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Abstract
Background. Orthodontic tooth movement is linked to alveolar bone reconstruction.

Objectives. As a regulator of cell proliferation, insulin-like growth factor 1 (IGF-1) plays an important role 
in osteoporotic fracture healing. This study aims to investigate the effect of IGF-1 on alveolar bone remodel-
ing in diabetic rats.

Materials and methods. Sprague Dawley (SD) rats were randomly divided into 3 groups, including a control 
group, a model group established with streptozotocin (STZ) injection to prepare the diabetic rats (type 1 
diabetes), and an IGF-1 group of diabetic rats receiving daily intraperitoneal injections of 1.0 mg/kg IGF-1. 
Nickel-titanium coil springs were used to pull the first molar forward to establish the model. The maxillary 
first to third molars and the surrounding alveolar bone were collected to measure tooth movement distance. 
Hematoxylin and eosin (H&E) staining was applied to detect the pathological changes in the periodontal tissue. 
Real-time polymerase chain reaction (PCR) and western blot were adopted to measure bone morphogenetic 
protein 2 (BMP-2) mRNA and protein expression. Enzyme-linked immunosorbent assays (ELISAs) were used 
to measure interleukin-1α (IL-1α) levels in the serum.

Results. The tooth movement distance was significantly decreased, BMP-2 expression was downregulated, and 
IL-lα levels were enhanced in the model group compared to the control group (p < 0.05). However, the tooth 
movement distance was increased, BMP-2 expression was increased, and IL-lα levels were reduced in the IGF-1 
group compared to the model group (p < 0.05). Hematoxylin and eosin staining showed that alveolar bone 
destruction was attenuated in the IGF-1 group, while the new bone was not active in the model group.

Conclusions. Diabetes can damage alveolar bone remodeling in orthodontic tooth movement. The IGF-1 
promotes alveolar bone remodeling by inhibiting inflammation and upregulating BMP-2 expression.
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Background

The teeth are fixed in  the alveolar fossa by attach-
ing to the alveolar bone via the periodontal ligament. 
The  orthodontic process is  aimed at  the  correction 
of  teeth and removal of  malocclusions, and depends 
on  the  usage of  correction devices inside or  outside 
the mouth.1,2 It adjusts dental deformities and coordi-
nates facial bone, maxillofacial, teeth, nerve, and muscle 
realignment. Moreover, it corrects the abnormal state 
between the upper and lower teeth, the upper and lower 
jaw, the  teeth and the  jaws, as well as  the nerves and 
muscles, to  ensure the  balance, stability and beauty 
of the stomatognathic system.3,4 Through a corrective 
force on  the  teeth, alveolar bone and jaw, the device 
makes the misaligned teeth physically move to achieve 
a normal alignment and more natural beauty.5 People 
in many countries are more and more aware of the im-
portance of aesthetic teeth and oral health, an in con-
sequence the number of orthodontic patients continues 
to rise year after year.6 Alveolar bone reconstruction 
is critical in orthodontic tooth movement and the si-
multaneous changes in  periodontal tissue caused 
by  the  tooth movement.6,7 Identifying the key factors 
in alveolar bone remodeling is beneficial in accelerating 
the orthodontic process. Acceleration of alveolar bone 
remodeling can be assisted by surgery, drugs and other 
treatment strategies.8 Periodontal disease, caries and 
other risks may escalate due to factors such as difficult 
physiological transformation, poor regeneration ability, 
and longer time required for adult alveolar bone recon-
struction.9,10 Therefore, speeding up orthodontic tooth 
movement and shortening the orthodontic treatment 
time is crucial.

Diabetes mellitus (DM) can lead to metabolic disorders 
of minerals, in which increased blood glucose further ag-
gravates vitamin, bone and other metabolic disorders.11 
A deficiency of insulin-like growth factor 1 (IGF-1) and 
other growth factors induces a variety of diabetic com-
plications.12,13 Diabetes mellitus causes delayed union 
of the fracture, mainly due to the occurrence of diabetic 
osteopenia, which further increases the difficulty of adult 
orthodontics.14 Insulin-like growth factor 1 is  an  im-
portant bioactivity factor that plays an important role 
in  the healing of osteoporotic fractures.15,16 However, 
the effect of IGF-1 on alveolar bone remodeling and bone 
morphogenetic protein 2 (BMP-2) expression in orth-
odontic tooth movement in diabetic rats has not been 
reported.

Objectives

Through establishing a type 1 diabetic rat model, this 
study investigated the influence of IGF-1 on alveolar bone 
remodeling.

Materials and methods

Experimental animals

A total of  60  healthy male Sprague Dawley (SD) rats 
at 3 months of age and weighing 250 ±30 g were acquired 
from the experimental animal center at the Harbin Medical 
University, China. The feeding conditions included a tem-
perature of 21 ±1°C, humidity of 50–70%, and a 12-hour day/
night cycle.

The experiments on rats used for the experiments were 
approved by the Animal Ethics Committee of the Forth 
Affiliated Hospital of Harbin Medical University, China 
(approval No. ZWLLSC-08).

Main reagents and instruments

Streptozotocin (STZ) was purchased from Sigma-Al-
drich (St. Louis, USA). Trizol reagents were bought from 
Invitrogen (Shanghai, China). Polyvinylidene fluoride 
(PVDF) membranes were obtained from Pall Life Sci-
ences Inc. (Port Washington, USA). Western blot-related 
chemical reagents were obtained from Beyotime (Shang-
hai, China). Enhanced chemiluminescence (ECL) reagents 
were provided by Amersham Biosciences (Amersham, UK). 
Mouse anti-rat BMP-2 monoclonal antibodies and goat 
anti-mouse horseradish peroxidase (HRP)-labeled immu-
noglobulin G (IgG) secondary antibodies were purchased 
from Cell Signaling Technology (Danvers, USA). The RNA 
extraction kits and reverse transcription kits were bought 
from Axygen (Union City, USA). Interleukin-1α (IL-1α) 
enzyme-linked immunosorbent assay (ELISA) kits were 
obtained from R&D Systems (Minneapolis, USA). Rat urine 
protein detection reagents were obtained from Beijing Fu-
rui Bioengineering Company (Beijing, China). The Lab-
system v. 1.3.1 microplate reader was provided by Bio-Rad 
Laboratories (Hercules, USA). The ABI 7700 Fast Fluores-
cence Quantitative PCR was purchased from ABI (Foster 
City, USA). The DNA amplifier PE Gene Amp PCR Sys-
tem 2400 was purchased from Perkin Elmer (Waltham, 
USA). An electronic blood glucose meter was purchased 
from Advantage (Indianapolis, USA). Surgical equipment 
was purchased from the Suzhou Medical Equipment Fac-
tory (Suzhou, China). A surgical microscope was bought 
from the Jiangsu Zhenjiang Optical Instrument Company 
(model LZL-21; Zhenjiang, China). Automatic Biochemis-
try Analyzer BK-200 (Shandong Boke Biological Industry, 
Jinan, China) was used. Urine glucose test paper was ob-
tained from the Pearl River Biochemical Reagents Com-
pany (Guangzhou, China). Other commonly used reagents 
were purchased from Sangon Biotech (Shanghai, China).

Grouping

Sixty SD rats were randomly and equally divided 
into 3 groups, including a control group, a model group 
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established by injecting STZ to prepare a diabetic rat, and 
an IGF-1 group, in which diabetic rats received daily intra-
peritoneal injections of 1.0 mg/kg IGF-1.

DM model preparation

Diabetes mellitus rats were used for modeling after adap-
tive breeding for 1 week. The rats fasted for 12 h and re-
ceived 1% STZ solution as a single intraperitoneal injection 
using a dose of 60 mg/kg. Blood and urine glucose levels 
were tested after 48 h. Blood glucose > 16.7 mmol/L and 
urine glucose above +++ (>55.0 mmol/L) were considered 
successful modeling.17

Establishment of rat orthodontics model

The rats were anesthetized with 10% chloral hydrate via 
intraperitoneal injection and fixed. Next, a 0.2-mm concav-
ity was ground into the distal axis angle of bilateral upper 
jaws, the lips, the tongue, and the gingival margin between 
the mesial surface of the first molar and the axial angle. 
Nickel-titanium coil springs were measured for the initial 
length out of the mouth and remeasured within the mouth 
after force proofing to ensure their accuracy. Then, the coil 
springs were fixed in the concave by a 0.2-mm ligation wire 
and 50 g of force was added to both sides to pull the first 
molar forward.18

Specimen collection

The rats were euthanized on the 16th day after treatment. 
Aorta blood was collected and stored at room tempera-
ture for 30 min. Then, the blood was centrifuged at 3600 
rpm for 10 min at 4°C and the serum was stored at −20°C. 
The specimens of bilateral maxillary first to third molars 
and surrounding alveolar bone were collected and fixed 
in 4% paraformaldehyde for 24 h. After measuring the dis-
tance of the experimental tooth movement, the specimens 
were decalcified using a 10% ethylenediaminetetraacetic 
acid (EDTA) solution.

ELISA

Enzyme-linked immunosorbent assay was used to test 
IL-1α content in the supernatant. A total of 50 μL of diluted 
standard substance were added into each well to estab-
lish a standard curve. Next, a 50-μL sample was added 
to the plate and washed 5 times. Then, 50 μL of conjugate 
reagent were added and incubated at 37°C for 30 min. After 
being washed 5 times, 50 μL of color agents A and B were 
added and incubated at 37°C for 30 min in the dark, fol-
lowed by the addition of 50 μL of buffer to stop the reaction 
and subsequent measurement of the optical density (OD) 
value at a wavelength of 450 nm. The OD value of the stan-
dard substance was used to prepare the linear regression 

equation, which was adopted to calculate the concentra-
tion of samples.

Real-time PCR

Total RNA was extracted from alveolar bone and re-
versely transcribed into cDNA. The  primers were de-
signed using Primer Premier v. 6.0 software (PREMIER 
Biosoft, San Francisco, USA) based on the mRNA sequence 
(BMP-2: accession number: NM_017178.1 and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH): accession 
number: NM_017008.4) and synthesized by Invitrogen 
(Table 1). Using SYBR Green qPCR SuperMix, the real-
time polymerase chain reaction (PCR) was performed 
at 56°C for 1 min, followed by 35 cycles at 92°C for 30 s, 
35 cycles at 58°C for 45 s, and 35 cycles at 72°C for 35 s. 
Glyceraldehyde-3-phosphate dehydrogenase was selected 
as an internal reference. The relative expression of mRNA 
was calculated using the 2−ΔΔCT method.

Western blot

Radioimmunoprecipitation assay (RIPA) lysis buffer 
was added to the alveolar bone and cracked on  ice for 
15–30 min. Next, the tissue was treated 4 times with ul-
trasound lasting 5 s, and centrifuged at 10,000 g for 15 min. 
The protein was transferred to a new Eppendorf (Ep) tube 
and quantified using the Bradford method. The protein 
was separated using 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred 
to a PVDF membrane using 100 mA for 1.5 h. After block-
ing with 5% skim milk for 2 h, the membrane was incu-
bated with BMP-2 antibodies (1:2000) at 4°C overnight. 
Then, the membrane was incubated with HRP-conjugated 
goat anti-rabbit secondary antibody (1:2000) at room tem-
perature for 30 min. After that, the ECL reagent was added 
to the membrane and incubated for 1 min, followed by ex-
posure. The film was scanned using Quantity One soft-
ware (Bio-Rad Laboratories) and analyzed with a protein 
image processing system. Four independent experiments 
were performed for each assay.

Hematoxylin and eosin staining

The alveolar bone tissue was decalcified in 10% EDTA, 
dehydrated in ethanol, dewaxed with xylene, embedded 
in paraffin, and stained with hematoxylin and eosin (H&E). 
At last, the samples were observed under a light micro-
scope (Olympus BX51; Olympus Corp., Tokyo,  Japan).

Table 1. Primer sequences

Gene Forward 5’-3’ Reverse 5’-3’

GAPDH AGTACCAGTCTGTTGCTGG TAATAGACCCGGATGTCTGGT

BMP-2 TGCACCTACTCTCGATCCAT GTGTAGGACCTCATACCTT
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Statistical analyses

The R software package v. 3.6.1 (R Foundation for Sta-
tistical Computing, Vienna, Austria) was used for statis-
tical analyses of all the data, and the Shapiro–Wilk test 
was used to evaluate the normality of the data. The re-
sults were shown in Supplementary Table 1. A value 
of p > 0.05 indicates that the orthodontic tooth movement 
distance, BMP-2 mRNA expression, BMP-2 protein ex-
pression, and serum IL-1α levels all conformed to a nor-
mal distribution and are expressed as a mean ± standard 
deviation. In addition, the Levene’s test was consistent 
with the homogeneity of variance of normally distributed 
data; the results of the Levene’s test are shown in Supple-
mentary Table 2. One-way analysis of variance (ANOVA) 
and the  Tukey’s post hoc test were used to  compare 
the differences between the groups, degrees of freedom 
(df) = K–1, where K is the number of groups. The p-value 
smaller than 0.05 indicated statistically significant dif-
ferences between the groups.

Results

Orthodontic tooth movement distance

The comparison results of orthodontic tooth movement 
distances are shown in Fig. 1 and Table 2. Under the action 
of orthodontic force, the tooth movement distance of the 3 
groups gradually increased. A comparison of tooth move-
ment distances between the control group, model group 
and IGF-1 group was performed using ANOVA and Tukey’s 
post hoc test. The results showed that F = 389.40, p < 0.001, 
df = 2, and the difference between the 3 groups was statisti-
cally significant. The results of the Tukey’s post hoc tests 
are shown in Supplementary Table 3. The tooth movement 
distance in the model group (0.3 ±0.06 mm) was signifi-
cantly shorter than in the control group (0.8 ±0.05 mm, 
p < 0.001). Compared to the model group, the distance 
in the IGF-1 group significantly increased (0.62 ±0.06 mm, 
p < 0.001). The tooth movement distance in the IGF-1 
group was significantly shorter than in the control group 
(p < 0.001).

Histological analysis with H&E staining

The rats in each group showed periodontal membrane 
narrowing and alveolar bone resorption on the pressure 
side. Increased bone deposits and new bone formation 
were found in  the  bone resorption pit on  the  tension 
side of the control group. The number of osteoclasts in-
creased in the model group. Osteoclasts were decreased 
in the IGF-1 group and the periodontal and dental tissue 
began to repair. A small number of osteoblasts were seen 
arranged in the IGF-1 group (Fig. 2).

BMP-2 mRNA expression

Real-time PCR was used to detect BMP-2 mRNA ex-
pression in rat alveolar bone, and the results are shown 
in Fig. 3 and Table 3. The BMP-2 mRNA expression levels 
in the control group, model group and IGF-1 group were 
compared using one-way ANOVA and Tukey’s post hoc 
test (F = 270.52, p < 0.001, df = 2), and the differences 
among the 3 groups were statistically significant. The re-
sults of the Tukey’s post hoc test are shown in Supplemen-
tary Table 4. The BMP-2 mRNA expression in the model 

Fig. 1. Orthodontic tooth movement distance. Comparison between 
the model group and the control group, *p < 0.001; the insulin-like 
growth factor 1 (IGF-1) group and the control group, *p < 0.001; the IGF-1 
group compared with the model group, #p < 0.001. The upper and 
lower boundaries of the main body of the box diagram are the upper 
and the lower quartile, the horizontal line in the middle is the median, 
the whiskers extend to a maximum of 1.5 × interquartile range (IQR) 
beyond the box, and the black dots represent outliers

Table 2. Orthodontic tooth movement distance

Group n Orthodontic tooth movement distance [mm] F df p-value

Control group 20 0.80 ±0.05

389.395 2 <0.001Model group 20 0.30 ±0.06

IGF-1 group 20 0.62 ±0.06

IGF-1 – insulin-like growth factor 1; df – degrees of freedom.
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group (0.53 ±0.06) was significantly lower than in the con-
trol group (0.96 ±0.06, p < 0.001). However, compared with 
the model group, BMP-2 mRNA expression in the IGF-1 
group was significantly increased (0.8 ±0.05, p < 0.001), 
and the BMP-2 mRNA expression in the IGF-1 group was 
significantly lower than in the control group (p < 0.001).

BMP-2 protein expression

Western blot was used to detect the expression of BMP-2 
protein in rat alveolar bone, and the results are presented 
in Fig. 4 and Table 4. The expression levels of BMP-2 pro-
tein in the control group, model group and IGF-1 group 
were compared using one-way ANOVA and Tukey’s post 
hoc test (F = 224.54, p < 0.001, df = 2), and the differences 
among the 3 groups were statistically significant. The results 
of the Tukey’s post hoc test are shown in Supplementary 
Table 5. The expression of BMP-2 protein in the model group 
(0.72 ±0.07) was significantly lower than in the control group 
(1.2 ±0.08, p < 0.001). However, BMP-2 protein expression 
in the IGF-1 group (0.91 ±0.06) was significantly higher than 
in the model group (p < 0.001), and in the IGF-1 group it was 
significantly lower than in the control group (p < 0.001).

Fig. 2. Histological changes observed using hematoxylin and eosin (H&E) staining (×200 magnification)

IGF-1 – insulin-like growth factor 1.

Fig. 3. Bone morphogenetic protein 2 (BMP-2) mRNA expression changes. 
Comparison between the model group and the control group, *p < 0.001; 
the insulin-like growth factor 1 (IGF-1) group and the control group, 
*p < 0.001; the IGF-1 group and the model group, #p < 0.001. The upper 
and lower boundaries of the main body of the box diagram are the upper 
and the lower quartile, the horizontal line in the middle is the median, 
the whiskers extend to a maximum of 1.5 × interquartile range (IQR) 
beyond the box, and the black dots represent outliers

Table 3. BMP-2 mRNA expression changes

Group n BMP-2 mRNA expression changes F df p-value

Control group 20 0.96 ±0.06

270.520 2 <0.001Model group 20 0.53 ±0.06

IGF-1 group 20 0.80 ±0.05

IGF-1 – insulin-like growth factor 1; df – degrees of freedom; BMP-2 – bone morphogenetic protein 2.

Table 4. BMP-2 protein expression changes

Group n BMP-2 protein expression changes F df p-value

Control group 20 1.20 ±0.08

224.542 2 <0.001Model group 20 0.72 ±0.07

IGF-1 group 20 0.91 ±0.06

IGF-1 – insulin-like growth factor 1; df – degrees of freedom; BMP-2 – bone morphogenetic protein 2.
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The expression of IL-1α in serum

The expression of IL-1α in serum was detected with 
ELISA, and the results were shown in Fig. 5 and Table 5. 
The serum IL-1α levels of the control group, model group 
and IGF-1 group were compared using one-way ANOVA 
and Tukey’s post hoc test (F = 242.80, p < 0.001, df = 2), 
and the differences among the 3 groups were statisti-
cally significant. The  results of  the  Tukey’s post hoc 
test are shown in  Supplementary Table 6. The  serum 
IL-1α levels in the model group (276.11 ±23.26 pg/mL) 
were significantly higher than in  the  control group 
(107.86  ±26.66  pg/mL, p  <  0.001). The  level of  IL-1α 
in the IGF-1 group was 217.21 ±23.44 pg/mL, which was 
significantly lower than in the model group (p < 0.001). 

The level of IL-1α in the IGF-1 group was significantly 
higher than in the control group (p < 0.001).

Discussion

Reduced physical activity and overeating can cause endo-
crine and metabolic disorders, resulting in the occurrence 
and development of DM. Diabetes mellitus causes damage 
to multiple tissues and organs and induces microvascu-
lar disease, as well as cardiovascular and cerebrovascular 
diseases, which seriously affect the prognosis. Diabetes 
mellitus is an enormous challenge faced by the endocrine 
disciplines.19 On the other hand, DM-induced metabolic 
disorders, increased blood glucose, and insulin deficiency 
further aggravate abnormal bone metabolism, lead-
ing to osteoporosis which affects orthodontics.20 This 
study showed a reduced distance of tooth movement and 
formed bone resorption lacunae, an  increased number 
of osteoclasts, as well as enhanced secretion of IL-1α dur-
ing the orthodontic process in DM rats. These factors af-
fect orthodontic tooth movement during alveolar bone 
reconstruction.

The  IGF-1, also known as  somatostatin  C, is  regu-
lated by pituitary growth hormone together with growth 

Table 5. Serum IL-1α levels

Group n Serum IL-1α levels [pg/mL] F df p-value

Control group 20 107.86 ±26.66

242.797 2 <0.001Model group 20 276.11 ±23.26

IGF-1 group 20 217.21 ±23.44

IL-1α – interleukin-1α; IGF-1 – insulin-like growth factor 1; df – degrees of freedom.

Fig. 4. Bone morphogenetic protein 2 (BMP-2) expression changes. 
Comparison between the model group and the control group, *p < 0.004; 
the insulin-like growth factor 1 (IGF-1) group and the control group, 
*p < 0.001; the IGF-1 group and the model group, #p < 0.001. The upper 
and lower boundaries of the main body of the box diagram are the upper 
and the lower quartile, the horizontal line in the middle is the median, 
the whiskers extend to a maximum of 1.5 × interquartile range (IQR) 
beyond the box, and the black dots represent outliers

Fig. 5. Serum interleukin-1α (IL-1α) levels. Comparison between the model 
group and the control group, *p < 0.001; the IGF-1 group and the control 
group, *p < 0.001; the IGF-1 group and the model group, #p < 0.001. 
The upper and lower boundaries of the main body of the box diagram 
are the upper and the lower quartile, the horizontal line in the middle 
is the median, the whiskers extend to a maximum of 1.5 × interquartile 
range (IQR) beyond the box, and the black dots represent outliers
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hormone C. The IGF-1 is synthesized and secreted by os-
teoblasts, osteoclasts and other cells.21 It regulates bone 
metabolism by binding to receptors on the surface of spe-
cific target cells mainly through autocrine and paracrine 
pathways. It induces bone marrow stromal cells and osteo-
blast differentiation, and promotes the synthesis of type 
I collagen fibers that can promote differentiation, leading 
to the facilitation of bone metabolism.22 Therefore, this 
study explored the role of IGF-1 during the orthodontic 
process in DM rats and showed that IGF-1 accelerated 
the movement of teeth, promoted new bone formation, 
reduced the number of osteoclasts, and inhibited the se-
cretion of  inflammatory factors resulting in enhanced 
reconstruction of alveolar bone during orthodontic tooth 
movement. Further investigations found that IGF-1 in-
creased BMP-2 mRNA and protein expression. It has been 
proven that BMP-2 plays an important role in the pro-
cess of fracture healing. The BMP-2 promotes the expres-
sion of bone matrix proteins by regulating bone alkaline 
phosphatase, thereby contributing to the mineralization 
of the extracellular matrix and the promotion of the or-
thodontics process.23,24

Limitations

This study has some limitations. Although the  role 
of IGF-1 in orthodontic alveolar bone remodeling in DM 
rats has been demonstrated, the exact molecular mecha-
nisms by which IGF-1 is involved in alveolar bone remod-
eling in DM require further investigations. In addition, 
whether IGF-1 plays a role in alveolar bone remodeling 
in DM patients needs to be verified.

Conclusions

Diabetes mellitus destroys alveolar bone remodeling 
in orthodontic tooth movement and IGF-1 promotes al-
veolar bone remodeling, possibly by promoting BMP-2 
expression and inhibiting inflammation.

Supplementary data

The Supplementary data are available at https://doi.org/ 
10.5281/zenodo.7317395. The package contains the fol-
lowing files:

Supplementary Table 1. Results of Shapiro–Wilk test.
Supplementary Table 2. Results of Levene’s test.
Supplementary Table 3. Results of Tukey’s post hoc test 

of orthodontic tooth movement distance.
Supplementary Table 4. Results of Tukey’s post hoc test 

of BMP-2 mRNA expression changes.
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