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tensile force‑induced pDGf‑BB/
pDGfRβ signals in periodontal 
ligament fibroblasts activate 
JAK2/STAT3 for orthodontic tooth 
movement
Yuqin Jin1,4, Liang Ding2,4, Zhuang Ding2, Yong Fu2, Yuxian Song2, Yue Jing2, Qiang Li2, 
Jianyun Zhang1, Yanhong Ni2* & Qingang Hu3*

Orthodontic force-induced osteogenic differentiation and bone formation at tension side play a 
pivotal role in orthodontic tooth movement (OTM). Platelet-derived growth factor-BB (PDGF-BB) 
is a clinically proven growth factor during bone regeneration process with unclear mechanisms. 
Fibroblasts in periodontal ligament (PDL) are considered to be mechanosensitive under orthodontic 
force. Thus, we established OTM model to investigate the correlation between PDGF-BB and 
fibroblasts during bone regeneration at tension side. We confirmed that tensile force stimulated PDL 
cells to induce osteogenic differentiation via Runx-2, OCN up-regulation, and to accelerate new bone 
deposition along the periodontium and the alveolar bone interface. Interestingly, PDGF-BB level was 
remarkably enhanced at tension side during OTM in parallel with up-regulated PDGFRβ+/α-SMA+ 
fibroblasts in PDL by immunohistochemistry. Moreover, orthodontic force-treated primary fibroblasts 
from PDL were isolated and, cultured in vitro, which showed similar morphology and phenotype 
with control fibroblasts without OTM treatment. PDGFRβ expression was confirmed to be increased 
in orthodontic force-treated fibroblasts by immunofluorescence and flow cytometry. Bioinformatics 
analysis identified that PDGF-BB/PDGFRβ signals were relevant to the activation of JAK/STAT3 
signals. The protein expression of JAK2 and STAT3 was elevated in PDL of tension side. Importantly, 
in vivo, the treatment of the inhibitors (imatinib and AG490) for PDGFRβ and JAK–STAT signals were 
capable of attenuating the tooth movement. The osteogenic differentiation and bone regeneration 
in tension side were down-regulated upon the treatment of inhibitors during OTM. Meanwhile, the 
expressions of PDGFRβ, JAK2 and STAT3 were inhibited by imatinib and AG490. Thus, we concluded 
that tensile force-induced PDGF-BB activated JAK2/STAT3 signals in PDGFRβ+ fibroblasts in bone 
formation during OTM.

Mechanical forces are integral to bone homeostasis and bone regeneration by driving cell  differentiation1. It was 
reported that the mechanical force applied during mandible distraction osteogenesis promoted endogenous bone 
formation across a mechanically controlled  environment2,3. During the process of OTM, the appropriate applica-
tion of mechanical force promotes alveolar bone remodeling, which consists of bone resorption at compression 
side and bone formation at tension side of the alveolar  bone4,5.

Periodontal ligament (PDL) is a multifunctional fibrous tissue that physically connects the tooth root to 
its surrounding alveolar  bone6,7. Mechanosensitive cells of the PDL, the PDL fibroblasts, are able to transduce 
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mechanical strain into intracellular signals, which leads to the remodeling of both the periodontium and alveo-
lar  bone8,9. Under cyclic strain, PDL fibroblasts in vitro increased their osteogenic gene  expression10. When 
the mechanical force is applied in vivo, periodontal ligament cells on the tension side synthesize and secrete 
cytokines, growth and differentiation factors, such as runt-related transcription factor-2 (Runx-2), osteoprote-
gerin (OPG), bone morphogenetic proteins (BMPs), to regulate bone  synthesis4,11,12.

Platelet-derived growth factor-BB (PDGF-BB) was originally identified in platelets, a member of the PDGF 
family, has been recognized as a key regulator in wound healing and tissue  repair13,14. We previously demonstrated 
that recombinant human PDGF-BB (rhPDGF-BB) promoted adipose derived stem cells (ADSCs) proliferation 
and osteogenic differentiation and suppressed adipogenic differentiation in vitro via ERK pathway and that 
ADSCs associated with rhPDGF-BB could be a promising tissue-engineered construct for craniofacial bone 
regeneration in vivo15. PDGF-BB binds to the extracellular domains of PDGF receptors including PDGFRα and 
PDGFRβ, leading to the activation of multiple signaling  pathways16. However, it is not clear whether PDGF-BB/
PDGFR signals plays a role in bone regeneration at tension side during OTM. It is well known that PDGFRβ is 
almost exclusively expressed in  fibroblasts17,18, but whether fibroblasts in PDL response to PDGF-BB, and then 
participate in bone regeneration at tension side during OTM remains elusive.

Therefore, we established a rat orthodontic tooth movement model to investigate the expression of PDGF-BB 
and the response of PDGFRβ+ fibroblasts at tension area. Moreover, we cultured the primary orthodontic force-
induced PDL fibroblasts to evaluate the expression of PDGFRβ. We also explored the PDGFRβ-related signals 
through bioinformatics analysis, and finally verified the probable pathway in vivo via OTM model. Moreover, the 
local administration of the inhibitors of PDGFRβ and JAK/STAT signals during OTM indeed restricted tooth 
movement compared with the vehicle-injected OTM group by down-regulating the osteogenic differentiation and 
new bone formation via suppressing the PDGFRβ/JAK2/STAT3 signals. These results demonstrated that tensile 
force-induced PDGF-BB activated JAK2/STAT3 signals in PDGFRβ+ fibroblasts in bone formation during OTM.

Results
Orthodontic tooth movement and micro-CT analysis. We performed OTM of the maxillary left first 
molar with a widely-used model in SD rats (Fig. 1A)19. The distance between the first and second molars was 
increased in a time dependent manner, with a relatively rapid increasement at day 14 (Fig. 1B,C). And there were 

Figure 1.  Orthodontic tooth movement and representative three-dimensional images of maxillae in SD rats. 
(A) Orthodontic appliance placement. A coiled-spring was placed between the left maxillary first molar and the 
maxillary incisors with cured resin on the incisors. (B) A representative image of tooth movement mesially at 
day 7. Note the amount of space visible between the first and second molar. The distance was indicated by black 
arrows. (C) Representative three-dimensional images of the maxilla at day 7 and day 14 of OTM. The white 
arrow indicated the direction of force. Trans transverse, L left, R right. (D) The region of interest (ROI) was 
defined as the zone of alveolar bone at the distal coronal one-third area of the distal root (the tension area, T) 
and the mesial coronal one-third area (the pressure area, P) for Micro-CT analysis. The white arrow indicated 
the direction of force. (E) Analysis of the distance of tooth mesial movement and microstructural parameters of 
alveolar bone in control group and at day 7 and 14 of OTM. BMD bone mineral density, BV/TV bone volume/
total volume, Tb.Sp trabecular separation, Tb.Th trabecular thickness, Tb.N trabecular number. Each column 
represents the mean value of triplicate experiments. *p < 0.05, **p < 0.01; #p < 0.05, ##p < 0.01 comparison between 
tension area and pressure area in each group, n = 8/group.
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statistical significances among the three groups (Fig. 1E). The morphology of the maxillary was reconstructed 
using Micro-CT from transversal and sagittal views in control group and at day 7 and 14 of OTM (Fig. 1C). The 
alveolar bone at the distal coronal one-third area of the distal root was the tension area (T) and the pressure area 
(P) was the mesial coronal one-third area. As shown in Fig. 1D, the tension area and pressure area were selected 
as the region of interest (ROI) for Micro-CT analysis. To evaluate the alveolar bone mass and microarchitectural 
changes in tension area and pressure area of the left maxillae during OTM and the right untreated maxillae (Con-
trol group), we analyzed microstructure parameters, named BMD, BV/TV, Tb.N, Tb.Th and Tb.Sp (Fig. 1E). In 
control group, all the five bone parameters between the pressure area and tension area showed the similar level, 
without statistical difference. However, after orthodontic force treatment, BMD, BV/TV, Tb.N, Tb.Th in tension 
area were obviously higher than that in pressure area, especially at day 14 of OTM, conversely, Tb.Sp in tension 
area revealed a marked decrease. When compared with the tension area among the three groups, it was seen that 
BMD, BV/TV, Tb.N and Tb.Th increased in tension area from day 7 to day 14 compared with that of control 
group during OTM, while Tb.Sp decreased significantly at day 14 of OTM.

The morphological changes of periodontal ligament and new bone formation induced by ten‑
sion force during OTM. In this study, the distal coronal one-third area of the distal root of the first molar 
was selected as the tension area (T) for histological analysis, and conversely, the pressure area (P) was the mesial 
coronal one-third area (the direct opposite area) of that (Fig. 2A). Representative H-E staining images showed 
the changes of the width of periodontal ligament in the tension side (blue arrows) and compression side (black 
arrows) in control group and at day 7 of OTM (Fig. 2B). In control group, the width of PDL on both sides of the 
distal root was similar. PDL in the pressure zone at day 7 of OTM was extremely contracted under the compres-
sive stress. While, PDL in the tension side was stretched, the width of which was much larger than the pressure 
side (Fig. 2B). Periodontal ligament fibroblasts on the tension side arranged in disorder at day 7, by contrast, 
fibroblasts arranged in order in control group (Fig.  2C). Moreover, in the tension zone, the PDL fibroblasts 
appeared to be elongated at day 14 of OTM (Fig. 2C), which was in line with previous  studies20. Polychrome 

Figure 2.  Tension force induced the periodontal ligament change and new bone formation in the tension area 
during OTM. (A) Schematic graph illustrating the region of interest for histological analysis during OTM. 
The distal coronal one-third area of the distal root was the tension area (T), and the pressure area (P) was the 
mesial coronal one-third area. M1 the left maxillary first molar, M2 the left maxillary second molar, AB alveolar 
bone, DP dental pulp; The black arrow indicated the direction of force. (B) Representative H-E staining images 
showed the width of periodontal ligament changes in the tension (blue arrows) and compression side (black 
arrows) in control group and at day 7 of OTM. (C) H-E staining showed the morphology change of periodontal 
ligament at tension side in Control group, and at day 7 and 14 of OTM. The boxed regions are shown at a higher 
magnification in their corresponding right figures. (D) Sequential fluorescence labeling observations at day 28 
of OTM. Green and red represent labeling by Tetracycline (day 7) and Alizarin Red S (day 14), respectively. The 
white two-way arrows indicated the newly formed bone. (E) The statistics of mineral apposition rate (MAR) 
at tension side and pressure side at day 28 of OTM. (F) Van Gieson staining at day 28 of OTM. The black 
arrow indicated the direction of force. The blue boxed region (tension area) and yellow boxed region (pressure 
area) were shown at a higher magnification in their corresponding figures, respectively. AB alveolar bone, DP 
dental pulp, PDL periodontal ligament, NB new bone. Each column represents the mean value of triplicate 
experiments. **p < 0.01, comparison between Tension group (tension side) and Pressure group (pressure side), 
n = 8/group.
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sequential labeling with fluorochromes is a standard technique for labeling the mineralized tissue and assess 
the time course of new bone formation and mineralization in vivo21,22. Tetracycline (TE) and Alizarin Red S 
(AL) were injected at day 7 and day 14 of OTM, respectively. Then the newly formed bone was analyzed by 
confocal microscopy, as shown in Fig. 2D. The total area of AL on the distal coronal one-third area of the distal 
root (tension area) was much higher than that on the mesial coronal one-third area of that (pressure area), and 
the same tendency was seen with TE. Moreover, it can be seen from the right magnified figures that the width 
of the newly formed bone (white two-way arrow) on the tension side was much bigger than that on the com-
pressive side (Fig. 2D). And the distance between the fluorescence bands reflects the deposition rate of bone 
 mineralization23. As shown in Fig. 2E, bone mineral apposition rate (MAR) was significantly higher in tension 
area than that in pressure area. To further confirm the aforementioned sequential fluorescence labeling results 
in tension area, Van Gieson staining was used to detect new bone formation in undecalcified sections at day 28 
of OTM (Fig. 2F). A large amount of new bone was deposited along the periodontium and the alveolar bone 
interface in the tension area compared with the pressure area at day 28. These results confirmed that new bone 
was deposited in the tension area by tensile stress during OTM.

To understand the molecular mechanism underlying the changes in bone formation during OTM, we analyzed 
the expression of Runx-2 and OCN via immunohistochemistry (IHC) in the control group and at day 7 and 14 of 
OTM (Fig. 3A). Runx-2 and OCN, which reflected osteogenic differentiation, were significantly up-regulated in 
tension area by tension force than that in pressure area both at day 7 and day 14 of OTM, respectively. In contrast, 
Runx-2 and OCN were weakly expressed in both areas of control group. Among the three groups, the expression 
of Runx-2 and OCN in tension area increased significantly in experimental groups compared with the control 
group, and the staining intensity of Runx-2 in tension side was more pronounced at day 7 than day 14 (Fig. 3B). 
Besides, the expression of OCN at tension side peaked at day 14 of OTM. The up-regulation of Runx-2 and OCN 
at tension side indicated that tensile force induced osteogenic differentiation and later bone formation during 
OTM. Meanwhile osteoclasts activity in the pressure area is also critical to the tooth movement rate, which was 
evaluated by TRAP staining. As shown in Fig. 3C, there were almost no osteoclasts in both areas of the control 
group. However, the number of TRAP-positive osteoclasts was significantly increased in the pressure zone at day 
7 and day 14 of OTM compared with the pressure area of control group (Fig. 3C,D). Furthermore, there were 
obviously more osteoclasts in the pressure side versus the tension side in two experimental groups. These results 
suggested that osteoclastogenesis and bone resorption in pressure side were stronger than that in tension side.

PDGF-BB responsive-fibroblasts are up-regulated by orthodontic force. α-SMA is a character-
istic marker of  fibroblasts24–26. Immunohistochemistry analysis found that α-SMA increased notably in tension 
area at day 7 compared with the tension area of control group, and then decreased slightly at day 14 (Fig. 4A,B). 
While the number of α-SMA positive fibroblasts in the pressure area were far less than that in the tension area 
during OTM. In addition, PDGF-BB and PDGFRβ expression showed remarkable up-regulation as early as 

Figure 3.  Osteogenesis at tension side and osteoclastogenesis at compression side during OTM. (A,B) 
Immunohistochemistry analysis for Runx-2 and OCN in the pressure area and tension area during OTM 
(A) and the semi-quantitative analysis (B). The boxed regions are shown at a higher magnification in their 
corresponding right figures. P pressure area, T tension area. (C,D) TRAP staining for osteoclasts (C) and the 
number of TRAP-positive osteoclasts (D) at pressure area and tension area in three groups. The boxed regions 
are shown at a higher magnification in their corresponding right figures. The green arrows indicated osteoclasts. 
P pressure area, T tension area. Each column represents the mean value of triplicate experiments. #p < 0.05, 
##p < 0.01 comparison between tension area and pressure area in each group; *p < 0.05, **p < 0.01, n = 8/group.
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day 7 at tension side during orthodontic tooth movement compared with the tension area of control group 
(Fig. 4A,B). And the expression of PDGF-BB and PDGFRβ in tension area was significantly higher than the 
pressure area at day 7 and day 14 of OTM, respectively. Subsequently, orthodontic force-treated primary fibro-
blasts (Force fibroblasts) and normal fibroblasts from PDL were isolated and cultured in vitro for investigation. 
The Force fibroblasts and normal fibroblasts showed a similar long fusiform cell morphology (Fig. 4C). And 
molecular surface markers of PDL fibroblasts were examined by flow cytometry (Fig.  4D). These two kinds 
of fibroblasts present a high expression of CD29 and CD90, whereas the expression of CD11b and CD45 was 
rarely observed (Fig. 4D). Moreover, we found that approximately 75% of total PDL cells in Force group were 
high-expressed PDGFRβ, while there was only about 10% in Control group (Fig. 4E). This result was consistent 
with that of IHC for PDGFRβ. Furthermore, PDGFRβ expression was confirmed to be increased in orthodontic 
force-treated fibroblasts by IF (Fig. 4F). It was shown that most of the fibroblasts in Force group were high-
expressed PDGFRβ, while most of that in control group were low-expressed PDGFRβ. The expression of α-SMA 
was also up-regulated in Force group (Fig. 4F). In conclusion, the PDL fibroblasts in Force group with high-
expressed of PDGFRβ mostly come from the tension area. We can define the origin of PDL fibroblasts in Force 
group was mainly from the tensile area.

PDGF-BB/PDGFRβ might regulate bone formation under tensile force through the JAK2/
STAT3 pathway. In order to explore the underlying mechanism of periodontal ligament fibroblasts in bone 
formation, mediated by PDGF-BB/PDGFRβ, we utilized bioinformatics analysis to investigate the biologic char-
acteristics of PDGFRβ shared by STRING. The biological process (GO) focused on response to stress function 
(Fig. 5A), and the KEGG pathway predicted the potential JAK–STAT signaling pathway with a less false discov-
ery rate (Fig. 5B). Based on the above mentioned, we speculated that STAT3 may be involved in the PDGFRβ 
regulation (Fig. 5C,D). Bioinformatics analysis identified that PDGF-BB/PDGFRβ signals were relevant to the 
activation of JAK/STAT3 signaling pathways, which was also consistent with the findings in OTM model. As 
shown in Fig. 6A,B, JAK2 and STAT3 displayed increase at day 7 and became significant at day 14 of OTM in 
tension side compared with the same area of control group. On contrary, the expression of JAK2 and STAT3 
in pressure area of the experimental groups was obviously weaker than that in tension area during OTM. In 

Figure 4.  PDGF-BB responsive-fibroblasts are up-regulated by orthodontic force. (A) Protein expression of 
α-SMA, PDGF-BB, PDGFRβ was measured by immunohistochemistry (IHC) in Control group and at day 
7 and day 14 of OTM. The boxed regions are shown at a higher magnification in their corresponding right 
figures. P pressure area, T tension area. (B) The semi-quantitative analysis for IHC. (C) Cell morphology of 
normal PDL fibroblasts and orthodontic force-induced PDL fibroblasts. (D) Identification of PDL fibroblasts 
by flow cytometry. Identification of cell surface markers CD11b, CD45, CD29 and CD90. (E) Percentage of 
PDGRRβhigh PDL fibroblasts in Control group and Force group. **p < 0.01, n = 6/group. (F) Representative 
immunofluorescence images stained of α-SMA (red), PDGFRβ (green), and DAPI (blue, nuclei) in normal PDL 
fibroblasts and orthodontic force-induced PDL fibroblasts. The arrows indicated low-expressed PDGFRβ PDL 
fibroblasts. Each column represents the mean value of triplicate experiments. ##p < 0.01 comparison between 
tension area and pressure area in each group, **p < 0.01 comparison with the tension area among three groups, 
n = 8/group.
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order to further verify whether the PDGFRβ/JAK2/STAT3 signaling pathway was involved in OTM, we locally 
injected the related inhibitors in vivo. It was found that local delivery of imatinib or AG490 attenuated the mesial 
movement of the first molar compared with the Vehicle group at day 7 (Fig. 6C,D). By day 14, there was a sub-
stantial decrease of mesial molar movement in both Imatinib group and AG490 group (Fig. 6C,D). To evaluate 
the alveolar bone mass and microarchitectural changes in the tension area upon the local administration of 
inhibitors during OTM, we analyzed Micro-CT parameters. And it revealed that BMD, BV/TV, Tb.N, Tb.Th 
in tension area were decreased in Imatinib group and AG490 group in comparison with the same area of the 
Vehicle group (Fig. 6D). BMD and Tb.Th showed marked down-regulation as early as day 7 in inhibitor-treated 
groups, whereas BV/TV, Tb.N displayed a slight decrease at day 7, which became statistically significant at day 
14 (Fig. 6D). Meanwhile, Tb.Sp was increased upon the treatment of inhibitors compared with the Vehicle group, 
and there were statistical differences between Vehicle group and Imatinib group at day 7 and day 14 of OTM 
(Fig. 6D). These results indicated that the treatment of inhibitors during OTM inhibited the new bone formation 
at tension side.

By IHC, it was found that the expression of Runx-2 and OCN in tension area was significantly down-regulated 
in Imatinib group and AG490 group compared with the Vehicle group at day 7 of OTM (Fig. 7A,B). The results 
indicated that upon the administration of inhibitors of PDGFRβ and JAK/STAT, the osteogenic differentiation in 
tension side was reduced, which was consistent with the Micro-CT quantitative analysis. In addition, the expres-
sion of PDGFRβ, JAK2 and STAT3 was notably decreased after Imatinib or AG490 treatment, showing the same 
trend as the expression of Runx-2 and OCN (Fig. 7A). And there were statistical differences of PDGFRβ, JAK2 
and STAT3 between Vehicle group and Imatinib group or AG490 group, respectively (Fig. 7B). Consequently, 
these results indicated that tensile force-induced PDGF-BB activated JAK2/STAT3 signals in PDGFRβ+ fibroblasts 
in regulating bone formation during OTM (Fig. 7C).

Discussion
Bone formation, consisting of osteoid formation, maturation and secondary mineralization, is a slow process, 
whereas bone absorption is a relatively fast process. In our study, it was shown that the bone mineral density of 
the alveolar bone in tension side was slightly increased at day 7 of OTM compared to the same area of the control 
group, but became more pronounced at day 14. The OTM undergo 3 stages, and initial stage is characterized 
by tooth displacement in the periodontal ligament space within its bone socket. Stage two is characterized by 
the formation of necrosis and hyalinization in response to compression stress at pressure side. While in stage 3, 
there is tooth movement mediated by bone remodeling through the agency of osteoclasts and  osteoblasts4,27,28. 
And at day 28 of OTM, it was shown that there was massive newly formed bone at tension side compared with 
the pressure area from the histological observation, which was consistent with the Micro-CT analysis. However, 
the mechanism of orthodontic force-induced bone formation at tension side during OTM is unclear.

Orthodontic force is transmitted through the PDL to the supporting alveolar bone and lead to bone remod-
eling. The PDL contains a variety of cell populations, consisting of fibroblasts, osteoblasts, osteoclasts, cemento-
blasts, endothelia cells and stem  cells29,30, thus enabling the PDL to perform supportive, remodeling, and 

Figure 5.  Bioinformatics analysis of conceivable factors interacted with PDGFRβ. (A) Biological process (GO). 
(B) KEGG pathways. (C,D) PDGFRβ predicted functional partners analyzed by STRING. GO Gene Ontology, 
KEGG Kyoto Encyclopedia of Genes and Genomes.
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homeostatic functions. Among these cells, fibroblasts are high dominant cellular components in  PDL6, which 
surround the tooth roots and connect to the alveolar bone. Fibroblasts in PDL are considered to be the first 
recipients of mechanical strain and  mechanoresponsive6. We here found that the number of α-SMA+ fibroblasts 
was significantly increased at tension side and peaked at day 7, indicating the periodontal ligament fibroblasts 
changed from relatively quiescent state to proliferating state under the tensile stress, which was consistent with 
previous  studies31. However, the transduction mechanisms of mechanical force from fibroblasts to the initiation 
of bone remodeling are far from known. Recent studies demonstrated that fibroblasts exposed to tensile strain 
in vitro induced the expression of ephrin-B2 via a FAK-, Ras-, ERK1/2-, and SP1-dependent  pathway6. Previous 
in vitro studies showed that augmented mechanical stress-mediated intracellular  Ca2+ oscillations in human PDL 
fibroblasts enhanced the production and release of bone regulatory signals via Rankl/OPG and the canonical 
Wnt/β-catenin pathway as an early process in tooth movement-initiated alveolar bone  remodeling8. We here 
found that PDGF-BB and PDGF-BB responsive-fibroblasts showed remarkable up-regulation as early as day 7 
at tension side in vivo, indicating the potential role of periodontal ligament fibroblasts in the regulation of bone 
remodeling at tension side during OTM. More importantly, orthodontic force-treated primary fibroblasts from 
PDL showed the up-regulated expression of PDGFRβ and α-SMA in vitro than normal fibroblasts.

It is well known that PDGF-BB functions in directing mitogenesis, angiogenesis and osteogenic differentiation 
of osteoprogenitor cells or MSCs to enhance bone  regeneration14,15,32–34. More importantly, PDGF-BB is FDA 
approved for use in the treatment of local periodontal defects and diabetic  ulcers35,36. Bioinformatics analysis in 
this study identified that PDGF-BB/PDGFRβ signals were relevant to the activation of JAK/STAT3 signaling path-
ways, which was also consistent with our findings in OTM model. JAK2 and STAT3 displayed a slight increase 
and became significant at day 14 in periodontal ligament of tension side. STAT3, a latent transcription factor 
residing in the cytoplasm, is an important determinant of cell survival and  proliferation37. Compared with other 
STATs, STAT3 has been demonstrated to participate in the maintenance of bone homeostasis in  osteoblasts38. 
Previous research has reported that PDGF directly activates the JAK–STAT pathway and induces mitogens in 
 fibroblasts39. Inactivation of STAT3 resulted in unresponsive osteoblasts to mechanical loading and limited bone 
formation in knock-out  mice40. It was demonstrated that in vitro mechanical force upregulated the expression 
of Runx-2 gene in osteoblasts via potentiation of Polycystin-1 (PC1)-JAK2/STAT3 signaling axis, culminating 

Figure 6.  PDGFRβ/JAK2/STAT3 pathway might regulate bone formation in tension side during OTM. (A) 
Protein expression of JAK2, STAT3 was measured by immunohistochemistry (IHC) in Control group and at 
day 7 group and day 14 group. The boxed regions are shown at a higher magnification in their corresponding 
right figures. P pressure area, T tension area. (B) The semi-quantitative analysis for IHC. (C) Three-dimensional 
sagittal views of the left maxillae in Vehicle, Imatinib and AG490 groups at day 7 and day 14 of OTM. Note the 
interdental distance visible between the first and second molar. The red two-way arrows indicated the distance 
between the first and second molars during OTM. The white arrow indicated the direction of force. (D) Analysis 
of the distance of tooth mesial movement and microstructural parameters of alveolar bone in tension area of 
Vehicle, Imatinib and AG490 groups at day 7 and 14 of OTM. BMD bone mineral density, BV/TV bone volume/
total volume, Tb.N trabecular number, Tb.Th trabecular thickness, Tb.Sp trabecular separation. Each column 
represents the mean value of triplicate experiments. *p < 0.05, **p < 0.01 compared with the Vehicle group at day 
7 or day 14 of OTM, n = 8/group.
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to possibly control osteoblastic differentiation and ultimately bone  formation38. It is well known that imatinib 
inhibit the expression and activation of PDGFRβ in vitro and in vivo by targeting the ATP-binding site of tyros-
ine kinases of PDGFRβ, thus preventing PDGFRβ autophosphorylation on PDGF-BB binding and inhibiting 
their biological  effect41,42. AG490, also called tyrphostin, is a synthetic derivative of benzylidenemalononitrile. 
It is a specific and potent inhibitor of JAK2  signaling43,44. Therefore, we locally injected the inhibitors (imatinib 
and AG490) for PDGFRβ and JAK–STAT signals during OTM, and it was found that the treatment of imatinib 
and AG490 blocked the tooth movement compared with the Vehicle group by down-regulating the osteogenic 
differentiation and bone formation in tension side. Meanwhile, the expressions of PDGFRβ, JAK2 and STAT3 
were decreased upon the administration of inhibitors compared the Vehicle group, which further demonstrated 
that PDGFRβ and JAK2/STAT3 signals was involved in bone formation in tension side during OTM.

Taken together, mechanistically, we suggested that PDL fibroblasts sensed and transduced the mechanical 
tensile force to the periodontal ligament and alveolar bone, and led to periodontal ligament remodeling and 
eventually alveolar bone formation through PDGF-BB/PDGFRβ/JAK2/STAT3 signaling pathway during OTM.

Methods
Orthodontic tooth movement model. 80 6-week-old male Sprague–Dawley rats with a weight of 
200 ± 20 g were used for in vivo experimental study, which were obtained from the Sino-British SIPPPR/BK 
Lab. Animal Ltd. All rats were housed under a 12/12 h day/night cycle with sterile food and water. They were 
adaptively fed for 7 days in the new environment before experiment. All animal experimental procedures were 
conducted in accordance with the regulations and guidelines of the Medical Ethics Committee of Nanjing Stom-
atological Hospital, Medical School of Nanjing University. The orthodontic tooth movement (OTM) model was 
performed as previously  described5,45. In brief, the maxillary left first molar was moved mesially by ligation of 
a nickel-titanium closed-coil spring (3M Unitek, Monrovia, CA, USA) with 0.2  mm stainless steel ligatures 
between the upper incisors and the left first molar (Fig. 1A). Previous studies have demonstrated that a 40–60 g 
level of force stimulated substantial molar tooth mesial movement in  rats5,46,47. A nickel-titanium spring was 
used to provide a relatively constant force of approximate 50 g during the course of the experiment. For the 
placement of the spring, grooves were drilled at the tooth cervix of the incisors and self-curing resin was boned 
on the incisors to prevent slipping. The right maxillary first molar without OTM served as the control.

Among them, 48 rats were subjected to volumetrically equivalent injections of 10 μL 1 mg/ml PDGFRβ inhibi-
tor imatinib (Selleck, USA) or 5 mg/ml JAK/STAT inhibitor AG490 (MedChemExpress, USA), or phosphate-
buffered saline (PBS) vehicle. All injections were administrated sub-periosteally into the distopalatal area of 
the left maxillary first molar using a 30-gauge needle (Hamilton Company, Reno, NV), every 2 days from the 
beginning of  OTM43.

Rat PDL fibroblasts isolation and culture. PDL fibroblasts were isolated from the extracted left maxil-
lary first molar (Force group) and the right maxillary first molar (Control group) of SD rats at day 10 of OTM 

Figure 7.  The expressions of PDGFRβ-related pathway during OTM. (A) Protein expression of Runx-2, OCN, 
JAK2 and STAT3 was measured by immunohistochemistry (IHC) in tension area of Vehicle, Imatinib and 
AG490 groups at day 7 of OTM. (B) The semi-quantitative analysis for IHC. (C) Schematic graph illustrates the 
mechanism of the PDGF-BB/PDGFRβ/JAK-2/STAT3 signal axis regulating bone formation under tensile force 
during OTM. Each column represents the mean value of triplicate experiments. **p < 0.01 compared with the 
Vehicle group at day 7 of OTM, n = 8/group.
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for in vitro study as described  previously8,30. Briefly, gingivae of upper first molars were scraped off, and peri-
odontal ligaments were digested with 3 mg/mL collagenase type I and 4 mg/mL dispase II for 1 h at 37 °C. Then 
the released single-cell suspensions were cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco, USA) 
containing 10% fetal bovine serum (FBS, Gibco, USA). The medium was changed every 3 days until the cells 
reached 80% confluence. Cells (Control group and Force group) at passage 3–5 were used for further experi-
ments. The experiment was performed in triplicate.

Flow cytometry. Flow cytometry was used to characterize the orthodontic force-treated primary fibro-
blasts and normal fibroblasts from PDL. Briefly, PDL fibroblasts were digested and stained with antibodies 
against rat CD11b (FITC-conjugated; BioLegend, USA), rat CD45 (Alexa Fluor 647-conjugated; BioLegend, 
USA), rat CD29 (PE-conjugated; BioLegend, USA), rat CD90 (PE-conjugated; BioLegend, USA), rat PDGFRβ 
(PE-conjugated, BioLegend, USA) and the relative isotype control  antibodies48–50. After incubation for 30 min 
at 37 °C in the dark, the samples were analyzed using the FACS Calibur flow cytometer (Becton Dickinson). The 
experiment was performed in triplicate.

Sequential fluorochrome labeling. It is well known that tetracycline (TE) and Alizarin Red S (AL), as 
calcium chelating agents, can combine with calcium and deposit in the front of bone mineralization. The process 
of new bone formation and mineralization along the alveolar bone edge in the tension side of the maxillary first 
molar was assessed using a polychrome sequential fluorescent labeling method as we described  previously14,22,51. 
Briefly, different fluorochrome were injected intraperitoneally at a sequence of 25 mg/kg Tetracycline Hydro-
chloride (Sigma, USA) and 30 mg/kg Alizarin Red S (Sigma, USA) in 16 rats at day 7 and day 14 of OTM, 
respectively.

Histomorphometric observation. 16 sequential fluorochrome labeled rats were sacrificed at 28 days of 
OTM, and then the maxillary jaws were fixed in 10% buffered formalin, as previously  described15,19. The speci-
mens were dehydrated in ascending concentrations of alcohol from 75 to 100% and embedded in polymethyl-
methacrylate. After sclerosis, the specimens were cut along the transverse plane (n = 8/group) or sagittal plane 
(n = 8/group) into 150-μm-thick sections using a microtome (Leica, Germany). After sectioning, they were 
grounded and polished to final 40-μm-thick sections for fluorescence labeling observation under confocal laser 
scanning microscope (OLYMPUS, Japan) or staining with van Gieson’s picro fuchsin for histological analysis, 
as previously  described15,52. Excitation/emission wavelengths of chelating fluorochromes were used 405/580 nm 
and 543/617 nm for Tetracycline Hydrochloride (green) and Alizarin Red S (red),  respectively51.

Micro-CT analysis of alveolar bone. The rats were sacrificed with an intraperitoneal overdose injection 
of chloral hydrate at day 7 and day 14 (n = 8, respectively). The amount of tooth movement was defined as the 
distance from the most mesial point of the maxillary second molar to the most distal point of the first molar 
measured by an electronic caliper, which was accurate to two decimal places. Each distance was measured three 
times by the same observer, and the mean was used. The maxillae were then obtained and fixed in a 4% phos-
phate-formalin solution for 24 h. In order to study the changes of alveolar bone microstructure during OTM, the 
maxillae were subjected to Micro-computed tomography (Micro-CT) system (Bruker microCT, Kontich, Biller-
ica, MA, USA), as previously  reported53. Computed tomography was conducted using a slice thickness of 18-μm, 
voltage of 50 kV, and electrical current of 455 μA. After scanning, three-dimensional images were reconstructed 
by the Bruker micro-CT version 1.1. The region of interest (ROI) was defined as the zone of alveolar bone at 
the distal coronal one-third area of the distal root (the tension area, T) and the mesial coronal one-third area 
(the pressure area, P). To obtain image gray values as a measure of bone mineral density (BMD), two standard 
samples with known BMD values (0.25 and 0.75 g/cm3) were employed for calibration against their attenuation 
coefficients. For quantitative analysis, all values were assessed within ROI to calculate the following parameters: 
bone volume/tissue volume (BV/TV, %), trabecular number (Tb.N, 1/mm), trabecular thickness (Tb.Th, mm), 
and trabecular separation (Tb.Sp, mm).

Histology and immunohistochemistry analysis. After micro-CT scanning, samples were decalci-
fied with 10% EDTA for 8  weeks, and then embedded in paraffin. Consecutive 4-μm paraffin sections were 
obtained from the sagittal direction. All histological sections were scanned by an automatic digital slide scanner 
(3DHISTECH, Hungary) and then observed with Case Viewer 2.3 (3DHISTECH, Hungary). After dewaxing 
and rehydration, some sections were stained with haematoxyl and eosin. And some sections were subjected 
to immunohistochemical analysis incubated with anti α-SMA, anti-Runx-2, anti-OCN (Proteintech, China) 
and anti-PDGF-BB, anti-PDGFRβ, anti-JAK-2, anti-STAT3 antibodies (Abcam, USA) overnight at 4 °C. Then, 
sections were incubated with secondary antibody (DAKO, Glostrup, Denmark) for 1 h at room temperature. 
Finally, the samples were stained with Diaminobenzidine (DAB) substrate (DAKO, USA) and lightly counter-
stained with hematoxylin. For the semi-quantitative evaluation, the scoring method was applied, as described 
 previously54. Two experienced “blinded” readers scored the tension area in the slides according to the percentage 
of positive cells: 0 points implied less than 10% positive cells, 1 point implied 11–25% positive cells, 2 points 
implied 26–50% positive cells, 3 points implied 51–75% positive cells, and 4 points implied greater than 75% 
positive cells. Staining intensity was defined as 0, negative staining; 1, weak staining; 2, moderate staining and 
3, strong staining. Final immunohistochemical scores were calculated by multiplying the percentage score and 
the intensity  score55.
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TRAP staining. For tartrate-resistant acid phosphatase (TRAP) staining, paraffin sections were soaked in 
TRAP dye (Wuhan Goodbio Technology Co., Ltd., China). Osteoclasts were detected as wine-red multinuclear 
cells after (TRAP) staining. TRAP-positive multinucleated osteoclasts were counted in the pressure  area51.

Immunofluorescence assay. Immunofluorescence assay was performed as previously  described19,56. 
Briefly, PDL fibroblasts were fixed with 4% formaldehyde for 30 min at 4 °C. Then fibroblasts were permeabilized 
with 100% methanol at − 20 °C and blocked with 3% bovine serum albumin and was incubated with primary 
antibodies against α-SMA (Abcam, USA) and PDGFRβ (Abcam, USA) for fibroblasts overnight at 4 °C. The 
samples were then incubated with red and green fluorescent labeled secondary antibodies in the dark at 37 °C. 
Next, the nuclei were stained with DAPI (Bioword, China). Finally, the specimens were observed using the con-
focal laser-scanning microscope (OLYMPUS, Japan).

Bioinformatics analysis. We adopted bioinformatics analysis to explore the biologic characteristics of 
PDGFRβ shared by (Search Tool for the Retrieval of Interacting Genes database) STRING (version 11.0; https ://
strin g-db.org/). STRING is intended to assess the functional protein association  networks57,58. Biological inter-
pretations of genes have been typically evaluated by the Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG)  databases59. The KEGG PATHWAY database is a compilation of manually verified maps 
of biological interactions represented by the complete set of pathways related to signal transduction and other 
cellular processes. The biological process (GO) focused on “response to stress”, and the KEGG pathway predicted 
the potential PDGFRβ related signaling pathway.

Statistical analysis. Statistical comparisons were carried out via one-way analysis of variance with Tukey’s 
post hoc  test60. All the data were presented as mean ± standard deviation. P < 0.05 among the various groups was 
considered statistical significance. All statistical analysis was carried out by the SPSS 18.0 statistical software 
package.

Ethics statement. All-animal experimental procedures were approved by the Medical Ethics Committee 
of Nanjing Stomatological Hospital, Medical School of Nanjing University, and the ethics approval number was 
2019NL-009(KS). All experiments involving rats were performed in accordance with relevant guidelines and 
regulations.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 21 January 2020; Accepted: 15 June 2020

References
 1. Ransom, R. C. et al. Mechanoresponsive stem cells acquire neural crest fate in jaw regeneration. Nature 563, 514–521. https ://doi.

org/10.1038/s4158 6-018-0650-9 (2018).
 2. Ilizarov, G. A. The tension-stress effect on the genesis and growth of tissues: part II. The influence of the rate and frequency of 

distraction. Clin. Orthop. Relat. Res. 239, 263–285 (1989).
 3. Ilizarov, G. A. The tension-stress effect on the genesis and growth of tissues. Part I. The influence of stability of fixation and soft-

tissue preservation. Clin. Orthop. Relat. Res. 238, 249–281 (1989).
 4. Dai, Q. et al. Force-induced increased osteogenesis enables accelerated orthodontic tooth movement in ovariectomized rats. Sci. 

Rep. 7, 3906. https ://doi.org/10.1038/s4159 8-017-04422 -0 (2017).
 5. Dunn, M. D., Park, C. H., Kostenuik, P. J., Kapila, S. & Giannobile, W. V. Local delivery of osteoprotegerin inhibits mechanically 

mediated bone modeling in orthodontic tooth movement. Bone 41, 446–455. https ://doi.org/10.1016/j.bone.2007.04.194 (2007).
 6. Diercke, K., Kohl, A., Lux, C. J. & Erber, R. Strain-dependent up-regulation of ephrin-B2 protein in periodontal ligament fibroblasts 

contributes to osteogenesis during tooth movement. J. Biol. Chem. 286, 37651–37664. https ://doi.org/10.1074/jbc.M110.16690 0 
(2011).

 7. Takimoto, A. et al. Scleraxis and osterix antagonistically regulate tensile force-responsive remodeling of the periodontal ligament 
and alveolar bone. Development (Camb., Engl.) 142, 787–796. https ://doi.org/10.1242/dev.11622 8 (2015).

 8. Ei Hsu Hlaing, E., Ishihara, Y., Wang, Z., Odagaki, N. & Kamioka, H. Role of intracellular Ca(2+)-based mechanotransduction of 
human periodontal ligament fibroblasts. FASEB J. 33, 10409–10424. https ://doi.org/10.1096/fj.20190 0484R  (2019).

 9. Mabuchi, R., Matsuzaka, K. & Shimono, M. Cell proliferation and cell death in periodontal ligaments during orthodontic tooth 
movement. J. Periodontal Res. 37, 118–124. https ://doi.org/10.1034/j.1600-0765.2001.10602 .x (2002).

 10. Wescott, D. C. et al. Osteogenic gene expression by human periodontal ligament cells under cyclic tension. J. Dent. Res. 86, 
1212–1216. https ://doi.org/10.1177/15440 59107 08601 214 (2007).

 11. Suzuki, R., Nemoto, E. & Shimauchi, H. Cyclic tensile force up-regulates BMP-2 expression through MAP kinase and COX-2/PGE2 
signaling pathways in human periodontal ligament cells. Exp. Cell Res. 323, 232–241. https ://doi.org/10.1016/j.yexcr .2014.02.013 
(2014).

 12. Tantilertanant, Y. et al. Cyclic tensile force stimulates BMP9 synthesis and in vitro mineralization by human periodontal ligament 
cells. J. Cell. Physiol. 234, 4528–4539. https ://doi.org/10.1002/jcp.27257  (2019).

 13. Hollinger, J. O., Hart, C. E., Hirsch, S. N., Lynch, S. & Friedlaender, G. E. Recombinant human platelet-derived growth factor: 
biology and clinical applications. J. Bone Joint Surg. 90(Suppl 1), 48–54. https ://doi.org/10.2106/jbjs.g.01231  (2008).

 14. Zhang, W. et al. Vacuum extraction enhances rhPDGF-BB immobilization on nanotubes to improve implant osseointegration in 
ovariectomized rats. Nanomedicine 10, 1809–1818. https ://doi.org/10.1016/j.nano.2014.07.002 (2014).

 15. Jin, Y. et al. rhPDGF-BB via ERK pathway osteogenesis and adipogenesis balancing in ADSCs for critical-sized calvarial defect 
repair. Tissue Eng. Part A 20, 3303–3313. https ://doi.org/10.1089/ten.TEA.2013.0556 (2014).

https://string-db.org/
https://string-db.org/
https://doi.org/10.1038/s41586-018-0650-9
https://doi.org/10.1038/s41586-018-0650-9
https://doi.org/10.1038/s41598-017-04422-0
https://doi.org/10.1016/j.bone.2007.04.194
https://doi.org/10.1074/jbc.M110.166900
https://doi.org/10.1242/dev.116228
https://doi.org/10.1096/fj.201900484R
https://doi.org/10.1034/j.1600-0765.2001.10602.x
https://doi.org/10.1177/154405910708601214
https://doi.org/10.1016/j.yexcr.2014.02.013
https://doi.org/10.1002/jcp.27257
https://doi.org/10.2106/jbjs.g.01231
https://doi.org/10.1016/j.nano.2014.07.002
https://doi.org/10.1089/ten.TEA.2013.0556


11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:11269  | https://doi.org/10.1038/s41598-020-68068-1

www.nature.com/scientificreports/

 16. Papadopoulos, N., Lennartsson, J. & Heldin, C. H. PDGFRbeta translocates to the nucleus and regulates chromatin remodeling 
via TATA element-modifying factor 1. J. Cell Biol. 217, 1701–1717. https ://doi.org/10.1083/jcb.20170 6118 (2018).

 17. Bedekovics, J., Kiss, A., Beke, L., Karolyi, K. & Mehes, G. Platelet derived growth factor receptor-beta (PDGFRbeta) expression 
is limited to activated stromal cells in the bone marrow and shows a strong correlation with the grade of myelofibrosis. Virchows 
Arch. 463, 57–65. https ://doi.org/10.1007/s0042 8-013-1434-0 (2013).

 18. Kramer, F. et al. Platelet-derived growth factor receptor beta activation and regulation in murine myelofibrosis. Haematologica 
https ://doi.org/10.3324/haema tol.2019.22633 2 (2019).

 19. Lin, S. et al. A magnesium-enriched 3D culture system that mimics the bone development microenvironment for vascularized 
bone regeneration. Adv. Sci. (Weinh) 6, 1900209. https ://doi.org/10.1002/advs.20190 0209 (2019).

 20. Tsuge, A., Noda, K. & Nakamura, Y. Early tissue reaction in the tension zone of PDL during orthodontic tooth movement. Arch. 
Oral Biol. 65, 17–25. https ://doi.org/10.1016/j.archo ralbi o.2016.01.007 (2016).

 21. Pautke, C. et al. Characterization of eight different tetracyclines: advances in fluorescence bone labeling. J. Anat. 217, 76–82. https 
://doi.org/10.1111/j.1469-7580.2010.01237 .x (2010).

 22. Zhang, W. et al. The synergistic effect of hierarchical micro/nano-topography and bioactive ions for enhanced osseointegration. 
Biomaterials 34, 3184–3195. https ://doi.org/10.1016/j.bioma teria ls.2013.01.008 (2013).

 23. Parfitt, A. M. et al. Bone histomorphometry: standardization of nomenclature, symbols, and units. Report of the ASBMR Histo-
morphometry Nomenclature Committee. J. Bone Miner. Res. 2, 595–610. https ://doi.org/10.1002/jbmr.56500 20617  (1987).

 24. Li, Z. et al. Nodal facilitates differentiation of fibroblasts to cancer-associated fibroblasts that support tumor growth in melanoma 
and colorectal cancer. Cells https ://doi.org/10.3390/cells 80605 38 (2019).

 25. Shinde, A. V., Humeres, C. & Frangogiannis, N. G. The role of alpha-smooth muscle actin in fibroblast-mediated matrix contrac-
tion and remodeling. Biochim. Biophys. Acta Mol. Basis Dis. 1863, 298–309. https ://doi.org/10.1016/j.bbadi s.2016.11.006 (2017).

 26. Cartledge, J. E. et al. Functional crosstalk between cardiac fibroblasts and adult cardiomyocytes by soluble mediators. Cardiovasc. 
Res. 105, 260–270. https ://doi.org/10.1093/cvr/cvu26 4 (2015).

 27. Yuan, Q. et al. Increased osteopontin contributes to inhibition of bone mineralization in FGF23-deficient mice. J. Bone Miner. Res. 
29, 693–704. https ://doi.org/10.1002/jbmr.2079 (2014).

 28. Masella, R. S. & Meister, M. Current concepts in the biology of orthodontic tooth movement. Am. J. Orthod. Dentofac. Orthop. 
129, 458–468. https ://doi.org/10.1016/j.ajodo .2005.12.013 (2006).

 29. Beertsen, W., McCulloch, C. A. & Sodek, J. The periodontal ligament: a unique, multifunctional connective tissue. Periodontology 
2000 13, 20–40. https ://doi.org/10.1111/j.1600-0757.1997.tb000 94.x (1997).

 30. Seo, B. M. et al. Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet (London, England) 
364, 149–155. https ://doi.org/10.1016/s0140 -6736(04)16627 -0 (2004).

 31. Roberts, W. E. & Chase, D. C. Kinetics of cell proliferation and migration associated with orthodontically-induced osteogenesis. 
J. Dent. Res. 60, 174–181. https ://doi.org/10.1177/00220 34581 06000 21501  (1981).

 32. Lu, Q. B. et al. Chicoric acid prevents PDGF-BB-induced VSMC dedifferentiation, proliferation and migration by suppressing 
ROS/NFkappaB/mTOR/P70S6K signaling cascade. Redox. Biol. 14, 656–668. https ://doi.org/10.1016/j.redox .2017.11.012 (2018).

 33. Zou, D. et al. Blood vessel formation in the tissue-engineered bone with the constitutively active form of HIF-1alpha mediated 
BMSCs. Biomaterials 33, 2097–2108. https ://doi.org/10.1016/j.bioma teria ls.2011.11.053 (2012).

 34. Zhang, M. et al. The effects of platelet-derived growth factor-BB on human dental pulp stem cells mediated dentin-pulp complex 
regeneration. Stem Cells Transl. Med. 6, 2126–2134. https ://doi.org/10.1002/sctm.17-0033 (2017).

 35. Uhl, E., Rosken, F., Sirsjo, A. & Messmer, K. Influence of platelet-derived growth factor on microcirculation during normal and 
impaired wound healing. Wound Repair Regen. 11, 361–367. https ://doi.org/10.1046/j.1524-475x.2003.11508 .x (2003).

 36. Nevins, M. et al. Platelet-derived growth factor stimulates bone fill and rate of attachment level gain: results of a large multicenter 
randomized controlled trial. J. Periodontol. 76, 2205–2215. https ://doi.org/10.1902/jop.2005.76.12.2205 (2005).

 37. Mohri, T., Iwakura, T., Nakayama, H. & Fujio, Y. JAK–STAT signaling in cardiomyogenesis of cardiac stem cells. Jak-stat 1, 125–130. 
https ://doi.org/10.4161/jkst.20296  (2012).

 38. Dalagiorgou, G. et al. Mechanosensor polycystin-1 potentiates differentiation of human osteoblastic cells by upregulating Runx2 
expression via induction of JAK2/STAT3 signaling axis. Cell. Mol. Life Sci. 74, 921–936. https ://doi.org/10.1007/s0001 8-016-2394-8 
(2017).

 39. Bowman, T. et al. Stat3-mediated Myc expression is required for Src transformation and PDGF-induced mitogenesis. Proc. Natl. 
Acad. Sci. U.S.A. 98, 7319–7324. https ://doi.org/10.1073/pnas.13156 8898 (2001).

 40. Li, J. JAK–STAT and bone metabolism. Jak-stat 2, e23930. https ://doi.org/10.4161/jkst.23930  (2013).
 41. Zheng, X., Zhang, W. & Wang, Z. Simvastatin preparations promote PDGF-BB secretion to repair LPS-induced endothelial 

injury through the PDGFRbeta/PI3K/Akt/IQGAP1 signalling pathway. J. Cell Mol. Med. 23, 8314–8327. https ://doi.org/10.1111/
jcmm.14709  (2019).

 42. Druker, B. J. et al. Efficacy and safety of a specific inhibitor of the BCR-ABL tyrosine kinase in chronic myeloid leukemia. N. Engl. 
J. Med. 344, 1031–1037. https ://doi.org/10.1056/nejm2 00104 05344 1401 (2001).

 43. El-Adawi, H. et al. The functional role of the JAK–STAT pathway in post-infarction remodeling. Cardiovasc. Res. 57, 129–138. 
https ://doi.org/10.1016/s0008 -6363(02)00614 -4 (2003).

 44. Yu, X. et al. Inhibition of JAK2/STAT3 signaling suppresses bone marrow stromal cells proliferation and osteogenic differentiation, 
and impairs bone defect healing. Biol. Chem. 399, 1313–1323. https ://doi.org/10.1515/hsz-2018-0253 (2018).

 45. Ren, Y., Maltha, J. C. & Kuijpers-Jagtman, A. M. Optimum force magnitude for orthodontic tooth movement: a systematic literature 
review. Angle Orthod. 73, 86–92. https ://doi.org/10.1043/0003-3219(2003)073<0086:ofmfo t>2.0.co;2 (2003).

 46. King, G. J. & Fischlschweiger, W. The effect of force magnitude on extractable bone resorptive activity and cemental cratering in 
orthodontic tooth movement. J. Dent. Res. 61, 775–779. https ://doi.org/10.1177/00220 34582 06100 62501  (1982).

 47. King, G. J., Keeling, S. D., McCoy, E. A. & Ward, T. H. Measuring dental drift and orthodontic tooth movement in response to 
various initial forces in adult rats. Am. J. Orthod. Dentofac. Orthop. 99, 456–465. https ://doi.org/10.1016/s0889 -5406(05)81579 -3 
(1991).

 48. Namba, S. et al. ERK2 and JNK1 contribute to TNF-alpha-induced IL-8 expression in synovial fibroblasts. PLoS ONE 12, e0182923. 
https ://doi.org/10.1371/journ al.pone.01829 23 (2017).

 49. Izumi, D. et al. CXCL12/CXCR4 activation by cancer-associated fibroblasts promotes integrin beta1 clustering and invasiveness 
in gastric cancer. Int. J. Cancer 138, 1207–1219. https ://doi.org/10.1002/ijc.29864  (2016).

 50. Picke, A. K. et al. Thy-1 (CD90) promotes bone formation and protects against obesity. Sci. Transl. Med. https ://doi.org/10.1126/
scitr anslm ed.aao68 06 (2018).

 51. Jiang, L. et al. Early effects of parathyroid hormone on vascularized bone regeneration and implant osseointegration in aged rats. 
Biomaterials 179, 15–28. https ://doi.org/10.1016/j.bioma teria ls.2018.06.035 (2018).

 52. Wen, J. et al. In vitro and in vivo evaluation of silicate-coated polyetheretherketone fabricated by electron beam evaporation. ACS 
Appl. Mater. Interfaces 8, 13197–13206. https ://doi.org/10.1021/acsam i.5b102 29 (2016).

 53. Cui, D. et al. Human beta-defensin 3 inhibits periodontitis development by suppressing inflammatory responses in macrophages. 
Mol. Immunol. 91, 65–74. https ://doi.org/10.1016/j.molim m.2017.08.012 (2017).

 54. Liu, S. et al. High vimentin expression associated with lymph node metastasis and predicated a poor prognosis in oral squamous 
cell carcinoma. Sci. Rep. 6, 38834. https ://doi.org/10.1038/srep3 8834 (2016).

https://doi.org/10.1083/jcb.201706118
https://doi.org/10.1007/s00428-013-1434-0
https://doi.org/10.3324/haematol.2019.226332
https://doi.org/10.1002/advs.201900209
https://doi.org/10.1016/j.archoralbio.2016.01.007
https://doi.org/10.1111/j.1469-7580.2010.01237.x
https://doi.org/10.1111/j.1469-7580.2010.01237.x
https://doi.org/10.1016/j.biomaterials.2013.01.008
https://doi.org/10.1002/jbmr.5650020617
https://doi.org/10.3390/cells8060538
https://doi.org/10.1016/j.bbadis.2016.11.006
https://doi.org/10.1093/cvr/cvu264
https://doi.org/10.1002/jbmr.2079
https://doi.org/10.1016/j.ajodo.2005.12.013
https://doi.org/10.1111/j.1600-0757.1997.tb00094.x
https://doi.org/10.1016/s0140-6736(04)16627-0
https://doi.org/10.1177/00220345810600021501
https://doi.org/10.1016/j.redox.2017.11.012
https://doi.org/10.1016/j.biomaterials.2011.11.053
https://doi.org/10.1002/sctm.17-0033
https://doi.org/10.1046/j.1524-475x.2003.11508.x
https://doi.org/10.1902/jop.2005.76.12.2205
https://doi.org/10.4161/jkst.20296
https://doi.org/10.1007/s00018-016-2394-8
https://doi.org/10.1073/pnas.131568898
https://doi.org/10.4161/jkst.23930
https://doi.org/10.1111/jcmm.14709
https://doi.org/10.1111/jcmm.14709
https://doi.org/10.1056/nejm200104053441401
https://doi.org/10.1016/s0008-6363(02)00614-4
https://doi.org/10.1515/hsz-2018-0253
https://doi.org/10.1043/0003-3219(2003)073<0086:ofmfot>2.0.co;2
https://doi.org/10.1177/00220345820610062501
https://doi.org/10.1016/s0889-5406(05)81579-3
https://doi.org/10.1371/journal.pone.0182923
https://doi.org/10.1002/ijc.29864
https://doi.org/10.1126/scitranslmed.aao6806
https://doi.org/10.1126/scitranslmed.aao6806
https://doi.org/10.1016/j.biomaterials.2018.06.035
https://doi.org/10.1021/acsami.5b10229
https://doi.org/10.1016/j.molimm.2017.08.012
https://doi.org/10.1038/srep38834


12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:11269  | https://doi.org/10.1038/s41598-020-68068-1

www.nature.com/scientificreports/

 55. Zhu, N. et al. Tumor-infiltrating lymphocyte-derived MLL2 independently predicts disease-free survival for patients with early-
stage oral squamous cell carcinoma. J. Oral Pathol. Med. https ://doi.org/10.1111/jop.12969  (2019).

 56. Ni, Y. H. et al. Distinct expression patterns of Toll-like receptor 7 in tumour cells and fibroblast-like cells in oral squamous cell 
carcinoma. Histopathology 67, 730–739. https ://doi.org/10.1111/his.12703  (2015).

 57. Deng, J. L., Xu, Y. H. & Wang, G. Identification of potential crucial genes and key pathways in breast cancer using bioinformatic 
analysis. Front. Genet. 10, 695. https ://doi.org/10.3389/fgene .2019.00695  (2019).

 58. Xia, L. et al. ANLN functions as a key candidate gene in cervical cancer as determined by integrated bioinformatic analysis. Cancer 
Manag. Res. 10, 663–670. https ://doi.org/10.2147/cmar.S1628 13 (2018).

 59. Jing, Y. et al. SPARC promotes the proliferation and metastasis of oral squamous cell carcinoma by PI3K/AKT/PDGFB/PDGFRbeta 
axis. J. Cell. Physiol. https ://doi.org/10.1002/jcp.28205  (2019).

 60. Li, J. et al. Transcription modulation by CDK9 regulates inflammatory genes and RIPK3-MLKL-mediated necroptosis in peri-
odontitis progression. Sci. Rep. 9, 17369. https ://doi.org/10.1038/s4159 8-019-53910 -y (2019).

Acknowledgements
The work was supported by the National Natural Science Foundation of China (No. 81700939 to YQ J, No. 
81772880 to YH N, No. 81902754 to LD, No. 81702680 to YX S, No. 81902759 to Y J) and the Fundamental 
Research Funds for the Central Universities (No. 021014380117 to LD), China Postdoctoral Science Foundation 
(No. 2019M651789 to LD), Nanjing Medical Science and Technique Development Foundation, No. YKK18123 
to Y J, and Natural Science Foundation of Jiangsu Province (No. BK20190304 to LD).

Author contributions
Y.J.contributed to data acquisition, analysis and drafted the manuscript; L.D. dedicated to data acquisition and 
revised the manuscript; Z.D., Y.F. and Y.S. performed in vivo experiments; Y.J., Q.L. and J.Z. dedicated to in vitro 
experiments; Y.N. and Q.H.conceived and designed the study and revised the manuscript.

competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.N. or Q.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1111/jop.12969
https://doi.org/10.1111/his.12703
https://doi.org/10.3389/fgene.2019.00695
https://doi.org/10.2147/cmar.S162813
https://doi.org/10.1002/jcp.28205
https://doi.org/10.1038/s41598-019-53910-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tensile force-induced PDGF-BBPDGFRβ signals in periodontal ligament fibroblasts activate JAK2STAT3 for orthodontic tooth movement
	Anchor 2
	Anchor 3
	Results
	Orthodontic tooth movement and micro-CT analysis. 
	The morphological changes of periodontal ligament and new bone formation induced by tension force during OTM. 
	PDGF-BB responsive-fibroblasts are up-regulated by orthodontic force. 
	PDGF-BBPDGFRβ might regulate bone formation under tensile force through the JAK2STAT3 pathway. 

	Discussion
	Methods
	Orthodontic tooth movement model. 
	Rat PDL fibroblasts isolation and culture. 
	Flow cytometry. 
	Sequential fluorochrome labeling. 
	Histomorphometric observation. 
	Micro-CT analysis of alveolar bone. 
	Histology and immunohistochemistry analysis. 
	TRAP staining. 
	Immunofluorescence assay. 
	Bioinformatics analysis. 
	Statistical analysis. 
	Ethics statement. 

	Data availability
	References
	Acknowledgements


