widen PDL width on the tension side compared to the pressure side on day 4 after tooth 
movement; (C) The PDL width between tension and pressure sides showed no big difference on day 7 after tooth movement; 
(D) The PDL width between tension and pressure sides appeared to be similar on day 10; (E) on day 17 after tooth move-
ment. 
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3.3. Expression Pattern of MMP-13 
MMP-13 was expressed in neither the cells lining the cementum and alveolar bone of the control groups (Figures 
4(A)-(D)). On the other hand, the experimental group showed the expression of MMP-13 in the PDL space on 
day 4 after tooth movement (Figure 4(E)). MMP-13 was expressed throughout the PDL space in the experi-
mental group. The expression of MMP-13 in the PDL was maintained on day 7 (Figure 4(F)) and day 10 (Figure 
4(G)) after tooth movement. On the other hand, on day 17 after tooth movement, expression of MMP-13 was 
decreased (Figure 4(H)) compared to days 4, 7, and 10, which returned to the control group. Root resoprtion 
was also observed in the specimen of day 17 after tooth movement. 

4. Discussion 
The width of PDL is changed depending on the application of force during tooth movement. On the pressure 
side, the width of PDL is smaller than that of tension side due to the status of collagen fibers in the PDL. Colla-
gen fibers on the tension side are elongated, while those on the pressure side are compressed. In histologic views, 
the differences in the PDL width between tension and pressure sides are evident at day 4 after tooth movement. 
As time goes, the differences in the PDL width between tension and pressure sides are invisible. It is partly be-
cause the activation of tooth movement was not performed after placement of the closed coil spring. 

During tooth movement, the collagen fibers in the PDL are remodeled by proteases. Among MMPs, MMP-1, 
8, 9 and 13 are considered enzymes working in the PDL. In the present study, MMP-9 and -13 were not ex-
pressed on the pressure side of the control PDL. MMP-9 was not expressed in the healthy PDL cells [15], while 
 

 
Figure 3. (A)-(D) The control side showed no expression of MMP-9; (E) The minimal expression of 
MMP-9 was observed on the experimental group at day 4 after tooth movement; (F) The expression 
of MMP-9 was increased at day 7 after tooth movement; (G) Expression of MMP-9 appeared to be 
similar with the control group at days 10 and 17; (H) after tooth movement. 

 

 
Figure 4. (A)-(D) The control side showed no expression of MMP-13; (E) The expression of 
MMP-13 throughout the PDL space was observed on day 4 after tooth movement; (F) The expression 
of MMP-13 was maintained on day 7 and day 10; (G) after tooth movement; (H) The expression of 
MMP-13 returned to the control group at day 17 after tooth movement. 
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MMP-13 expression was expression in a low level [17]. In normal physiologic condition, the PDL may be under 
the process of remodeling and collagen matrix in the PDL may be degraded by MMPs. Aging affects the ex-
pression of MMPs in the PDL [18], so low level of MMP-13 may be related to aged animals in this study. 

The experimental group showed expression of MMP-9 at day 4 after tooth movement. The expression of 
MMP-9 decreased with time and no expression was observed afterwards. From this observation, it can be inter-
preted that MMP-9 was expressed during early period of tooth movement. Thus, it appeared that MMP-9 may 
participate in early remodeling process of collagen fibers in the PDL. Expression of MMP-13 was detected at 
day 4 and maintained until day 10 after tooth movement. The upregulation of MMP-13 was predominant com-
pared to that of MMP-9. Collagen matrix in the PDL may be degraded by MMPs, but the distribution of 
MMP-13 was not restricted on either cementum side or alveolar bone side. MMP-13 was observed throughout 
the PDL space, so other MMPs may contribute to degrade collagens close to cementum and alveolar bone. In 
addition, expressions of MMP-9 and -13 were in the transient nature. During tooth movement, the PDL cells 
under mechanical forces produce Interleukin-1 and prostaglandins (PG) [19] [20], which induce MMPs [21] [22]. 
This indirect regulation of MMPs for collagen fibers remodeling appeared to be similar with bone remodeling. 
Under pressure induced by mechanical force, PG in the PDL cells activates the expression of the receptor acti-
vator of nuclear factor kappa, which results in osteoclastogenesis. Thus, remodeling of collagen fibers and bone 
is regulated in the indirect way. Further studies using different age groups can provide more information related 
to collagen remodeling, which will show the role of collagen during tooth movement. In addition, increased 
number of animals can provide the quantitative analyses for expressions of MMP-9 and -13 bases on the result 
of this preliminary study. 

5. Conclusion 
The present study showed MMP-9 and -13 expressions on the pressure side after tooth movement. The expres-
sion of MMP-9 and -13 showed the different characteristics under compressive forces. Further studies are 
needed to investigate the mechanism related to PG, IL-1s and MMPs for better understanding of biology during 
tooth movement. 
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