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Summary

Objective:  The objective of this study was to investigate the histomorphometric changes around 
the site of mini-screw insertion in the regenerated bone which was induced by an anabolic-injection 
method using both anabolic peptide and bone morphogenetic protein 2 (BMP-2).
Methods:  Twenty-seven eight-week-old C57BL/6J male mice were used. Some mice received 
submucosal co-injections of anabolic peptide and BMP-2 just in front of the maxillary first molar. 
Screw insertion was then performed 4 weeks after injection. All mice underwent a weekly in vivo 
micro-focal X-ray computed tomography (µCT) analysis before being sacrificed at week 8.  The 
bone formation activity was evaluated using fluorescent labelling in the undecalcified sections. 
The analyses, including screw insertion, were performed in the frontal plane, in front of the site of 
screw insertion.
Results:  Reconstructed µCT images revealed that the co-injection of anabolic reagents could lead 
to a gradual increase in the bone mineral density (BMD) of the injection-induced thickened bone 
by week 8. Both radiological and histomorphometric analyses indicated that screw insertion did 
not have any deleterious effects on either the BMD or the bone formation activity of the induced 
bone. Furthermore, the injection of anabolic reagents also led to an increase in the BMD of the 
underlying maxillary bone at the injection site.
Conclusion:  Our histomorphometric analyses suggest that performing such anabolic injection to 
thicken bone could stimulate bone formation in the basal bone as well as in the induced bone. 
Similar augmentation of bone formation could be obtained even after subsequent screw insertion 
at the site of the induced bone.
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Introduction

The mini-screw plays a pivotal role in orthodontic treatment (1, 2). 
It acts as a skeletal anchor preventing undesired tooth movement 
and also assists in skeletal modification (3–6). However, there are 
several problems that hinder successful mini-screw insertion (7). 
Anatomical limitations, such as insufficient bone volume or the 
thickness of the cortical bone, especially the edentulous space, may 
lead to poor primary stability of the mini-screws (8–10). Although 
a larger diameter improves the primary stability, thick mini-screws 
cannot be inserted in the tight spaces between roots (9, 11). This 
leads to the occurrence of iatrogenic root injury and screw fracture. 
Several other factors might contribute to such mini-screw failure. 
Factors such as low bone mineral density (BMD) greatly influence 
the final outcome of mini-screw insertion (12). Different parts of 
the jaws have different mineral densities (13). For instance, the pos-
terior part of the maxilla has a low BMD and is therefore likely to 
demonstrate screw loosening over time (14). Moreover, individuals 
who suffer from systemic diseases, such as type-I diabetes or post-
menopausal women, have a low BMD (15, 16). In clinical practice, 
however, mini-screws can be placed in other parts of the jaw, such 
as the hard palate, to avoid causing root injury or avoid placement 
in tight spaces (17–20). This requires the careful planning of ortho-
dontic mechanics and it is usually associated with other problems 
such as patient discomfort. Various extra-oral appliances can be used 
to reinforce the anchorage, such as headgear (21). This method re-
lies heavily on patient compliance which might not always produce 
a desirable outcome (22). Thus, a different approach is necessary to 
facilitate mini-screw insertion.

We recently established an efficient method for thickening the 
maxillary bone by injecting anabolic materials to form additional 
bone at the site where thick bone is necessary; this method might be 
useful for solving the above-mentioned anatomical limitations and 
the problem of low BMD (23). The reagents used for injection in-
clude anabolic peptide and bone morphogenetic protein 2 (BMP-2). 
The anabolic peptide is originally designed from the binding site of 
the receptor activator of NF-κΒ ligand (RANKL) on osteoprotegerin, 
thereby inhibiting the osteoclast activity (24). Recently, this RANKL-
binding peptide OP3-4 has been recognized as a stimulator of osteo-
blast differentiation and bone formation (25–27). The other reagent 
is BMP-2, which has been used to induce ectopic bone due to its 
great osteogenic potential. The combination of BMP-2 and the pep-
tide produces a synergistic effect. This has been proven to be effective 
in stimulating bone formation in various animal models. The syner-
gistic effect of the two materials induces sufficient bone formation 
to cover the critical-sized defect in the calvaria-defect model, while 
also improving BMP-2-induced osteogenesis in the tooth extraction 
socket (25, 28). We therefore hypothesized that this anabolic-injec-
tion method might improve the BMD and increase the thickness of 
the bone at the injection site, where additional thickness is necessary 
for screw insertion. Thus, the purpose of this study was to investi-
gate the histomorphometric changes around the site of mini-screw 
insertion in the regenerated bone which was induced by an anabolic-
injection method using both anabolic peptide and BMP-2.

Materials and methods

Animals
Twenty-seven seven-week-old C57BL/6J male mice were purchased 
from NIPPON CLEA (Tokyo, Japan). All animals were given a 
week to adapt to a 12-hour dark/light cycle under constant tem-
perature (22  ± 1°C) with ad libitum access to food and water. 

All of the experimental procedures were approved by the Animal 
Care and Use Committee of Tokyo Medical and Dental University 
(Tokyo, Japan, authorization numbers: A2017-280C7, A2018-
102A, A2019-096A).

Experimental design and surgical procedure
Eight-week old mice were subcutaneously anaesthetized with a 
mixed solution consisting of medetomidine hydrochloride (0.75 mg/
kg; Dormitol, Zenoaq, Fukushima, Japan), Midazolam (4  mg/kg; 
Midazolam®, Sando, Yamagata, Japan) and Butorphanol (5 mg/kg; 
Vetorphale, Meiji Seika Pharma Co., Ltd, Tokyo, Japan). They re-
covered after the subcutaneous injection of atipamezole (0.75 mg/
kg; Antisedan, Zenoaq), which is an antagonist of medetomidine 
hydrochloride. Some mice were randomly selected to receive a 4-µl 
submucosal injection of a mixture of gelatin hydrogel (pI9; provided 
by Prof. Y. Tabata, Department of Biomaterials, Kyoto University, 
Kyoto, Japan), BMP-2 (provided by Bioventus LLC, Durham, 
North Carolina, USA), and anabolic peptide (OP3-4; Atlantic pep-
tides, Lewisburg, Pennsylvania, USA) in front of the right maxillary 
first molar (incisor-first molar diastema of the right maxilla) using 
a 26-gauge Hamilton needle and a 25-µl Hamilton syringe, as pre-
viously described (Figure  1B) (23). Due to the delicate nature of 
the mucosal tissue, the injection site, where the needle was inserted, 
had to be placed approximately 2.0 mm away from bone formation 
site, namely where the screw was to be placed. At four weeks after 
injection, some mice were randomly chosen for pure titanium screw 
insertion (diameter: 0.8 mm; length: 1.5 mm; Matsumoto Industry 
Co., Ltd, Chiba, Japan) either inside the newly formed bone or the 
maxillary bone, as previously mentioned with some modifications 

Figure 1.  The experimental design. (A) The schedule for the injection of bone 
anabolic materials, screw insertion, and fluorescent labelling. (B) A schematic 
representation of the experimental groups. (C) The regions of interest (ROIs) 
for analysing the micro-CT (µCT) images and undecalcified sections. Both 
analyses were performed in the areas of induced bone and the basal bone, 
as shown in the right panel.
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(Figure 1A) (29). Then, the mice were divided into the following 
four groups: the control group (Ctr; n  =  6), the injection group 
(Inj; n = 9), the screw insertion group (Scr; n = 4), and the injec-
tion and screw insertion group (Inj/Scr; n = 8) (Figure 1B). Next, 
two bone labelling agents, Calcein (20  mg/kg; Sigma-Aldrich, St. 
Louis, Missouri, USA) and Alizarin complexone (20 mg/kg; ALC, 
Donjindo, Kumamoto, Japan), were administered at 25 and 5 days 
before sacrifice, respectively (Figure 1A). All mice were sacrificed by 
cervical dislocation under anaesthesia at week 8. The craniums de-
prived of the mandibles were carefully dissected. The samples were 
then thoroughly washed by phosphate buffered saline (PBS) before 
being submerged in 10% PBS-based formaldehyde fixative (pH 7.4) 
for 48 hours at 4°C under constant shaking motion. All samples 
were then washed and stored in PBS for further analyses, as de-
scribed previously (23).

Radiological assessment
From the second week after injection, in vivo micro-focal X-ray 
computed tomography (µCT) was performed on a weekly basis. 
Three-dimensional (3D) reconstruction images of the maxillae were 
captured by in vivo µCT (R_mCT2 SPMD, Rigaku, Tokyo, Japan; 
90 kV and 160 mA within a 10-mm field of view). All 3D data were 
first reconstructed under the same configurations and then were ar-
ranged in a way that the occlusal plane was parallel to the floor 
and balanced between left and right. The contact point between the 
first and second molar was used as a reference point throughout this 
analysis so that the same region of interest (ROI) for BMD analyses 
could be selected each time. Next, we divided the bone into two 
parts, induced bone and basal bone, and the border of these two 
regions was determined by the shape of basal bone on µCT images 
(Figure 1C). We also used fluorescence microscopy to recognize the 
induced bone and basal bone. In order to observe the changes of 
the induced bone and exclude the effects of the radiological artefact 
of the screw, the frontal plane 4.2  mm anterior from the contact 
site of the first and the second molars and 0.2-mm thickness, an-
terior to screw placement was chosen as the ROI for a BMD ana-
lysis (Figure 1C). Based on the ROI shown here, the bone thickness 
at week 8 was calculated by dividing the total bone volume by the 
total bone surface, which were measured based on the µCT images 
shown above, and multiplied by two. All µCT analyses were per-
formed using the TRI/3D-BON imaging software program (Ratoc 
System Engineering, Tokyo, Japan).

Histological assessment and bone 
histomorphometry
The maxillae were cut just anterior to the screws using a saw micro-
tome (SP1600; Leica Biosystems, Nussloch, Germany) under a con-
stant flow of water (Figure 1C). The anterior portions of the maxillae 
were then embedded in SCEM compound (Section-Lab Co. Ltd, 
Hiroshima, Japan) and frozen into blocks at −100°C in a freezing 
machine (UT2000F; Leica Microsystems, Tokyo, Japan). The unde-
calcified frozen blocks were then cut into slices measuring 5 µm in 
thickness using a microtome (CM3050sIV; Leica Biosystems) and 
then were retrieved by adhesive Kawamoto film (Cryofilm type 2C 
[9], Section-Lab, Co., Ltd), as described previously (23). Thereafter, 
both von Kossa and tartrate-resistant acid phosphatase staining 
were applied to identify the calcified tissue and osteoclasts, respect-
ively, as described previously (30). The fluorescence-labelled sections 
were observed under a fluorescence microscope (FSX100; Olympus, 
Tokyo, Japan). The mineral apposition rate (MAR) was calculated 

by measuring the inter-labelled distance between a Calcein-labelled 
line (green colour) and an Alizarin-labelled line (red colour), and div-
ided by the 20-day interval. The bone formation rate (BFR) (area ref-
erence) was calculated by multiplying the mineralizing surface (MS) 
by the MAR and divided by the bone area, as described previously 
(31). We divided the basal bone into outer and inner portions. The 
outer portion was approximately 200 µm from the outer border, and 
the rest of the basal bone was regarded as the inner portion. The 
eroded surface and osteoclast number per bone surface was calcu-
lated by dividing the total eroded surface and number of osteoclasts 
by the trabecular surface of the basal bone, respectively (31).

Statistical analyses
All results are presented as the mean ± standard deviation (SD). 
All statistical analyses were carried out using SPSS ver. 22.0 (IBM, 
Chicago, USA). Sample size calculations were done based on the 
pilot study and a previous study which performed similar compari-
sons (23) using the formula noted below:

Sample size calculation:

N = 2(Zα/2 + Zβ)
2SD2/ ∆ 2

√
2

where Zα/2: significance = 5%; Zβ: power = 80%; SD: standard devi-
ation; Δ: the difference between the mean value.

N = 2(Zα/2 + Zβ)
2SD2/ ∆ 2

= 2(1.96+ 0.84)2202/502

= 3.36

We also assumed that 0.05 < P  < 0.1 indicated edge cases of sig-
nificance or were highly suggestive of significance according to the 
statement by the American Statistical Association (32, 33). The dif-
ference between the mean value and SD was determined by the pilot 
and the findings of a previous study (23). Non-parametric analyses 
were performed using the Wilcoxon signed-rank test, the Wilcoxon 
rank sum test with/without Bonferroni correction (P < 0.05), while 
parametric analyses were performed using the t-test with/without 
Bonferroni correction (P < 0.05). The significance level was modified 
by the number of comparisons using the Bonferroni correction for-
mula noted below:

Formula of Bonferroni correction:

α = 0.05/[β(β − 1)/2]

where α: significance level; β: number of groups.

Results

Anabolic injection regenerated bone at the injection 
site and thickened the bone of the maxilla at week 8
Anabolic-injection-induced bone began to form at week 2; however, 
the radio opacity was relatively low (Figure 2A). At this point, the 
average BMD of the induced bone was approximately 265 mg/cm3 
(Figure  2B). From week 3, the bone progressively started to take 
shape, reaching an average BMD of approximately 565  mg/cm3 
at week 4, which was twice the average BMD observed at week 2 
(Figure 2B). By week 5, the border between the induced bone and the 
basal bone became less distinguishable since the white region, which 
represents a higher BMD (>700 mg/cm3) seemed to fuse into a single 
block. The induced bone gradually mineralized, peaking at week 8 
at approximately 785 mg/cm3, which was approximately 3-fold the 
BMD observed at week 2 (Figure 2B). The induced bone was compact 
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and appeared as a cortical-like structure (Figure  2A). The average 
bone thickness at week 8 clearly showed a significant increase in 
both groups that received anabolic injections (Inj and Inj/Scr) in com-
parison to the non-injected groups (Ctr and Scr) (Figure 2C).

Screw insertion had no deleterious effects on BMD 
in the induced bone
To investigate the changes in the BMD of the newly formed bone 
(induced bone) after the subsequent screw insertion, we performed 
in vivo µCT analyses comparing the induced bone of the Inj group to 
that of the Inj/Scr group at weeks 4 and 8, and found no difference in 
the BMD of the induced bone between the two groups (Figure 3A). 
The observance of fluorescence images of undecalcified sections re-
vealed distinct Calcein- and Alizarin-labelled lines that appeared 
similarly in both injected groups (Figure 3B and 3C). The distance 
between the two labelled lines was also similar in the two groups 
(Figure 3C). Quantitative analyses of MAR and BFR, which show the 
bone formation activity of each osteoblast and the BFR from 25 to 
5 days before sacrifice, respectively, indicated that the bone formation 
activity in the induced bone was not reduced by screw insertion for at 
least 20 days (days 3 to 23) after screw insertion (Figure 3B and 3C).

Anabolic injection increased the BMD of the basal 
bone adjacent to the induced bone
At week 4, there were visible differences in the basal bone between 
the injected groups (Inj and Inj/Scr) and the non-injected groups (Ctr 

and Scr), since the white region, which represented a high BMD (as 
shown in the colour bar of Figure 4A), was more clearly evident in the 
injected groups. Interestingly, the high BMD region shown in white 
in the injected groups (Inj and Inj/Scr) was more prominent in the 
basal bone adjacent to the induced bone (Figure 4A). As shown in 
Figures 2C and 3, the anabolic injection increased the bone thickness 
and led to active bone formation in the induced bone. We thought that 
this active bone formation in the induced bone might influence the 
basal bone and increase the BMD (Figure 4B). The active bone forma-
tion of induced bone can also be observed using von Kossa staining, 
which revealed extensive mineralization of the whole induced bone 
(Figure 5A). As a result, the total bone area of injected groups was 
found to significantly increase (Figure 5B and Supplementary Figure 1).  

Figure 2.  Changes in the bone mineral density (BMD) of the anabolic-injection-
induced bone and the effects of anabolic injection on bone thickness. (A) 
Changes in the in vivo µCT reconstruction images up to 8 weeks after anabolic 
injection. The orange dotted lines represent the border of the basal bone and 
the induced bone. (B) The time-course study of the BMD of induced bone. The 
Wilcoxon signed-rank test was performed with Bonferroni correction (P < 0.05). 
*P < 0.05 versus week 2, #P < 0.05 versus week 4. (C) The average bone thickness 
at week 8. Ctr, control group; Scr, screw insertion group; Inj, injection group; 
Inj/Scr, injection and screw insertion group. The Wilcoxon rank sum test was 
performed with Bonferroni correction (P < 0.05). *P < 0.05 versus the Ctr group, 
#P < 0.05 versus the Scr group. The data are shown as the mean ± SD.

Figure 3.  The induced bone was not affected by screw insertion. (A) The 
BMD of the induced bone of the Inj and Inj/Scr groups at weeks 4 and 8. (B) 
Fluorescence images of the induced bone. Yellow dotted lines separate the 
induced bone from the basal bone. Scale bar  =  500  µm. (C) Fluorescence 
images of inter-labelled lines of the induced bones of the Inj and Inj/Scr 
groups and quantitative data on the bone formation activity of the induced 
bone. The data are shown as the mean ± SD. The Wilcoxon rank sum test was 
performed. Scale bar = 25 µm.
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To further clarify the influence of the induced bone on the basal 
bone, we first observed fluorescence-labelled images and found that 
the basal bones of the injected groups were partly affected along 
the outer border (Figure 6A). Thus, we divided the basal bone into 
outer and inner portions, as described in Materials and methods. 
Quantitative measurements clearly showed the BFR value of the 
outer portions of both injected groups, which was calculated from 
MAR and MS/BS, to be greater in comparison to those of the outer 
portions of the non-injected groups, while the MAR and BFR values 
of the inner portions did not differ among the groups to a statis-
tically significant extent (Figure  6B and Supplementary Figure 2).  
The resorption parameters, eroded surface and osteoclast number per 
bone surface, did not differ among the groups to a statistically signifi-
cant extent (Figure 6C and Supplementary Figure 3).

Discussion

In orthodontic treatment, secure mini-screw insertion mainly relies 
on primary stability, while the primary stability itself relies greatly 
on the thickness of the cortical bone (9, 10). Our study provides 
the first evidence showing the effects of subsequent screw insertion 
after inducing bone formation using anabolic injections. We previ-
ously demonstrated that a protein/peptide combination (using the 
same injectable gel carrier as used in this study) promoted bone 
formation in the mouse maxilla (23). Usually, the size of the re-
generated bone induced by BMP-2 is carrier-size dependent, as we 
demonstrated in our previous study. Since the injectable carrier 
was a granular-type carrier measuring 20-µm in diameter, the re-
generated bone induced by BMP-2 alone could not induce bone 
thickening at the injection site, while co-injection with the anabolic 
peptide was able to induce bone thickening, while also increasing 

the height of the jaw bone as we observed in the present study 
(Figures 2C and 4A) (23). Thus, we could confirm the reproduci-
bility of our anabolic-injection method to thicken bone at a desired 
location with only a single injection.

The BMD at the mini-screw site is another important factor 
for successful mini-screw placement (14). For example, the pos-
terior maxilla, which has a relatively low BMD, is not a favourable 
place for mini-screw insertion (13). Screw migration is known to 
occur less frequently in bone with a high BMD (34). Furthermore, 
patients with a low BMD might be prone to mini-screw failure  
(15, 16, 35). In order to prevent such events in patients with a low 
BMD, the BMD should be increased for successful mini-screw inser-
tion. Actually, in vivo µCT revealed a gradual increase in the BMD of 
the induced bone by week 8 (Figure 2A and 2B), and our anabolic-
injection method led to an increase of the BMD in the basal bone 
at the injection site, as well as a gradual increase in the BMD of the 
induced bone (Figures 2 and 4A, 4B). Thus, our study suggests that 
the anabolic-injection method using BMP-2 and an anabolic peptide 
might have the potential to overcome the anatomical limitations that 
may lead to failure after mini-screw placement.

The results showing the increase in the bone formation activity in 
the basal bone at the injection site might therefore indicate that the 
anabolic-injection method helps to facilitate successful mini-screw 
insertion (Figure 6 and Supplementary Figure 2). Since the predrilled 
guides are not usually used for mini-screw insertion, bone elasticity 
is known to be important for the direct insertion of the mini-screw 
(11, 36, 37). As Figure 6 demonstrates, the bone formation increased 
at the injection site in the outer portion of the basal bone, as well 
as in the induced bone itself, in comparison to the inner portion of 
the basal bone. Since the newly formed bone is known to have high 
elasticity, sites of active formation are also thought to have greater 
elasticity than sites with low bone formation activity (38). Our data 
suggest that the injection-induced increase of bone formation could 
lead to easier mini-screw insertion in comparison to the approach 
without anabolic injection. A study using bigger animals is necessary 
to clarify the effects of our anabolic-injection method with regard to 
the facilitation of mini-screw insertion.

Figure 4.  The induced bone might increase the BMD of basal bone. (A) µCT 
images of each group at weeks 4 and 8. Scale bar = 1 mm. (B) The BMD of 
the basal bone. The data are shown as the mean ± SD. The Wilcoxon rank 
sum test with Bonferroni correction (P < 0.05). *P < 0.05 versus the Ctr group, 
#P < 0.05 versus the Scr group.

Figure 5.  von Kossa staining revealed an increased calcification area of 
bone in the injected groups. (A) von Kossa-stained images of the maxilla 
bone. A  cortical bone structure appeared in the injected groups. Scale 
bar = 500 µm. (B) Total bone area. The data are shown as the mean ± SD. The 
t-test with Bonferroni correction (P < 0.05) was performed. *P < 0.05 versus 
the Ctr group, #P < 0.05 versus the Scr group.
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The stimulatory mechanism of bone formation induced by 
anabolic injection is recognized as a synergistic effect of the 
RANKL-binding peptide and BMP-2 on bone formation (39). The 
RANKL-binding peptide stimulates the phosphorylation of Smad1/5 
protein, which is downstream in the BMP-2 signalling pathway. 
Furthermore, the RANKL-binding peptide has been proven to accel-
erate osteoblast differentiation directly through the surface protein 
RANKL on osteoblasts (25, 26). These actions induced by the ana-
bolic peptide and BMP-2 could affect the BMD and bone formation 
activity in the basal bone at the site of the anabolic injection. Further 
studies are necessary to clarify whether the BMD and bone forma-
tion induced by our anabolic-injection method can be maintained at 
a certain level after the application of loading on the screw.

In summary, our anabolic-injection method increased the bone 
thickness, BMD, and bone formation activity, even in the basal bone 
at the injection site. Our results also indicated that similar bone 
formation was obtained after the subsequent screw insertion, sug-
gesting that our anabolic-injection method might prevent mini-screw 
failure due to the lack of bone thickness and a low BMD at the site 
of screw insertion.

Supplementary material

Supplementary data are available at European Journal of 
Orthodontics online.

Supplementary Figure 1.  Bone area measurements using von 
Kossa staining. (A) The von Kossa-stained images of the induced 
and basal bone. The induced bone, outer, and inner portions of the 
basal bone were separated by red, orange, and white dotted lines, 
respectively. Scale bar = 500 µm. The outer portion of the basal bone 
was defined as described in Materials and methods. (B) The bone 
area of induced bone. (C) The basal bone area in the outer and inner 
portions. The t-test and t-test with Bonferroni correction (P < 0.05) 
were performed for the bone area of induced bone (B) and basal 
bone (C), respectively.

Supplementary Figure 2. The mineralizing surface in the basal 
bone. Quantitative data of the mineralizing surface per bone sur-
face (MS/BS) of the outer and inner portions of the basal bone. The 
data are shown as the mean ± SD. The t-test was performed with 
Bonferroni correction (P < 0.05).

Supplementary Figure 3.  The osteoclast number using TRAP 
staining. (A) The osteoclast number per bone surface (N.Oc/BS) in 
the induced bone. (B) N.Oc/BS in the outer and inner portions of the 
basal bone. The data are shown as the mean ± SD. The Wilcoxon test 
and Wilcoxon with Bonferroni correction (P < 0.05) were performed 
for the induced bone (A) and basal bone (B), respectively.
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