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Introduction
Orthodontic tooth movement (OTM) is considered a periodon-
tal inflammatory process characterized by osteoclastic and 
osteoblastic bone remodeling, in which the teeth move to a 
new periodontal position formed by bone resorption in the 
compression side and bone formation in the tension side 
(Meikle 2006). In recent decades, bone homeostasis and 
inflammation, as well as related diseases, have been proved to 
be regulated by the immune system. T cells, specific tissue 
cells, and important cytokines modulate the differentiation and 
activity of osteoclasts in cases of disease, such as rheumatoid 
arthritis and osteoporosis (Arron and Choi 2000; McInnes and 
Schett 2007; Takayanagi 2007; Zaidi 2007; Lorenzo et al. 
2008). However, studies on immune regulations in OTM alve-
olar inflammation mainly focused on regional reactions 
(Krishnan and Davidovitch 2006). The systemic responses of 
the immune system to orthodontic force stimuli and these 
responses’ effects on OTM are still unclear.

During OTM, osteoclasts play an important role and are 
believed to be regulated by the immune system during the pro-
cess (Xie et al. 2008; Brooks et al. 2011). Monocytes are 
myeloid-derived cells originating in the bone marrow and 
residing in the peripheral blood and spleen, and they are con-
sidered osteoclasts precursors (Kurihara et al. 1990; Matsuzaki 

et al. 1998; Kotani et al. 2013). These cells are critical in the 
inflammatory responses to various stimuli. At least 2 major 
mice monocyte subsets are classified in the literature (Gordon 
and Taylor 2005). The inflammatory monocyte subset is char-
acterized by high expression of Ly6C, CCR2, and CD11b 
(Geissmann et al. 2003). Inflammatory monocytes can be 
recruited to aseptic inflamed tissues from the blood and spleen 
in cases of atherosclerosis, cerebral ischemia, and myocardial 
infarction (Dimitrijevic et al. 2007; Tacke et al. 2007; Swirski 
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Abstract
Periodontal inflammation and alveolar bone remodeling during orthodontic tooth movement are considered regional reactions. 
However, how systemic immune responses are involved in this regional reaction remains unclear. In this study, we explored the systemic 
effects of orthodontic force by focusing on the mononuclear phagocyte system. Flow cytometric analysis showed that the percentage of 
inflammatory monocytes, in peripheral blood and in the monocyte reservoir spleen, decreased on days 1 and 3 and then recovered on 
day 7 after force application. Along with the systemic decrease of inflammatory monocyte percentage, the number of tartrate-resistant 
acid phosphatase–positive osteoclasts increased in the compression side of the periodontal tissue during orthodontic tooth movement. 
Systemic transfusion of enhanced green fluorescent protein–labeled inflammatory monocytes showed recruitment of these monocytes 
to the orthodontic force compression side of periodontal tissues. These monocytes were colocalized with tartrate-resistant acid 
phosphatase–positive osteoclasts. In vivo and in vitro experiments showed that orthodontic force could upregulate the expression of 
pivotal monocyte chemokine monocyte chemotactic protein 1 in periodontal tissues or cultured periodontal ligament cells, which may 
contribute to monocyte recruitment to regional sites. These data suggest that orthodontic force induces systemic immune responses 
related to inflammatory monocytes and that systemic inflammatory monocytes can be recruited to periodontal tissues by orthodontic 
force stimulus.
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et al. 2009). OTM represents an aseptic inflammation. 
Although it could be deduced that inflammatory monocytes 
may be involved in OTM through osteoclast differentiation, 
this hypothesis is untested.

Orthodontic force is required for tooth movement. Many 
studies found that under mechanical force stimulus, periodon-
tal ligament cells (PDLCs) can produce immunoregulatory 
cytokines, such as tumor necrosis factor α and interferon γ 
(Kook et al. 2011; He et al. 2015). Other studies have detected 
monocyte chemotactic protein 1 (MCP-1) upregulation in peri-
odontal tissues during OTM (Madureira et al. 2012; Taddei, 
Andrade, et al. 2012). MCP-1 is reported as the pivotal chemo-
kine in inflammatory monocyte recruitment (Kuziel et al. 
1997; Lu et al. 1998). Hence, it needs to be explored whether 
MCP-1 upregulation in PDLCs could be induced by orthodon-
tic force and contribute to the recruitment of inflammatory 
monocytes to the periodontal region during OTM.

This study aimed to examine the changes of systemic 
inflammatory monocytes after orthodontic force stimuli to 
explore whether orthodontic force can induce systemic immune 
responses.

Materials and Methods

Animals

Male C57BL/6, Institute for Cancer Research (ICR), and ICR 
enhanced green fluorescent protein (EGFP) transgenic mice 
(Weitong Lihua Experimental Animal Center, Beijing, China) 
were used in this study. These mice were 6 to 8 wk of age when 
used in the experiments. All experimental procedures were 
reviewed and approved by the Animal Care and Use Committee 
of Peking University (LA2013-92).

Orthodontic Force Application

The mice were anesthetized with pentobarbital sodium  
(100 mg/kg, intraperitoneally). Orthodontic forces were deliv-
ered by coiled springs (wire size, 0.2 mm; diameter, 1 mm; 
length, 1 mm; Smart Technology, Beijing, China) tied between 
the incisors and first molars with resin (3M ESPE, USA), as pre-
viously described (Cao et al. 2014). Each coiled spring delivered 
approximately 30 g of force, measured by a dynamometer: the 
previous study showed that this force magnitude range was opti-
mal for mice orthodontic treatment (Taddei, Moura, et al. 2012). 
Both maxillary quadrants were used in this study to mimic clini-
cal orthodontic treatment (Appendix Fig.). The OTM distance 
was measured between 2 easily located points (the midpoint of 
the distal-marginal ridge of the first molar and the midpoint of 
the mesial-marginal ridge of the second molar) using a stereo 
microscope (SWZ1000, Nikon, Japan).

Orthodontic Treatment Grouping

The mice were randomly divided into 4 groups, including 1 
sham group and 3 force groups. Orthodontic force was applied 
to the 3 force groups for 1 d, 3 d, and 7 d. The sham group 

received sham operations of anesthesia and occlusal resin 
bonding and comprised mice from 1 d, 3 d, and 7 d of sham 
operations. At sacrifice, mice with additional inflammation 
because of fighting or scratching were excluded from the study. 
The final numbers of the different groups of mice and their 
treatments are shown in the Appendix Table.

Cell Isolation

Spleen cells were isolated by mechanical disruption with 
frosted glass slides. Circulating blood was obtained from a 
peritoneovenous shunt. Erythrocytes were lysed with erythro-
cyte lysis buffer (555899, BD Biosciences). Cell suspensions 
were filtered through a 40-μm nylon sieve and washed twice 
by centrifugation at 300 × g for 10 min. Cells were used imme-
diately for flow cytometric analysis.

Flow Cytometry

Isolated cells were incubated on ice for 30 min, using the fol-
lowing fluorescently conjugated antibodies for cell surface 
markers: CD11b (PE, 557397, BD Biosciences) and Ly6C 
(APC, 560595, BD Biosciences). Isotype controls used were 
Rat IgG2b, κ Isotype Control (PE, 553989, BD Biosciences) 
and Rat IgM, κ Isotype Control (APC, 551486, BD 
Biosciences). Analysis of stained cells was performed with a 
BD Accuri C6 flow cytometer (BD Biosciences). Isotype con-
trols were used to set appropriate gates. For all samples, 
approximately 50,000 cells were analyzed to generate scatter 
plots. Inflammatory monocytes in mice were labeled as 
CD11b+Ly6Chigh (Sunderkotter et al. 2004; Gordon and Taylor 
2005). In peripheral blood gating, pregating of CD11b+SSClow 
was set in CD11b vs. side scatter (SSC) field to exclude SSChigh 
CD11b+ granulocytes; Ly6Chigh gate was then set to isolate 
inflammatory monocytes from SSClow monocytes. In spleen 
inflammatory monocyte gating, a previous method was used 
(Dunay et al. 2010). In brief, CD11b+Ly6Chigh gate was set in 
the Ly6C vs. the CD11b field.

Tartrate-resistant Acid Phosphatase Staining

Maxillae were collected, fixed in 4% paraformaldehyde, 
demineralized in 15% ethylenediaminetetraacetic acid, and 
embedded in paraffin. Consecutive horizontal sections (4 µm) 
were obtained from the middle third of the distal root of each 
molar. Sections from similar positions of the roots were used 
for histologic analysis. Tartrate-resistant acid phosphatase 
(TRAP) staining (387A-1KT, Sigma-Aldrich, St. Louis, MO, 
USA) was used to label activated osteoclasts.

Immunohistochemistry

Immunohistochemistry was performed as previously described 
(Kou et al. 2015). Briefly, maxillae and spleens were removed 
en bloc and fixed in 4% paraformaldehyde. Maxillae were 
demineralized in 15% EDTA. After being embedded in paraf-
fin, the specimens were sectioned (4 μm) at the middle third of 
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the distal root of the first molars in the maxillae and at subcap-
sular regions from middle sagittal section of the spleen. 
Sections were subjected to antigen retrieval and blocked with 
5% bovine serum albumin for 30 min at room temperature. 
Then the sections were incubated overnight at 4 °C with anti-
bodies against mouse CD11b (1:400, Ab64347, Abcam) for 
spleen subcapsular monocyte staining and MCP-1 (1:200, 
Ab7202, Abcam) for periodontal staining. After extensive 
washing with phosphate-buffered saline, the sections were 
incubated with horseradish peroxidase–conjugated secondary 
antibodies and visualized using diaminobenzidine (Zhongshan 
Golden Bridge Biotechnology, Beijing, China). Sections at the 
same histologic levels were used for semiquantitative analysis.

Sorting and Transfusion of EGFP-labeled 
Inflammatory Monocytes

Spleen leukocytes from ICR EGFP mice were washed in phosphate-
buffered saline supplemented with 2% heat-inhibited fetal 
bovine serum. Cells were then transferred to a 5-mL polysty-
rene tube (Falcon, Franklin Lakes, NJ, USA) and applied 
through FACSAria II (BD Biosciences). All FITC-positive 
CD11b+Ly6Chigh cells were collected as EGFP-labeled sys-
temic inflammatory monocytes. The spleen inflammatory 
monocytes percentage was <1%; therefore, a relatively low 
transfusion concentration was selected. These systemic inflam-
matory cells were immediately transfused into ICR mice 
through the tail vein, according to methods described previ-
ously (Xu et al. 2013). In brief, 1 × 105 of systemic inflamma-
tory monocytes were suspended in 100 μL of phosphate-buffered 
saline and transfused intravenously into ICR mice immediately 
before the sham operation or orthodontic treatment (n = 3, each 
group). All mice were euthanized at day 7, and maxillae were 
collected to track EGFP-labeled inflammatory cells.

Static Compression on PDLCs

The protocol used to obtain human tissue samples was 
approved by the Ethical Guidelines of Peking University 
(PKUSSIRB-201311103) and performed with proper informed 
consent. Human PDLCs were isolated from the periodontium 
of normal bicuspids as described in previous research (Seo  
et al. 2004). Mechanical force was also applied on primary cul-
tured PDLCs after 4 passages as previously described (Mitsui 
et al. 2005; Cao et al. 2014; He et al. 2015). In brief, a layer of 
glass cover and additional metal weights on top were placed 
over an 80% confluent cell layer in 6-well plates. PDLCs were 
treated under continuous compressive force (2 g/cm2) for dif-
ferent durations, ranging from 0 to 6 h.

Quantitative Real-time Polymerase  
Chain Reaction

Total RNA was isolated from cell lysate with Trizol reagent 
(Invitrogen, Carlsbad, CA, USA). Reverse transcription and 
real-time polymerase chain reaction (PCR) was performed as 

previously described (Kou et al. 2011). The commercially syn-
thesized primers (designed by Primer Premier 5.0 software) 
used in this study were as follows:

Human GAPDH sense/antisense: 5′-ATGGGGAAGGTGA 
AGGTCG-3′/5′-GGGGTCATTGATGGCAACAATA-3′

Human MCP-1 sense/antisense: 5′-CAGCCAGATGCAATC 
AATGCC-3′/5′-TGGAATCCTGAACCCACTTCT-3′

The efficiency of the newly designed primers was confirmed 
by sequencing the conventional PCR products.

Statistical Analyses

Statistical analyses were performed using SPSS 13.0. One-way 
analysis of variance was used to compare the differences 
among groups, followed by least significant difference posttest 
in analyzing blood and spleen inflammatory monocytes per-
centage and in vitro and in vivo MCP-1 upregulation after 
static compression in PDLCs. All data are expressed as mean ± 
SEM. A value of P < 0.05 was considered statistically 
significant.

Results

Peripheral Blood Inflammatory Monocyte 
Percentage Showed Dynamic Changes from 
Early Decline to Later Recovery

After orthodontic force application, tooth movement distance 
was gradually increased from day 1 to day 7 (Fig. 1A). 
Meanwhile, peripheral blood flow cytometry was performed 
on both force and sham groups to test inflammatory monocyte 
percentage in circulating leukocytes (Fig. 1B). Sham opera-
tions on days 1, 3, and 7 showed no statistical differences (data 
not shown). Inflammatory monocyte percentage in the sham 
group was 2.45% ± 0.32%; in the force groups, it underwent 
dynamic changes from early decline to later recovery (Fig. 
1B). On day 1 of force application, the percentage significantly 
decreased to 0.31% ± 0.03% when compared with the sham 
group (P < 0.05); on day 3, the percentage remained low at 
0.53% ± 0.20%, which was also statistically lower compared 
vs. the sham group (P < 0.05); in longer treatment of 7 d, the 
percentage recovered to 1.65% ± 0.37% and showed no statis-
tical difference when compared with the sham group (Fig. 1B).

Spleen Blood Inflammatory Monocyte 
Percentage Showed Dynamic Changes from 
Early Decline to Later Recovery

The spleen is an important component of the mononuclear 
phagocyte system, and its splenic subcapsular region is the 
monocyte reservoir (Swirski et al. 2009). Thus, to explore 
whether other systemic reactions occurred besides the circulat-
ing system, inflammatory monocyte percentages in spleens 
after orthodontic force stimuli were also analyzed. Spleen flow 

 at Peking University Library on November 20, 2015 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 

© International & American Associations for Dental Research 2015

http://jdr.sagepub.com/


1298	 Journal of Dental Research 94(9) 

cytometry results showed that inflammatory monocyte per-
centage initially declined during the early stage of the response 
and then recovered later (Fig. 2A). Sham operations on days 1, 
3, and 7 showed no statistical differences in the spleen inflam-
matory monocyte percentages (data not shown). After force 
application, the inflammatory monocyte percentage signifi-
cantly decreased to 0.31% ± 0.04% on day 1, compared with 
0.66% ± 0.11% in the sham group (P < 0.05; Fig. 2B). On day 
3, the percentage remained low at 0.27% ± 0.07%, which was 
also statistically lower as compared with the sham group (P < 
0.05); on day 7, the percentage recovered to 0.67% ± 0.14% 
and showed no statistical difference when compared with the 
sham group (Fig. 2B). To further confirm the spleen monocyte 
changes, CD11b immunohistochemical staining was per-
formed. In the sham group, CD11b-positive monocytes could 
be detected in the splenic subcapsular regions (Fig. 2B). During 
OTM, decreased numbers of CD11b-positive cells were 

detected on days 1 and 3 after force application as compared with 
the sham group, but this number recovered on day 7 (Fig. 2B).

This result, with the inflammatory monocyte blood changes, 
indicated that the mononuclear phagocytic system was affected 
by orthodontic treatment.

Systemic Inflammatory Monocytes Were 
Recruited to Periodontal Region and 
Differentiated into Osteoclasts during OTM

Systemic inflammatory monocyte changes were observed after 
orthodontic force stimuli. To explore whether these responses 
participate in periodontal OTM reactions, we first stained OTM 
regional osteoclasts and counted them. TRAP staining showed 
that activated osteoclasts significantly increased in the com-
pression side of the periodontal tissues on day 3 and continued 

Figure 1.  Peripheral blood inflammatory monocyte percentage in leukocytes initially decreased and then recovered along with increasing tooth 
movement distance under orthodontic force stimulus. (A) Tooth movement distance increased with time. Bar = 100 μm. F, force; M1, first molar.  
n = 4. (B) Flow cytometric analysis of peripheral blood inflammatory monocytes. Inflammatory monocytes were gated as SSClowCD11b+Ly6Chigh. The 
left panel shows the characterizations of inflammatory monocyte percentage changes at different time points of orthodontic treatment. (Dotted boxes 
indicate gating. Numbers by boxes represent percentages.) The right panel shows the statistical result. The percentage dropped significantly on days 1 
and 3 but recovered on day 7. *P < 0.05 vs. sham; #P < 0.05 vs. force 7 d. n = 11 to 14. FSC, forward scatter; SSC, side scatter.
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to increase on day 7 (Fig. 3A). To verify inflammatory mono-
cyte recruitment, EGFP-labeled inflammatory monocytes were 
sorted from EGFP mice and transfused into wild-type orthodon-
tic mice for tracking (Fig. 3B). In the force group, EGFP-
positive cells were found in the compressed periodontal tissues 
on day 7, and these green fluorescent signals of EGFP-positive 
cells were also colocalized with TRAP-positive activated osteo-
clasts; in the sham group, no EGFP-positive cells were found in 
the periodontal tissues (Fig. 3B). These results suggested that 
regional recruitment of systemic inflammatory monocytes and 
their differentiation into osteoclasts contribute to OTM.

MCP-1 Expression in Periodontal Tissue 
Increased After Orthodontic Force Application

To investigate the mechanism of systemic inflammatory mono-
cyte migration to periodontal region during OTM, MCP-1 
expression was detected at different time points of OTM. In 
vivo immunohistochemical staining detected MCP-1 expres-
sion upregulation in the compression side of the periodontal 
ligament from day 1 to day 7, in which osteoclasts mainly 
appeared (Fig. 4A). When static compressive force was applied 
to primary cultured human PDLCs, the expression of MCP-1 
mRNA was upregulated by force treatment as early as 1 h and 

peaked at 2 h (Fig. 4B). This result indicated that compressive 
force–induced upregulation of MCP-1 expression in periodon-
tal tissues contributes to inflammatory monocyte recruitment 
at the initial stage of OTM.

Discussion
OTM has been considered a classic alveolar osteoblastic and 
osteoclastic process for decades. Explanations of the underly-
ing mechanism come from molecular, cellular, and tissue-level 
studies restricted to the periodontal region (Krishnan and 
Davidovitch 2006). The orthodontic response at the systemic 
level tended to be neglected for a long time. To date, few stud-
ies (MacLaine et al. 2010) attempted to detect the systemic 
signs in human. These studies tested serum C-reactive protein, 
tumor necrosis factor α, and interleukin 6 levels in human 
patients at 2-mo intervals after clinical appointments but 
reported negative results. Our study focused on early responses 
and demonstrated, for the first time, the responses of systemic 
inflammatory monocytes in the circulating system and spleen 
during OTM, suggesting the existence of systemic immune 
responses in orthodontic mice. This study extended conceptu-
ally our understanding of the tooth movement mechanism at 
the systemic level.

Figure 2.  Spleen inflammatory monocyte percentage initially decreased and then recovered under orthodontic force stimulus. (A) Flow cytometric 
analysis of whole spleen inflammatory monocytes, which were gated as CD11b+Ly6Chigh. The left panel shows characterizations of inflammatory 
monocyte percentages at different time points of orthodontic treatment. (Dotted boxes indicate gating. Numbers by boxes represent percentages.) 
The right panel shows the statistical result. The percentage reduced significantly on days 1 and 3 but recovered on day 7. *P < 0.05 vs. sham; #P < 
0.05 vs. force 7 d. n = 9 to 11. F, force. (B) CD11b immunohistochemical staining of the splenic monocyte reservoir region. The left panel shows the 
characterizations of splenic monocytes at different time points of orthodontic treatment. Yellow arrows indicate CD11b+ cells. Bar = 50 μm. The right 
panel shows semiquantitative assessment of splenic CD11b+ monocytes. Spleen subcapsular CD11b+ monocyte number decreased on day 1 and day 3 
and then recovered on day 7. *P < 0.05 vs. sham; #P < 0.05 vs. force 7 d. n = 4.
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In our study of mononuclear phagocyte system responses 
during OTM, the percentages of inflammatory monocytes 
were observed with early decline and later recovery in the 
blood and spleen. The decline occurred on as early as day 1 of 
treatment, indicating that the systemic recruitment of mono-
cytes to region occurred at the initial stage of OTM. After 
induction of inflammation, inflammatory monocyte recruit-
ment can be as rapid as 2 h (Henderson et al. 2003). Our in 
vitro static compression study also showed the capability of 

PDLCs to recruit monocytes in the first few hours after force 
stimulus by detecting early expression of MCP-1. We observed 
that systemic inflammatory monocyte percentages remained 
reduced on day 3 and then later recovered on day 7. This result 
is in accordance with a study on the time needed for inflamma-
tory monocytes to recover their normal number in circulation 
after depletion, in which 4 d were needed for the bone marrow 
to produce new immune cells to fill the gap (Sunderkotter et al. 
2004).

Figure 3.  Systemic inflammatory monocytes were recruited to the periodontal region and differentiated into osteoclasts under orthodontic force 
stimulus. (A) Periodontal tartrate-resistant acid phosphatase (TRAP) staining. Left panel shows characterizations of TRAP-positive osteoclasts at 
different time points of orthodontic treatment. On day 3 and day 7, TRAP-positive cells remarkably increased and were presented in the compression 
periodontal side, near the alveolar bone surface. B, alveolar bone; C, compressed periodontal ligament; F, force; P, periodontal ligament; R, root. Bar 
= 100 μm. Right panel is the semiquantitative assessment of osteoclasts. *P < 0.05 vs. sham. n = 4. (B) Tracking of transfused systemic enhanced green 
fluorescent protein (EGFP)–labeled inflammatory monocytes. The left panel is the scheme of sorting and transfusion of EGFP-positive inflammatory 
monocytes. The right panel shows the periodontal histology. Fluorescence (green) transfused EGFP-positive inflammatory monocytes were recruited 
to the compression side of the periodontal tissues and were also TRAP-positive (red) osteoclasts (yellow arrowhead). Bar = 50 μm.
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As discussed above, the systemic decline of inflammatory 
monocytes could be considered a result of system-to-region 
redistribution of immune cells. The experimental result of 
transfusion of EGFP-labeled inflammatory monocytes further 
suggested that these systemic cells redistributed to the peri-
odontal region. In addition, the transfusion result revealed that 
the inflammatory monocytes directly participate in OTM by 
undergoing osteoclasts differentiation. Meanwhile, the increas-
ing number of osteoclasts and continuous upregulation of 
MCP-1 expression indicated that the redistribution process was 
persistent. This is in accordance with the fact that teeth move 
over time. In brief, these results showed the important role of 
the participation of the systemic immune system in OTM.

Regional force stimuli induced systemic immune responses 
that directly participated in OTM. Our in vivo experiment showed 
persistent upregulation of MCP-1 expression in periodontal tis-
sues during OTM. MCP-1 is an important monocyte chemokine 
produced either constitutively or by various cell types after 
induction by oxidative stress, cytokines, or growth factors 
(Deshmane et al. 2009). The in vitro experiment showed that 
upregulation of MCP-1 expression could be induced after direct 
force stimuli in PDLCs. Thus, MCP-1 may play an important role 
in the underlying mechanism of converting force stimulus signals 
to immune signals in OTM. Other studies proposed that orth-
odontic treatment could result in the production of more than one 
type of periodontal chemokine—namely, CCL2, CCL3, and 
CCL5—in rats (Alhashimi et al. 1999), mice (Andrade et al. 
2009; Taddei, Andrade, et al. 2012; Taddei et al. 2013), and 
humans (Garlet et al. 2008; Madureira et al. 2012). Blocking the 
receptors of transgenic gene knockout mice significantly affected 
the number of osteoclasts and the distance of OTM (Andrade et 
al. 2009; Taddei, Andrade, et al. 2012; Taddei et al. 2013). Hence, 

MCP-1 is important for osteoclast recruitment in orthodontic 
treatment but may not be the only chemokine involved. 
Furthermore, the influence of force on immune regulation has 
been reported in other studies—both in production of immune 
cytokines of tumor necrosis factor α and interferon γ from PDLCs 
and in its direct modification of integrins at the nanoscale (Kook 
et al. 2011; Chen et al. 2012; He et al. 2015). Therefore, force 
stimulus in OTM induces immune reactions that are not limited 
to upregulation of MCP-1 expression in periodontal tissues. The 
systemic responses in OTM may not be restricted to the mono-
nuclear phagocyte system and need further exploration.

It should be noted that our study was based on mice orthodon-
tic models and may be different from orthodontic clinical works. 
However, this study yielded valuable insights for orthodontists 
when evaluating the treatment necessity of patients. In particular, 
for patients who already suffer from other systemic diseases, the 
risks of the monthly orthodontic force stimulus on their activated 
or suppressed immune system must be considered carefully.

In conclusion, orthodontic force induces systemic immune 
responses related to inflammatory monocytes, and systemic 
inflammatory monocytes can be recruited to periodontal tis-
sues by orthodontic force stimulus.

Author Contributions

M. Zeng, contributed to conception, design, data acquisition, anal-
ysis, and interpretation, drafted and critically revised the manu-
script; X. Kou, R. Yang, D. Liu, X. Wang, contributed to design, 
data analysis, and interpretation, critically revised the manuscript; 
Y. Song, contributed to design and data analysis, critically revised 
the manuscript; J. Zhang, contributed to data acquisition and anal-
ysis, critically revised the manuscript; Y. Yan, F. Liu, contributed 
to data acquisition, critically revised the manuscript; D. He, 

Figure 4.  Monocyte chemotactic protein 1 (MCP-1) expression in periodontal tissue increased under orthodontic force stimulus. (A) Immunohis-
tochemistry of MCP-1 in periodontal tissues. In mice periodontal tissues, MCP-1 expression was upregulated in the compression side under force 
stimulus. Most of the positively stained cells were fibroblast-like cells. F, force. Bar = 50 μm. n = 4. (B) MCP-1 mRNA expression in human PDLCs 
detected by real-time polymerase chain reaction. After compressive force application (2 g/cm2), MCP-1 mRNA levels were upregulated with prolonged 
force treatment time and peaked at 2 h. n = 3. *P < 0.05; ***P < 0.001 vs. 0 h.

 at Peking University Library on November 20, 2015 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 

© International & American Associations for Dental Research 2015

http://jdr.sagepub.com/


1302	 Journal of Dental Research 94(9) 

contributed to data analysis and interpretation, critically revised 
the manuscript; Y. Gan, contributed to data interpretation, criti-
cally revised the manuscript; Y. Zhou, contributed to conception, 
design, data acquisition, analysis, and interpretation, critically 
revised the manuscript. All authors gave final approval and agree 
to be accountable for all aspects of the work.

Acknowledgments

This work was supported by grants from the International Science 
and Technology Cooperation Program of China (2013DFB30360) 
and the National Natural Science Foundation of China (81470717). 
We thank the staff at the National Center for Protein Sciences 
Beijing (Peking University) and Xuefang Zhang for assistance 
with EGFP-positive inflammatory monocytes sorting. The authors 
declare no potential conflicts of interest with respect to the author-
ship and/or publication of this article. 

References
Alhashimi N, Frithiof L, Brudvik P, Bakhiet M. 1999. Chemokines are upreg-

ulated during orthodontic tooth movement. J Interferon Cytokine Res. 
19(9):1047–1052.

Andrade I Jr, Taddei SR, Garlet GP, Garlet TP, Teixeira AL, Silva TA, Teixeira 
MM. 2009. CCR5 down-regulates osteoclast function in orthodontic tooth 
movement. J Dent Res. 88(11):1037–1041.

Arron JR, Choi Y. 2000. Bone versus immune system. Nature. 408(6812):535–536.
Brooks PJ, Heckler AF, Wei K, Gong SG. 2011. M-CSF accelerates orthodon-

tic tooth movement by targeting preosteoclasts in mice. Angle Orthod. 
81(2):277–283.

Cao H, Kou X, Yang R, Liu D, Wang X, Song Y, Feng L, He D, Gan Y, Zhou 
Y. 2014. Force-induced Adrb2 in periodontal ligament cells promotes tooth 
movement. J Dent Res. 93(11):1163–1169.

Chen W, Lou J, Evans EA, Zhu C. 2012. Observing force-regulated conforma-
tional changes and ligand dissociation from a single integrin on cells. J Cell 
Biol. 199(3):497–512.

Deshmane SL, Kremlev S, Amini S, Sawaya BE. 2009. Monocyte chemoat-
tractant protein-1 (MCP-1): an overview. J J Interferon Cytokine Res. 
29(6):313–326.

Dimitrijevic OB, Stamatovic SM, Keep RF, Andjelkovic AV. 2007. Absence of 
the chemokine receptor CCR2 protects against cerebral ischemia/reperfusion 
injury in mice. Stroke. 38(4):1345–1353.

Dunay IR, Fuchs A, Sibley LD. 2010. Inflammatory monocytes but not neu-
trophils are necessary to control infection with Toxoplasma gondii in mice. 
Infect Immun. 78(4):1564–1570.

Garlet TP, Coelho U, Repeke CE, Silva JS, Cunha Fde Q, Garlet GP. 2008. 
Differential expression of osteoblast and osteoclast chemmoatractants in 
compression and tension sides during orthodontic movement. Cytokine. 
42(3):330–335.

Geissmann F, Jung S, Littman DR. 2003. Blood monocytes consist of two prin-
cipal subsets with distinct migratory properties. Immunity. 19(1):71–82.

Gordon S, Taylor PR. 2005. Monocyte and macrophage heterogeneity. Nat Rev 
Immunol. 5(12):953–964.

He D, Kou X, Luo Q, Yang R, Liu D, Wang X, Song Y, Cao H, Zeng M, Gan Y, 
et al. 2015. Enhanced M1/M2 macrophage ratio promotes orthodontic root 
resorption. J Dent Res. 94(1):129–139.

Henderson RB, Hobbs JA, Mathies M, Hogg N. 2003. Rapid recruitment of 
inflammatory monocytes is independent of neutrophil migration. Blood. 
102(1):328–335.

Kook SH, Jang YS, Lee JC. 2011. Human periodontal ligament fibroblasts stimu-
late osteoclastogenesis in response to compression force through TNF-alpha-
mediated activation of CD4+ T cells. J Cell Biochem. 112(10):2891–2901.

Kotani M, Kikuta J, Klauschen F, Chino T, Kobayashi Y, Yasuda H, Tamai K, 
Miyawaki A, Kanagawa O, Tomura M, et al. 2013. Systemic circulation 
and bone recruitment of osteoclast precursors tracked by using fluorescent 
imaging techniques. J Immunol. 190(2):605–612.

Kou XX, Li CS, He DQ, Wang XD, Hao T, Meng Z, Zhou YH, Gan YH. 2015. 
Estradiol promotes M1-like macrophage activation through cadherin-11 
to aggravate temporomandibular joint inflammation in rats. J Immunol. 
194(6):2810–2818.

Kou XX, Wu YW, Ding Y, Hao T, Bi RY, Gan YH, Ma X. 2011. 17beta-estradiol 
aggravates temporomandibular joint inflammation through the NF-kappaB 
pathway in ovariectomized rats. Arthritis Rheum. 63(7):1888–1897.

Krishnan V, Davidovitch Z. 2006. Cellular, molecular, and tissue-level reac-
tions to orthodontic force. Am J Orthod Dentofacial Orthop. 129(4):469.
e1–469.e32.

Kurihara N, Chenu C, Miller M, Civin C, Roodman GD. 1990. Identification of 
committed mononuclear precursors for osteoclast-like cells formed in long 
term human marrow cultures. Endocrinology. 126(5):2733–2741.

Kuziel WA, Morgan SJ, Dawson TC, Griffin S, Smithies O, Ley K, Maeda N. 
1997. Severe reduction in leukocyte adhesion and monocyte extravasation 
in mice deficient in CC chemokine receptor 2. Proc Natl Acad Sci U S A. 
94(22):12053–12058.

Lorenzo J, Horowitz M, Choi Y. 2008. Osteoimmunology: interactions of the 
bone and immune system. Endocr Rev. 29(4):403–440.

Lu B, Rutledge BJ, Gu L, Fiorillo J, Lukacs NW, Kunkel SL, North R, Gerard 
C, Rollins BJ. 1998. Abnormalities in monocyte recruitment and cytokine 
expression in monocyte chemoattractant protein 1–deficient mice. J Exp 
Med. 187(4):601–608.

MacLaine JK, Rabie AB, Wong R. 2010. Does orthodontic tooth movement 
cause an elevation in systemic inflammatory markers? Eur J Orthod. 
32(4):435–440.

Madureira DF, Taddei Sde A, Abreu MH, Pretti H, Lages EM, da Silva TA. 
2012. Kinetics of interleukin-6 and chemokine ligands 2 and 3 expression 
of periodontal tissues during orthodontic tooth movement. Am J Orthod 
Dentofacial Orthop. 142(4):494–500.

Matsuzaki K, Udagawa N, Takahashi N, Yamaguchi K, Yasuda H, Shima 
N, Morinaga T, Toyama Y, Yabe Y, Higashio K, et al. 1998. Osteoclast 
differentiation factor (ODF) induces osteoclast-like cell formation in 
human peripheral blood mononuclear cell cultures. Biochem Biophys Res 
Commun. 246(1):199–204.

McInnes IB, Schett G. 2007. Cytokines in the pathogenesis of rheumatoid 
arthritis. Nat Rev Immunol. 7(6):429–442.

Meikle MC. 2006. The tissue, cellular, and molecular regulation of orthodontic 
tooth movement: 100 years after Carl Sandstedt. Eur J Orthod. 28(3):221–240.

Mitsui N, Suzuki N, Maeno M, Mayahara K, Yanagisawa M, Otsuka K, 
Shimizu N. 2005. Optimal compressive force induces bone formation via 
increasing bone sialoprotein and prostaglandin E(2) production appropri-
ately. Life Sci. 77(25):3168–3182.

Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J, Young M, 
Robey PG, Wang CY, Shi S. 2004. Investigation of multipotent postnatal 
stem cells from human periodontal ligament. Lancet. 364(9429):149–155.

Sunderkotter C, Nikolic T, Dillon MJ, Van Rooijen N, Stehling M, Drevets DA, 
Leenen PJ. 2004. Subpopulations of mouse blood monocytes differ in matu-
ration stage and inflammatory response. J Immunol. 172(7):4410–4417.

Swirski FK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo V, 
Panizzi P, Figueiredo JL, Kohler RH, Chudnovskiy A, Waterman P, et al. 
2009. Identification of splenic reservoir monocytes and their deployment to 
inflammatory sites. Science. 325(5940):612–616.

Tacke F, Alvarez D, Kaplan TJ, Jakubzick C, Spanbroek R, Llodra J, Garin A, 
Liu J, Mack M, van Rooijen N, et al. 2007. Monocyte subsets differentially 
employ CCR2, CCR5, and CX3CR1 to accumulate within atherosclerotic 
plaques. J Clin Invest. 117(1):185–194.

Taddei SR, Andrade I Jr, Queiroz-Junior CM, Garlet TP, Garlet GP, Cunha Fde 
Q, Teixeira MM, da Silva TA. 2012. Role of CCR2 in orthodontic tooth 
movement. Am J Orthod Dentofacial Orthop. 141(2):153–160.

Taddei SR, Moura AP, Andrade I Jr, Garlet GP, Garlet TP, Teixeira MM, da 
Silva TA. 2012. Experimental model of tooth movement in mice: a stan-
dardized protocol for studying bone remodeling under compression and 
tensile strains. J Biomech. 45(16):2729–2735.

Taddei SR, Queiroz-Junior CM, Moura AP, Andrade I Jr, Garlet GP, Proudfoot 
AE, Teixeira MM, da Silva TA. 2013. The effect of CCL3 and CCR1 in 
bone remodeling induced by mechanical loading during orthodontic tooth 
movement in mice. Bone. 52(1):259–267.

Takayanagi H. 2007. Osteoimmunology: shared mechanisms and crosstalk 
between the immune and bone systems. Nat Rev Immunol. 7(4):292–
304.

Xie R, Kuijpers-Jagtman AM, Maltha JC. 2008. Osteoclast differentiation 
during experimental tooth movement by a short-term force application: 
an immunohistochemical study in rats. Acta Odontol Scand. 66(5):314–
320.

Xu X, Chen C, Akiyama K, Chai Y, Le AD, Wang Z, Shi S. 2013. Gingivae 
contain neural-crest- and mesoderm-derived mesenchymal stem cells.  
J Dent Res. 92(9):825–832.

Zaidi M. 2007. Skeletal remodeling in health and disease. Nat Med. 13(7):791–801.

 at Peking University Library on November 20, 2015 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 

© International & American Associations for Dental Research 2015

http://jdr.sagepub.com/

