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Static magnetic field‑induced IL‑6 
secretion in periodontal ligament 
stem cells accelerates orthodontic 
tooth movement
Shitong Luo 1,2,3,6, Zhilian Li 1,2,6, Lizhiyi Liu 1,2, Juan Zhao 4, Wenbin Ge 1,2, Kun Zhang 1,2, 
Zhi Zhou 5,6* & Yali Liu 1,2,6*

Static magnetic field (SMF) promoting bone tissue remodeling is a potential non-invasive therapy 
technique to accelerate orthodontic tooth movement (OTM). The periodontal ligament stem cells 
(PDLSCs), which are mechanosensitive cells, are essential for force-induced bone remodeling and 
OTM. However, whether and how the PDLSCs influence the process of inflammatory bone remodeling 
under mechanical force stimuli in the presence of SMFs remains unclear. In this study, we found that 
local SMF stimulation significantly enhanced the OTM distance and induced osteoclastogenesis on 
the compression side of a rat model of OTM. Further experiments with macrophages cultured with 
supernatants from force-loaded PDLSCs exposed to an SMF showed enhanced osteoclast formation. 
RNA-seq analysis showed that interleukin-6 (IL-6) was elevated in force-loaded PDLSCs exposed to 
SMFs. IL-6 expression was also elevated on the pressure side of a rat OTM model with an SMF. The 
OTM distance induced by an SMF was significantly decreased after injection of the IL-6 inhibitor 
tocilizumab. These results imply that SMF promotes osteoclastogenesis by inducing force-loaded 
PDLSCs to secrete the inflammatory cytokine IL-6, which accelerates OTM. This will help to reveal 
the mechanism of SMF accelerates tooth movement and should be evaluated for application in 
periodontitis patients.
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Abbreviations
PDLSCs	� Human periodontal ligament stem cells
BMMs	� Bone marrow macrophages
SMF	� Static magnetic field
OTM	� Orthodontic tooth movement
IL	� Interleukin
DEGs	� Differential expressed genes
Mech. loading	� Mechanical loading
TRAP	� Tartrate-resistant acid phosphatase
BV	� Bone volume
TV	� Total volume
Oc.S	� Osteoclast surface
B.S	� Bone surface

As one of the three oral diseases with the highest incidence, malocclusion seriously endangers oral function and 
patients’ physical and mental health1. Orthodontic treatment, which changes the position of teeth through tooth 
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movement, is effective for malocclusion. Orthodontic tooth movement (OTM) is a “sterile” inflammatory process 
that involves balanced tension-side bone growth and pressure-side bone resorption. Moreover, osteoclasts are 
in charge of the bone resorption necessary to create space for OTM2. Currently, comprehensive orthodontic 
treatment takes an average duration of 18–36 months. The long treatment period is not only time-consuming and 
costly for patients, but also greatly increases the risk of complications such as white spots on the tooth surface, 
dental caries, and poor periodontal health3. Therefore, accelerating tooth movement and reducing treatment 
time is an urgent unmet need in modern orthodontic treatment.

The static magnetic field (SMF) is a physical therapy widely used to treat and prevent many different 
disorders. In the patient with arthritis, SMF helps relieve pain and increases bone density in the joints4,5. 
Magnets have been used in oral clinical practice for many years. Magnetic orthodontic appliances can promote 
bone remodeling, adjust tooth and jaw position, and accelerate OTM6–8. SMF is regarded to be competent 
in regulating the inflammatory tissue remodeling process. SMF inhibits inflammation and can promote the 
subsidence of inflammation to accelerate wound healing9. SMF also attenuates levels of lipopolysaccharide 
(LPS)-induced inflammation in dental pulp stem cells10. Moreover, researchers found that SMF can promote the 
secretion of inflammatory factor IL-6 from microglia11. The OTM process takes place in an aseptic inflammatory 
microenvironment, characterized by increased inflammatory cytokine and chemokine production and enhanced 
inflammatory immune cell activation. SMF generated by a magnet has been gradually acknowledged as an 
effective factor in accelerating OTM. Thus, whether SMF mediates accelerated OTM by affecting inflammation 
levels is worthy of further investigation.

Periodontal tissue is the primary tissue stimulated by mechanical force during tooth movement. 
Periodontal ligament stem cells (PDLSCs), the primary mesenchymal stem cells of the periodontal tissues, 
are mechanosensitive cells that support the inflammation and bone reconstructing process during OTM12,13. 
Recent reports demonstrate that PDLSCs express gas molecules, chemokines, and inflammatory cytokines to 
regulate OTM’s inflammatory bone reconstructing process14,15. Osteoblasts, osteoclasts, and osteocytes, driven by 
inflammation and hormones, sustain bone remodeling16. Inflammatory cytokines, such as tumor necrosis factor-
alpha (TNF-α) and interleukin-6 (IL-6), enhance macrophage activation and antigen presentation, inducing 
osteoclast formation and regulating inflammation through different mechanisms17,18. IL-6 is assumed to be 
the “classic” pro-inflammatory bone-resorption cytokine. Moreover, researchers have discovered that IL-6 can 
increase osteoclastogenesis by signaling to osteoclast precursors and encouraging the osteoblast lineage to express 
RANKL19,20. Our previous research has revealed a significant regulatory effect of SMF on PDLSC function21. 
However, whether the IL-6 secreted by the PDLSCs under stimulation by SMF accelerates OTM requires further 
exploration.

Given the importance of IL-6 in SMF-induced acceleration of tooth movement, we hypothesized that the 
IL-6 secreted by PDLSCs under SMF stimulation influences osteoclast formation and alveolar bone remodeling, 
thereby accelerating OTM. This study aimed to investigate whether and how SMF modulates osteoclast formation, 
which promotes periodontal inflammatory bone remodeling. The findings of this experiment can advance the 
understanding of the molecular mechanism of SMF-induced acceleration of OTM and guide the orthodontic 
clinical application of magnetic materials.

Results
Establishment of the local magnetic field‑exposed rat model of OTM
To simulate clinical magnetic orthodontics appliances (Fig. S1), we measured the surface magnetic field strength 
of magnetic appliances used clinically (200 ± 50 mT; Fig. 1A). The customized, small magnetic-field exposure 
magnet we used had a diameter of 4 mm and a hole of diameter 1.5 mm in the center (Fig. 1B). The magnet was 
manually covered with a resinous material having good biological safety to reduce biological toxicity (Fig. 1C). 
The surface strength of the custom-made magnets was 200 ± 20 mT (Fig. 1D), and the magnetic field surface 
strength of the dummy magnets used in the sham surgical treatment was 0 ± 0.02 mT (Fig. 1D). The sutures were 
adequate to establish a stable local magnetic field-exposure model (Fig. 1D). We observed no significant effect 
of surgery on mastication or the body weight of the experimental animals (Fig. 1E).

SMF accelerated OTM in rats
To detect changes in tooth-movement distances in the rats 7 days after surgery, we scanned the alveolar bone 
of the euthanized rats by Micro-CT and measured the tooth-movement distances of each group (Fig. 2A). 
We found no significant difference between the tooth movement distance of 0.21 ± 0.03 mm observed in the 
OTM + sham group and the 0.20 ± 0.024 mm observed in the OTM group, suggesting that the surgical operation 
of suturing the local magnet had no significant effect on tooth movement. The OTM + SMF group presented 
much more movement than did the OTM + sham group (0.27 ± 0.023 vs 0.21 ± 0.03 mm, P < 0.05; Fig. 2E), with 
an approximately 29% increase. We measured the bone volume fraction (bone volume/total volume, BV/TV; 
Fig. 2B) in the alveolar bone on the pressure side of OTM and found a considerable decrease (P < 0.05) in the 
OTM + SMF group (Fig. 2F). It was suggested that the promotion of tooth movement by SMF may be associated 
with bone resorption. In addition, the HE-stained sections showed the tissue space of periodontal membrane 
was uniform, the fibers arranged neatly and the fibroblast distributed evenly in main fiber in control group, while 
the periodontal membrane width on the pressure side were shortened and the fibers were compressed in other 
three groups (Fig. 2C). The results revealed that SMF could accelerate tooth movement in rats.

SMF promoted the formation of pressure‑side osteoclasts
Because resorption of the alveolar bone of pressure-side is the rate-limiting step of OTM, we studied the 
distribution and area of the osteoclasts on TRAP-stained tissue sections. TRAP-positive cells were significantly 
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more densely distributed near the periodontal ligament on the pressure side than in other areas (Fig. 2D). We 
found no significant difference in percent osteoclast surface per unit of bone surface (Oc.S/B.S,%) between 
the OTM group and the OTM + sham group, but the Oc.S/B.S,% in the OTM + SMF group was substantially 
higher than that in the OTM + sham group (P < 0.01) (Fig. 2G), suggesting that SMF promoted the formation of 
osteoclasts on the pressure side, which may be the reason for accelerated tooth movement.

SMF promoted the ability of PDLSCs under mechanical pressure to induce the differentiation 
of BMMs into osteoclasts
PDLSCs are important effector cells for tooth movement. To further verify that SMF promotes the induction 
of osteoclast formation by pressure-loaded PDLSCs, we cultured four groups of PDLSCs: Control group in 
normal conditions; SMF group exposed to SMF of strength approximately 200 ± 20 mT; Mech. loading group 
with in vitro mechanical loading stimulation of 2 g/cm2; and Mech. loading + SMF group combined with Mech. 
Loading and SMF (Fig. 3A). The PDLSCs in this study have been identified (Fig. S2). After 24 h, there was 
no significant difference in the morphology of PDLSCs stimulated by mechanical loading and SMF (Fig. 3B). 
PDLSCs’ supernatant combined with the osteoclast-inducible medium induced osteoclast-differentiation in bone-
marrow macrophages (Fig. 3C). After 7 days of osteoclast differentiation experiments using PDLSC supernatant, 
the TRAP staining showed the appearance of osteoclasts in each group (Fig. 3D,E). The negative control had 
almost no TRAP-positive osteoclasts (Fig. S3). The osteoclasts in the Mech. loading + SMF group were more than 
that in the Mech. loading group (P < 0.01) (Fig. 3D). TRAP protein levels in the osteoclasts of each group were 
determined by WB, and the outcomes revealed that the TRAP protein level in the Mech. loading + SMF group 
was considerably higher than that in the Mech. loading group (P < 0.01) (Fig. 3F,G), which was coherent with 
the outcomes of TRAP staining. These findings indicate that SMF stimulation enhanced the ability of PDLSCs 
to induce osteoclast formation under pressure stimulation.

Transcriptomic analysis
To further investigate the mechanism by which SMF promotes the induction of osteoclast formation by 
mechanically pressurized PDLSCs, we performed RNA-seq on each PDLSC group. The SMF group had 171 
up-regulated genes and 39 down-regulated genes compared to the Con group. The Mech. loading group had 1184 
up-regulated genes and 171 down-regulated genes compared to the Con group. The Mech. loading + SMF group 
showed 171 up-regulated genes and 39 down-regulated genes compared to the Mech. loading group (Fig. S5). 
Compared with the Con group, the intersection of DEGs in the SMF and Mech. loading groups was obtained 
using Venn, and 262 genes were found in Venn (Fig. 4A). We found that SMF upregulated the expression level of 
IL-6 in PDLSC, and mechanical stress also increased the expression level of IL-6 (Fig. 4B,C). Clinical and basic 
studies have shown that IL-6 is important in tooth movement and is closely related to bone reconstruction22,23. 
To further explore the change of IL-6 gene expression level, by analyzing the original sequencing data, we 

Figure 1.   Established local magnetic field exposure of tooth movement in the rat model. (A) The clinical 
magnetic orthodontic appliance and its magnetic field strength. (B) Size of the customized magnet. (C) Size 
of the biosafety resin-coated magnet. (D) Modeling approaches in the OTM group, OTM + sham group, and 
OTM + SMF group. (E) Body-weight curves of rats in each group over 7 d.
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Figure 2.   SMF promoted tooth movement in rats. (A,E) Micro-CT images for measurement and analysis of 
first molar movement distance after 7 days; scale bar: 1 mm, n = 6. (B,F) Bone volume fraction (BV/TV) of the 
pressure side; the measurement areas are shown in green area of (B). (C) HE stain of four groups; TR tooth root, 
PDL periodontal ligament, AB alveolar bone. (D,G) Representative TRAP images of the pressure side, n = 3; 
osteoclast surface per bone surface (Oc.S/B.S%). All data are mean ± SD, ns, not significant vs OTM; ***P < 0.001 
vs Con group; #P < 0.05 vs OTM + sham; ##P < 0.01 vs OTM + sham.
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discovered that the Mech. loading + SMF group had higher levels of IL-6 expression than Mech. loading + sham 
group (Fig. S6). These findings implied that IL-6 might play a significant role in how SMF promoted OTM.

SMF promoted IL‑6 secretion by mechanically loaded PDLSCs
To verify the sequencing results and assess whether IL-6 is important for the induction of osteoclast development 
by PDLSCs in the presence of stress and SMF, RT-qPCR was used to assess the mRNA expression levels of IL-1β, 
TNF-α, IL-6, RANKL, OPG, and RANKL/OPG in the above four groups of PDLSCs after 24 h. The results 
showed that the SMF suppressed the mRNA expressions of the inflammatory factors TNF-α, IL-1β, and RANKL/
OPG. However, IL-6 mRNA expression was considerably higher in the SMF and Mech. Loading groups than 
in the control group. The mRNA expression of IL-6 in the Mech. loading + SMF group was significantly higher 
than that in Mech. Loading group (P < 0.01) (Fig. 5A). This indicates that IL-6 may be a key factor involved in 

Figure 3.   SMF promoted osteoclast formation by PDLSCs under mechanical stress. (A) Schematic diagram 
of the in-vitro models. (B) Morphology of PDLSCs stimulated by mechanical loading and SMF after 24 h. 
Scale bar = 20 mm. (C) Schematic diagram of osteoclast formation induced by the PDLSCs supernatant. (D,E) 
Representative TRAP images showing osteoclast formation after 7 days of induction. (F,G) Western blot image 
and semi-quantitative measurement of TRAP expression in osteoclasts after 7 days of induction. The original 
images are shown in the Appendix. n = 3; ns, not significant; **P < 0.01 vs Con group; #P < 0.05 vs Mech. loading 
group.



6

Vol:.(1234567890)

Scientific Reports |         (2024) 14:9851  | https://doi.org/10.1038/s41598-024-60621-6

www.nature.com/scientificreports/

the acceleration of OTM by SMF. The quantity of IL-6 protein in the supernatants of PDLSCs cultured under 
various conditions were detected using ELISA, and the results showed the Mech. loading + SMF group had a 
significantly higher IL-6 levels than the Mech. loading group (P < 0.05; Fig. 5B). Inhibition of the expression level 
of IL-6 mRNA after transfection knockdown of IL-6 and stressing for 24 h using PCR showed that siIL6-485 
was the most effective (P < 0.05; Fig. 5C). And the siIL-6 485 group had the lowest ability to induce osteoclasts 
(Fig. S4). Therefore, siIL6-485 was selected for subsequent experiments. Induction of osteoclast formation by 
PDLSC-conditioned medium with IL-6 inhibition under magnetic field and pressure treatment showed lower 
osteoclasts in the Mech. loading + SMF + siIL6 group than in the Mech. loading + SMF + siNC group (P < 0.05; 
Fig. 5D,E). Immunohistochemistry for IL-6 showed that positive cells were clustered near the periodontal 
membrane on the pressure side (Fig. 5F), and the IL-6 expression level was higher in the OTM + SMF group 
than in the OTM + sham group (p < 0.05) (Fig. 5G). These results suggest that SMFs promote osteoclast formation 
by promoting the secretion of IL-6 by PDLSCs under pressure, thus accelerating tooth movement.

Tocilizumab attenuated the effect of SMF in promoting OTM
To further verify IL-6 as a key factor in promoting the effect of SMF in accelerating OTM, the IL-6 inhibitor 
tocilizumab was injected locally into rat periodontal tissues. After 7 days of tocilizumab treatment, the distance 
of tooth movement was analyzed using Mirco-CT. Tocilizumab has no significant effect on the tooth movement 
distance of sham-operated rats but has a significant effect on the tooth movement distance of the rats treated 
with a SMF. Compared with 0.28 ± 0.023 mm in the OTM + SMF + NaCl group, the tooth movement distance in 
the OTM + SMF + tocilizumab group was significantly reduced by 0.23 ± 0.015 mm (P < 0.05), indicating that the 
efficiency of SMF in promoting tooth movement was significantly inhibited; however, it was still slightly higher 

Figure 4.   Transcriptomic analysis. (A) A Venn diagram shows the intersection of DEGs between the Mech. 
Loading group vs the Con group and the SMF group vs the Con group. (B) Volcano map of DEG in CON group 
vs Mech. loading group. (C) Volcano map of DEG in CON group vs SMF group. The red box shows the data 
information of the differentially expressed gene IL-6.
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than that of the OTM + NaCl group by 0.21 ± 0.03 mm (Fig. 6A,C). The outcomes of the unit bone volume fraction 
(BV/TV) on the pressure side of the tooth revealed that tocilizumab decreased bone resorption of the pressure 
side, particularly in the SMF-stimulated rats (P < 0.05; Fig. 6D). TRAP staining and semi-quantitative analysis of 
the OC.S/B.S% of the osteoclasts showed that osteoclast formation was lower in the OTM + SMF + tocilizumab 
group than in the OTM + SMF + NaCl group (P < 0.05). There was no significant difference in osteoclasts between 
the OTM + sham + tocilizumab group and the OTM + sham + NaCL group (Fig. 6B,E). These results demonstrated 
that the IL-6 inhibitor tocilizumab attenuated the effect of SMF in promoting tooth movement by reducing 
osteoclast formation and action. The mechanism of SMF facilitation of tooth movement revealed by these results 
is shown schematically in Fig. 7.

Figure 5.   SMF promoted IL-6 secretion from PDLSCs under mechanical stress. (A) RT-PCR assay of 
expression levels of IL-1β, TNF-α, IL-6, RANKL, OPG, and RANKL/OPG relative to GAPDH in PDLSCs 
after 24 h. Data for each gene was processed using the 2ΔΔCt method. (B) ELISA of IL-6 protein in PDLSCs 
supernatant after 24 h. (C) RT-PCR was performed to evaluate the efficiency of IL-6 inhibition (*P < 0.05). 
(D,E) Representative TRAP images showing osteoclast formation after seven days of induction. (F,G) 
Immunohistochemistry of IL-6 expression levels on the pressure side of tooth movement. AOD integrated 
optical density/area; n = 3; data are mean ± SD; *P < 0.05 vs Con; #P < 0.05 vs OTM + sham.
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Discussion
Many auxiliary methods of accelerating tooth movement have been reported, which can be divided into surgical 
stimulation and physical stimulation according to the different ways of application. The use of invasive procedures 
to accelerate OTM has shown clear clinical efficacy, but the pain and infection associated with the procedure is an 
important limitation of its clinical application24. Physical stimulation is more acceptable to patients for its non-
invasive and high safety characteristics. The main methods include magnetic field, laser, vibration, ultrasound. 
It is believed that the main reason to limit the speed of tooth movement is the osteoclastic activity on the pres-
sure side2, so these therapies accelerate the reconstruction of periodontal bone tissue by promoting osteoclast 

Figure 6.   Tocilizumab reduced the effect of SMF in promoting OTM. (A,C) Micro-CT images were used to 
measure and analyze first-molar movement distance with inhibitor intervention after 7 days. Scale bar = 1 mm; 
n = 6. (B,E) Representative TRAP images on the pressure side. n = 3; Oc.S/B.S, % percent osteoclast surface 
per unit of the bone surface. (D) The bone volume fraction (BV/TV) is shown on the pressure side, with the 
measurement areas shown in the inset in (A). All data are mean ± SD; ns, not significant vs OTM + sham + NaCl; 
#P < 0.05 vs OTM + SMF + NaCl.
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formation. Some studies have shown that vibration can cooperate with pressure to stimulate PDL cells to secrete 
RANKL, PGE2, IL-6, IL-8, IL-1β, TNF-α and other factors to promote osteoclast formation25–27. Because the 
laser is blocked by the tissue and cannot penetrate the periodontal tissue directly to the periodontal ligament 
and bone tissue, the current research is limited to the gingival tissue, and it is found that the laser promotes tooth 
movement mainly by promoting RNAKL, IL-6, IL-8, COX-2, TNF-α and IL-1β in the gingival tissue28–32. The 
molecular mechanism of the ultrasonic and SMF is rarely reported, which only found that the ultrasonic and 
SMF continuously promote osteoclast formation and accelerate the rate of tooth movement33,34. The SMF has 
more advantages than other physical acceleration methods because it is convenient to use, does not increase the 
time beside the dental chair and has no discomfort.

Previous studies on the acceleration of OTM by SMF have used whole-body magnetic field exposure to 
establish animal models34,35. Since the magnetic field strength generated by magnets decreases exponentially with 
distance, the actual magnetic field strength delivered to the oral cavity is very limited, and the adverse effects 
of whole-body magnetic field exposure are unclear. To better align the experimental magnetic field exposure 
mode, the magnetic field action site and the magnetic field strength with those of clinical magnetic appliances, 
we used a small custom-made magnet to generate an SMF strength of 200 ± 20 mT, which is close to the clinical 
magnet strength of 200 ± 50 mT, and achieved localized magnetic field exposure in the oral cavity. Thus, our 
local rat SMF exposure model has the advantage of being consistent with the clinical application environment. In 
addition, previous studies have shown that metallic elements produced by corroded magnets are cytotoxic and 
require encapsulation for biosafety36. To achieve isolation of the magnets from saliva, the NdFeB magnets used 
in our experiments were plated and encapsulated to increase their corrosion resistance and were encapsulated in 
a resin designed for oral use with good biosafety. Preliminary indications by body weight measurement showed 
no significant effect on the general health of the rats. Therefore, our model has the advantages of high biosafety, 
compactness, comfort, and sparing of the oral function and health of the animals.

Osteoclast resorption of bone is the initiation stage of OTM. Previous studies found that macrophages cul-
tured in vitro in the presence of an SMF of 200 mT increased osteoclast differentiation37. It has also been found 
that SMF can reduce dental bone transparency and increase the thickness of the periodontal membrane34. In 
addition to finding an increase in osteoclasts on the pressure side and a greater distance of tooth movement 
under localized SMF exposure, our study also revealed a smaller unit of bone volume on the pressure side. This 
provides new evidence for promoting osteoclast function during SMF-enhanced tooth movement compared 
with previous studies. One SMF exposure of 0.2–0.4 T has been reported to reduce osteoclasts in mouse bone 
trabeculae38. The reason for the difference may be that the animal model is different, the former was the removal 
of mechanical stimulation, but our study was the under mechanical loading.

PDLSCs are important effector cells in the OTM process and are mechanosensitive cells that can convert 
mechanical, physical stimuli into chemical signals, causing changes in relevant signaling pathways and trigger-
ing various physiological processes39. PDLSCs respond to stress with altered biological properties and release 
several cytokines, including TNF-α, IL-1, and IL-6, through paracrine pathways involved in bone remodeling 
in OTM40. Our previous study showed that SMF stimulates PDLSC proliferation, migration, differentiation, and 
activation through the AKT pathway, indicating that PDLSCs can respond to SMF stimulation21. We performed 
the first transcriptomic analysis of PDLSCs under SMF and pressure stimulation, and the observation of many 
DEGs clarified the existence of a regulatory role of SMF in PDLSC physiology. In our experiments although a 
trend of elevated IL-6 expression was found on the Mech. loading + SMF group compared to the Mech. loading 
group, no statistically significant difference was observed. We speculate that cellular heterogeneity of primary 
cells from different individuals is an important reason for this phenomenon41. The insufficient number of samples 
may also be one of the reasons.

The OTM process is an aseptic inflammatory bone remodeling process, and inhibition of inflammation 
during the period of tooth movement reduces the rate of OTM42. According to our study, inflammatory factors 
like TNF-α and IL-1β had their expression levels reduced by SMF, but IL-6 had an increased outcome. This is 

Figure 7.   Schematic diagram of the mechanism by which SMF enhances tooth movement.
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consistent with the finding that SMF promotes the elevation of IL-6 in microglia but inconsistent with the finding 
that SMF inhibits the reduction of IL-6 levels in LPS-stimulated microglia11. We believe that this difference 
is related to the fact that animal models and models of inflammation are different, our study was on sterile 
inflammation induced by mechanical stimulation, unlike LPS-induced inflammation.

Our study found significantly elevated IL-6 expression and increased osteoclasts in SMF-exposed, stress-
loaded cell and animal models, suggesting that IL-6 plays an essential role in OTM. One study elevated blood 
levels of IL-6 after orthodontic surgery. IL-6 regulates osteoclast formation by regulating the secretion of 
cytokines such as RANKL. Moreover, IL-6 knockout mice exhibited reduced osteoclasts43, and IL-6 binds to 
IL-6 receptor induced significant osteoclast formation, suggesting a close relationship between this cytokine and 
osteoclast formation44. In an in-vitro model, we found that SMF potentiated IL-6 secretion by PDLSCs under 
mechanical stress, and we speculate that SMF promotes OTM by promoting a high expression of IL-6 on the 
stress side of the tooth and by maintaining the inflammatory microenvironment required for OTM on the stress 
side to stimulate osteoclast formation.

Tocilizumab is a commercially available IL-6 inhibitor, and previous studies have shown that inhibition can 
be achieved by local injection45. We used tocilizumab for local injection in a pressure-loaded experimental model 
of SMF exposure and observed that it significantly inhibited the effect of SMF in promoting OTM. However, the 
distance of OTM remained greater than that of the OTM + NaCl group, suggesting that SMF promotes OTM 
through additional signaling and molecular effects that will require in-depth investigation. Orthodontic bone 
remodelling is a complex aseptic inflammatory response process involving numerous inflammatory factors and 
immune cells, etc. IL-6 is one of the participants in mechanical force-induced tooth movement, and there are 
other factors that synergise in a complex environment in vivo. In addition, IL-6 was not elevated proportion-
ally in the Mech. loading group as in the Mech. loading + SMF group, and SMF promoted IL-6 expression. The 
effect of the inhibitor was more obvious in the OTM + SMF group with the largest difference in IL6 expression. 
Therefore, tooth movement in the OTM group was inhibited to some extent after inhibitor administration but 
not as significantly as in the Mech. loading + SMF group.

In summary, our study clarifies that SMF can promote OTM. SMF may promote IL-6 secretion from PDLSCs 
through paracrine effects while reducing the production of TNF-α and IL-1 and other inflammatory molecules. 
The aseptic inflammatory microenvironment required to maintain OTM on the stress side can stimulate osteo-
clast formation to accelerate OTM. The results of this study are important for elucidating the mechanism of SMF 
in promoting OTM and give a biological foundation and explanation for the clinical use of SMF for accelerating 
OTM. In addition, this study has important implications for the precise regulation of tooth mobility, suggesting 
the use of SMF to accelerate the movement of the target tooth while using IL-6 inhibitors to reduce the undesired 
movement of another tooth. We thus provide a new OTM control concept for orthodontists to control different 
tooth movements precisely.

Conclusion
SMF can promote tooth movement in rats. The SMF promotes IL-6 secretion from PDLSCs in the presence of 
mechanical pressure, and inhibition of IL-6 signaling can significantly attenuate the accelerating effect of SMF 
on tooth movement.

Materials and methods
Animals
All the animal experiments were approved by the Ethics Committee of the Animal Laboratory of Kunming Medi-
cal University (no. Kmmu20220137). The Laboratory Animal Centre at Kunming Medical University provided 
specific-pathogen-free, 8-week-old, healthy male Sprague–Dawley rats. The rats were maintained in a barrier 
environment throughout the experiments and fed conventional food and water. Moreover, frequent body weight 
measurements were made regularly. The testing was conducted in accordance with the ARRIVE recommenda-
tions, the U.K. Animals (Scientific Procedures) Act, 1986 and related regulations, EU Directive 2010/63/EU for 
animal experiments, or the National Institutes of Health’s manual for the use and care of laboratory animals 
(NIH Publications No. 8023, revised 1978).

OTM model
Rats were anesthetized with 3% sodium pentobarbital (0.1 mL/100 g) by intraperitoneal injection. Retention 
grooves approximately 0.1-mm deep were ground into the mesial surface of the left maxillary first molar and into 
both sides of the maxillary incisors. A 4-mm-long NiTi constant-force tension spring (50 g, SuHang, Shenzhen, 
China) was fixed between the left upper first molar and the maxillary incisors with a 0.20-mm metal-wire liga-
ture. The tension spring was adjusted using a spring dynamometer to produce a horizontal force of 50 g before 
fixation. Light-cured resin (3M, St. Paul, MN, USA) was used to reinforce the upper-incisor ligature. The model 
did not demold during the experiments.

Localized magnetic‑field exposure model
While the OTM model was being established, the OTM + SMF group received a 5-0 nylon suture (Lingqiao, 
Ningbo, China) to fix a NdFeB magnet (Yuexing Magnet Co., Shenzhen, China) to the left buccal mucosa of 
the rat opposite the first molar. The magnets were 4 mm in diameter and 1-mm high, with a 1.5-mm-diameter 
circular hole in the center and covered with a biosafe resin (3M, St. Paul, MN) to avoid possible cytotoxic damage. 
The OTM + sham group received 5-0 nylon sutures to fix a non-magnetic metal dummy with the same size and 
shape to the same position in the left cheek of the rats. The magnets and the non-magnetic metal-loaded dummy 
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did not affect the normal functions of the rats, such as mastication. The magnetic field strength of the magnet 
was measured at 200 ± 20 mT using a Tesla Gaussmeter (Nohawk, Tianjin, China).

IL‑6 inhibitor injections
Tocilizumab (GlpBio, Montclair, CA) is an anti-IL-6R neutralizing antibody that competitively binds IL-6R to 
inhibit the function of IL-6. Tocilizumab was diluted to 10 mg/mL with saline (Kelun, Sichuan, China) using a 
previously reported concentration45. The inhibitor group was injected with 50 μL of tocilizumab locally in the 
vestibular sulcus of the upper-left first molar, and the control group was injected with 50 μL of saline (Kelun, 
Sichuan, China) at the corresponding site. The injections were performed on days 1 and 4 of the experiment.

Micro‑CT analyses
Seven days after the models were established, the maxillary jaws and teeth were picked up and fixed in a 4% 
formaldehyde solution for 24 h. The maxillary jaws and tooth were scanned with a micro-computed tomography 
(micro-CT) system (PINGSENG Healthcare Inc., Kunshan, China). Images were reconstructed and analyzed 
using Mimics software 21.0 (Materialise, Leuven, Belgium). In the micro-CT image, the distance between the 
crowns of the first left two molars in the maxillary jaws was measured in a direction parallel to the direction of 
OTM as the distance of tooth movement. The OTM distance was determined by investigators blinded to the 
group.

Histological analysis
After the CT scan, the rat maxillae were immersed in a 10% solution of EDTA (MVS-0098, MXB, FuZhou, China) 
for decalcification, and the solution was altered every 3 days. After 21–28 days, the tissue could be punctured 
without resistance with a sterile needle to establish the completion of decalcification. Afterward, the tissues were 
dehydrated in graded ethanols and embedded in paraffin. Four μm thick paraffin slices were cut and stained with 
hematoxylin and eosin (HE) and tartrate-resistant acid phosphatase (TRAP).

HE staining was used for histomorphological analysis. The sections were dewaxed and dehydrated, rinsed with 
distilled water, stained with hematoxylin for 15 min, rinsed with tap water, fractionated with 1% hydrochloric 
acid in alcohol for 2 s, rinsed, washed in phosphate-buffered saline (PBS), stained in eosin for 30 s, dehydrated, 
air-dried, and sealed with gum.

TRAP staining was used to identify and analyze osteoclasts. Sections were dewaxed, dehydrated, and incu-
bated in TRAP solution (Sigma-Aldrich, St. Louis, MO) in accordance with the manufacturer’s instructions 
at 37 °C for 60 min, after which the osteoclasts appeared burgundy under the microscope. Sections were then 
stained with hematoxylin for 10 s, rinsed, fractionated with 1% hydrochloric acid in alcohol for 1 s, rinsed, 
dehydrated with 75% ethanol for 10 s, air-dried, and sealed with gum. The osteoclast area was analyzed using 
Image J-Pro plus 6.0 (National Institutes of Health, Bethesda, MD).

Immunohistochemistry
After dewaxing and dehydration, the antigens in the EDTA-treated samples were heat-repaired in an oven at 
100 °C for 40 min. Three percent hydrogen peroxide (SP KIT-A2, MXB, Fuzhou, China) was used to block 
the sections for 10 min and in goat serum for 45 min (SP KIT-B1, MXB, Fuzhou, China). Sections were then 
incubated with IL-6 primary antibody (1:400; GXP263019, Genxspan, Alabama, USA) overnight at 4 °C for 
approximately 10 h. Slices were then washed with PBS (Hyclone, Cytiva, Marlborough, MA, USA) and incubated 
with a secondary antibody (KIT-5010, Maishin, Fuzhou, China) for 15 min at 37 °C. Nuclei were re-stained with 
hematoxylin (DAB0031, MXB, Fuzhou, China) for 30 s, dehydrated, and sealed in gum. For semi-quantitative 
analysis, the average optical density (AOD) of IL-6 in the stained tissues was calculated using Image J-Pro plus 
6.0 (National Institutes of Health, Bethesda, MD). AOD = (integrated optical density)/area.

Isolation and culture of periodontal stem cells
This part of the experiment was approved by the Ethics Committee of the Affiliated Stomatological Hospital of 
Kunming Medical University (No. KYKQ2022MEC030), and informed consent was obtained from the patients 
in accordance with the Declaration of Helsinki. PDLSCs were isolated and cultured as previously described46. 
Briefly, PDLSCs were taken from the premolars of young patients 12–20 years old. These premolars had been 
removed for orthodontic treatment and were healthy teeth without dental or periodontal disease. Primary 
PDLSCs were isolated from these premolars and cultured after enzymic digestion in α-MEM medium (Hyclone, 
Logan, Utah) with 15% fetal bovine serum (FBS; BI, Israel) and 100 U/mL penicillin/streptomycin (Hyclone) 
for 7 days at 37 °C in a humidified environment with 5% CO2. When cell density reached ≥ 70%, the cells were 
purified, expanded, and subjected to limiting dilution analysis.

Cellular additive force model
P5-generation PDLSCs in good condition were inoculated into 6-well plates (Corning Incorporated, Corning, NY, 
USA) at 2 × 105 cells per well and pressure-loaded when cell confluence reached 80%. A 33-mm-diameter, 17 g 
transparent glass plate (Qingxing Glass, Shenzhen, China) was placed flat on the cell layer, in uniform contact 
with the cell layer, exerting a pressure of 2 g/cm2 on the cells. The PDLSCs were subjected to stress continuously 
for 24 h, followed by collecting the conditioned medium.
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Cellular magnetic‑field exposure model
Cells were stimulated by a customized NdFeB SMF device (Li Tian Magnetics Technology Co., Ltd., Sichuan, 
China), which could generate a magnetic field with a strength of 200 ± 50 mT. Cells were exposed to the magnetic 
field for 24 h, and then the conditioned medium was collected. All plates were incubated in the same incubator.

Extraction and culture of bone marrow macrophages (BMMs)
BMMs were extracted from 6-week-old C57 mice tibias and femurs. Monocytes were raised in α-MEM medium 
with 10% FBS and 25 ng/mL of M-CSF (CB34, Novoprotein, Shanghai), and nonadherent cells were washed 
after 2 days to obtain macrophages. Macrophages were cultured in PDLSC-conditioned medium and a-MEM 
containing 10% FBS (BI, Israel), and thereafter with osteoclast induction solution containing 100 ng/mL of 
RANKL (CR06, Novoprotein, Shanghai) and 25 ng/mL of M-SCF. TRAP staining was used to detect osteoclasts 
after 5–7 days.

Western blot
Before immunoblotting, protein content was determined using the assay kit (BL521A, White Shark, Hefei, China), 
and all samples were adjusted to the same protein concentration. To separate equal quantities of protein, 12.5% 
polyacrylamide-gel electrophoresis was used. After electrophoresis, polyvinylidene fluoride membranes (Mil-
lipore, Billerica, MA, USA) were used to transport proteins. Next, the membranes were incubated with various 
primary antibodies, including TRAP (1:1000; #13908, CST, Germany), and b-tubulin (1:20,000; Proteintech, 
Rosemont, IL, USA), following treatment with a secondary antibody labeled with horseradish peroxidase (goat 
anti-rabbit, 1:5000, CST, Germany). Protein bands were detected using an electrochemiluminescence detection 
kit (P0018, Biyuntian, Shanghai, China) and an electrochemical gel imaging system (ChemiDocTM XPS+; Bio-
Rad, Hercules, CA, USA). b-Tubulin expression was used as an internal reference.

siRNA transfection
GenePharma (Shanghai, China) supplied the small interfering RNAs (siRNAs). The RNA sequences are provided 
in Supplementary Table 1. IL6-siRNA or siNC was transfected into hPDLSCs (70% confluent) in accordance with 
the manufacturer’s instructions (Lipofectamine™ 2000 Transfection Reagent, Invitrogen, USA). The transfec-
tion efficiency was calculated by observing the number of positively expressed cells under a confocal scanning 
microscope after 24 h. Subsequently, a pressure of 2 g/cm2 was applied to the cells for 24 h and the conditioned 
medium was collected. The effect of interference was determined using RT-PCR.

Real‑time PCR
Cellular RNA was isolated using the Total RNA Extraction Kit (Tangan, Branford, CT, USA). We converted 
1000 ng of RNA to cDNA using the PrimeScript™ RT reagent Kit with the gDNA Eraser (RR047, Takara, Shiga, 
Japan). Real-time quantitative PCR was performed with TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) (RR820, 
Takara). Amplification conditions were as follows: 95 °C for 30 s, 40 cycles at 95 °C for 5 s, and 60 °C for 34 s. 
Relative gene expression levels were quantified using the 2−ΔΔCt method. The mRNA expressions of the target 
genes were normalized to that of b-actin. The primer sequences are provided in Supplementary Table 2.

RNA‑seq analysis
The PDLSCs were exposed to an SMF and mechanical loading for 24 h. RNA was then obtained using the above 
technique. The quality of the RNA was evaluated on a 2100 Expert Bioanalyzer (Agilent, Santa Clara, CA, USA). 
Shanghai Majorbio Bio-Pharm Technology selected qualified RNA samples for library creation and sequencing 
on the NovaSeq 6000 platform (Illumina, San Diego, CA, USA). The Majorbio Cloud Platform (http://​www.​
Major​bio.​com), a free online platform, was used to analyze and visualize the data. Differential expression analy-
sis was performed using the RSEM, DEGs with |log2FC| ≥ 1 and FDR < 0.05 (DESeq2) were considered to be 
significantly different expressed gene. We have uploaded the raw RNA-seq dataset to the NCBI, the accession 
number is PRJNA1099930.

Statistical analysis
SPSS 25.0 was used for the statistical analysis. The raw data were confirmed to have a normal distribution 
using a one-sample Kolmogorov–Smirnov test. The independent t-test was used to compare the two groups. 
To compare three or more groups, a one-way variance analysis was employed, followed by Dunnett’s post-hoc 
multiple comparisons. Each datum represents at least three independent experiments. The results are presented 
as means ± standard deviation (SD). Differences with P < 0.05 were considered statistically significant.

Data availability
All other data generated and/or analysed during the current study are included in this article.
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