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Abstract

Objectives: Collagen remodeling of the periodontal tissue is an important mechanism

that involves several biologically active substances to accelerate orthodontic tooth

movement. It is known that Vitamin C (VC) enhances collagen production and induces

tooth movement. Moreover, the eggshell membrane (ESM) is an integral component of

various formulations used to promote wound healing. The purpose of our study was to

determine the effects of combined treatment with VC and ESM on periodontal tissues

during tooth movement.

Methods: Nine-week-old male osteogenic disorder Shionogi rats were randomized into

four groups: control, VC, ESM, and VC + ESM. The control group was given tap water,

and the VC, ESM, and VC + ESM groups were orally administered 0.1% VC solution, 1

wt% ESM solution, and a combination of 0.1 wt% VC and 1 wt% ESM solutions,

respectively. A force of 25 or 75 g was applied for 10 days to produce orthodontic tooth

movement. Distances of tooth movement were measured on days 3, 7, and 10 of

treatment. Histological examination of the periodontal ligament was performed to

determine the increase in type I and III collagen levels in response to treatment.

Results: Distances of tooth movement were significantly greater in the VC + ESM



group than in the control group. The compression area of the alveolar bone showed

increased osteoclastic activity and higher levels of bone resorption in the VC + ESM

group. Expression levels of type I and III collagen in the tension area of the alveolar

bone were higher in the VC + ESM group than in the control group.

Conclusions: This study revealed that the combined administration of VC and ESM

accelerated tooth movement by protecting the periodontal tissue during orthodontic

treatment. The combined clinical application of VC and ESM could potentially shorten

orthodontic treatment time.

Keywords: Orthodontic tooth movement, Vitamin C, Eggshell membrane, Periodontal

tissue, Collagen



1. Introduction

Orthodontic tooth movement adversely affects both the cells and the extracellular

matrix of the periodontal tissue, including the periodontal ligament (PDL) and the

alveolar bone [1, 2]. The PDL is a connective tissue that attaches the tooth to the

alveolar bone [3] and consists of cells such as fibroblasts, osteoblasts, and osteoclasts.

Fibroblasts are responsible for the synthesis and maintenance of the extracellular matrix

[1]. Fibrillar collagens form the major component of the extracellular matrix of the PDL,

with type I and III collagen constituting the majority. These collagens colocalize with

each other in the extracellular matrix [4]. Type III collagen is expressed in the early

stages of wound healing [5] and plays an important role in regulating type I collagen

synthesis [4]. Both types I and III collagen contribute to periodontal tissue repair [6] and

extracellular matrix metabolism [7]. Remodeling of the extracellular matrix in PDL is

necessary to facilitate tooth movement [8]. The PDL plays a key role in alveolar bone

remodeling associated with orthodontic treatment [9].

Several studies have been conducted to achieve remodeling of the periodontal tissue by

using various biological modulators to accelerate orthodontic tooth movement [10-12].

A previous study has reported that vitamin C (VC) administration can induce

orthodontic tooth movement [13]. VC is required for the hydroxylation of procollagen,



proline, and lysine. Furthermore, it enhances collagen production by upregulating

osteocalcin expression [14] and promotes osteoblast differentiation by modulating the

interaction between type I collagen and a2f1 integrin [15]. Moreover, VC is known to

upregulate the expression of a2p1 integrin, the major receptor for type I and III collagen

[15, 16]. Collagen synthesis by fibroblasts is inhibited in the absence of VC [17]. The

eggshell membrane (ESM) contains type I collagen and has been used as an integral

component of various formulations to enhance wound healing [18]. Moreover, ESM

exerts an anti-aging effect by increasing type III collagen levels [19]. Although VC and

ESM have been shown to upregulate the expression of both collagen types I and III,

their combined effects on tooth movement remain unclear.

This study aimed to determine the effects of the combined administration of VC and

ESM on orthodontic tooth movement. In this study, the morphological tissue changes in

VC-deficient osteogenic disorder Shionogi (ODS) rats were studied by applying

different orthodontic forces (25 g or 75 g).



2. Materials and methods

2.1. Animals

A total of 20 nine-week-old male ODS rats (CLEA Japan, Tokyo, Japan) were housed in

the animal laboratory of Kanagawa Dental University, Japan. The rats were housed at a

room temperature of 22 + 3 °C with a relative humidity of 50-60% under a 12-h

light/dark cycle. They were given ad libitum access to food and water. All experimental

procedures with animals were performed in accordance with the Animal Experiment

Guidelines of Kanagawa Dental University. The approval numbers are 16-025, 17-004,

and 18-048.

2.2. Experimental Tooth Movement

ODS rats were randomized into four groups: control, VC (Itoh Kanpo Pharmaceutical

Co. Ltd., Osaka, Japan); ESM (Kewpie Corporation, Tokyo, Japan); and VC + ESM. All

groups were orally administered 0.1 wt% VC solution for 1 week before this

examination. The weight of the rats ranged from 204 g to 276 g after 1 week. While the

control group was given tap water, the VC, ESM, and VC + ESM groups were orally

administered 0.1% VC solution, 1 wt% ESM solution, and a combination of 0.1 wt%

VC and 1 wt% ESM solutions, respectively. Simultaneously, orthodontic tooth



movement was initiated and observed in all rats (shown in Fig. 1A, B). A groove was

created in the maxillary left incisor by the elevation of the interdental papilla. A wire

ligature was attached to the maxillary left first molar through one end of a

nickel-titanium closed coil spring (1.5 N). Another wire ligature was attached to the

groove of the maxillary left incisor through the other end of the spring. Wire ligatures

were affixed with a dental composite material. A constant force of 0.75 N per tooth was

applied [20].

A mesial force of 75 g was applied to the maxillary left first molar. A nickel-titanium

closed coil spring (0.5 N) was similarly attached to the maxillary right first molar, and a

mesial force of 25 g was applied [21, 22].

The distance of tooth movement was measured for 10 days [23]. On days 3, 7, and 10,

the interproximal distance between the first and second molar was measured using a

combination of 30-, 50-, and 110-um-thick contact gauges.

2.3. Histological Observations

The maxillae were collected and fixed in 10% neutral buffered formalin after 10 days of

observation. The samples were decalcified with 10% HCI for 1 week and embedded in

paraffin to prepare 5-pm-thick horizontal sections. The observation site was at the upper



one third of the area between the root furcation and the root apex. Subsequently,

hematoxylin-eosin (HE) stained and immunostained sections were observed under an

optical microscope.

For immunofluorescence, antigen retrieval was performed with 0.1% Triton X (Pfizer

Inc., NY, USA)/PBS, and the tissues were blocked with 10% goat serum

(Sigma-Aldrich Inc., St. Louis, MO, USA). The following primary antibodies were used

at 1:100 dilution: polyclonal anti-rabbit collagen type I (Bioss Antibodies Inc., Woburn,

MA, USA) and monoclonal anti-mouse collagen type III (Novus Biologicals,

Centennial, CO, USA). Monoclonal goat anti-mouse IgG (Cell Signaling Technology

Japan, Tokyo, Japan) was used at 1:1000 dilution as the secondary antibody. The slides

were visualized under a Zeiss Axioimager microscope (Carl Zeiss, Oberkochen,

Germany). Digital images were acquired using AxioVision 4.8.2 (Carl Zeiss), and the

type I and III collagen-stained areas were quantified. Osteoclast regions of interest

(ROIs) were enumerated on the experimental and control sides. The ROIs consisted of

the mesial PDL, mesial bone, distal PDL, and distal bone (Fig. 1C) [24]. Areas of

immunostained collagen in the ROIs were measured using Image J (vol. 48, NIH) [25].

2.4. India ink vascular casting



Four specimens from each group were fixed by perfusion. Following India ink perfusion,

they were immersed in 4% paraformaldehyde for 24 h. The samples were decalcified

with 10% HCI for 1 week, embedded in paraffin, and cut into 50-pm-thick horizontal

sections. Subsequently, the sections were stained with HE and observed under an optical

microscope.

2.5. Quantitative Analysis

The number of osteoclasts and immunostained areas were analyzed using ImageJ. Data

are expressed as the mean + standard deviation of the mean. The experimental data were

analyzed by ANOVA followed by Student’s #-test and Tukey’s test using GraphPad

Prism (v. 6.05.; GraphPad Software Inc., San Diego, CA, USA). The significance level

was set at p <0.05.



3. Results

3.1. Tooth Movement

Distances of tooth movement in four groups are shown in Fig. 2. At both mesial forces,

the distance of tooth movement at each time point after spring insertion in the VC +

ESM group was significantly greater than that in other groups (p < 0.05). At a mesial

force of 75 g, the distances of tooth movement at each time point in the VC and ESM

groups were significantly greater than in the control group (p < 0.05). No significant

difference in the distance of tooth movement was observed between the VC and ESM

groups on days 7 and 10. At a mesial force of 25 g, the distances of tooth movement at

each time point in the VC and ESM groups were significantly greater than in the control

group (p < 0.05). Moreover, the distance of tooth movement in the ESM group was

significantly greater than that in the control group (p < 0.05) at each time point.

Furthermore, there was no significant difference in the distance of tooth movement

between the control and VC groups on days 3 and 7. These results indicate that the

combined administration of VC and ESM facilitated tooth movement. Thus, further

analysis was performed in the control and VC + ESM groups.



3.2. HE staining

To determine the histological changes in the periodontal tissue induced by tooth

movement, we examined the HE staining pattern in each group.

At both mesial forces, PDL width on the tension side after 10 days of tooth movement

was greater in the VC + ESM group than that in the control group (Fig. 3A, B, E, F). A

remarkable neonatal bone formation on the tension side was observed in the VC + ESM

group. PDL width on the compression side was lesser in the VC + ESM group than that

in the control group (Fig. 3C, D, G, H). The compression side showed numerous

osteoclasts in Howship’s lacunae along the bone surface. These results indicated that the

combined administration of VC and ESM accelerated tooth movement and remodeling

of the periodontal tissue.

Mature osteoclasts in Howship’s lacunae along the bone surface were enumerated in the

control and the VC + ESM group at each force (Fig. 4). At both mesial forces, the

number of osteoclasts in the VC + ESM group was significantly higher than that in the

control group (p < 0.05).

3.3 Collagen immunohistochemistry in PDL



The immunohistochemical staining of type I and III collagen in PDL is shown in Figs. 5

and 6. At both mesial forces, the expression of type I and III collagen in the VC + ESM

group was higher than that in the control group on the tension side. Neither type I nor

type III collagen was detected in the negative control samples (slides not treated with

primary or secondary antibody) (data not shown).

3.4. India ink vascular casting

Blood vessels in the PDL were observed by injecting India ink. At both mesial forces,

thick and stretched blood vessels were observed in the PDL of the VC + ESM group on

the tension side (Fig. 7A, B, E, F). A vascular loop in the PDL was observed in the VC

+ ESM group, and this loop was more pronounced at the mesial force of 75 g than 25 g.

A few blood vessels in the PDL were observed in both groups on the compression side.



4. Discussion

To our knowledge, this is the first study to show that the combined administration of VC

and ESM accelerates tooth movement. Previous studies have demonstrated that the

administration of VC promotes tooth movement [13]. Moreover, it is well established

that VC and ESM promote collagen synthesis [14, 19]. The findings of the present study

indicated that a combination of VC and ESM had an additive effect on tooth movement.

Our results showed that the distances of tooth movement in the VC + ESM group were

significantly greater than the control group. VC plays an essential role in collagen

synthesis and bone remodeling in the periodontal tissue [15]. Moreover, VC deficiency

during orthodontic tooth movement can result in tissue degradation [26]. VC promotes

not only the differentiation of osteoblasts but also upregulates tartrate-resistant acid

phosphatase expression in osteoclast precursors [27]. Consistent with these findings, we

observed a significantly high number of osteoclasts in the VC + ESM group.

Furthermore, osteoclasts in Howship’s lacunae were observed on the bone surface.

However, a single administration of VC or ESM did not induce a significant increase in

tooth movement over the control. These results raise concerns about the effective



concentration of VC and ESM. A previous study has shown that daily administration of

500 mg of VC is more effective for fracture healing than 200 or 1500 mg [28]. ODS rats

are unable to synthesize VC [29] and require a minimum dose of 1000 mg/kg of VC

[30]. A 0.1 % VC solution was used in this study. Moreover, a 1% ESM solution was

administered to the ESM and VC + ESM groups. A previous study has reported that a

1% ESM solution can significantly activate NF-xB [31]. In the present study, we found

that the administration of appropriate concentrations of VC and ESM induced tooth

movement at an early stage.

At orthodontic forces of 25 g and 75 g, the VC + ESM group showed more tooth

movement than other groups. Interestingly, the distances of tooth movement in the VC +

ESM group were greater at a 75-g force than a 25-g force. Previous studies have

demonstrated that a force of 25 g is ideal for orthodontic molar tooth movement [21, 32,

33]. An et al. demonstrated that a 25-g force maintains the morphological features of

periodontal tissues during tooth movement [21]. Our results showed that the distance of

tooth movement in the VC + ESM group was greater with a force of 75-g than with

25-g. Moreover, tooth movement at a force of 75 g increased the number of osteoclasts

on the compression side and upregulated collagen expression on the tension side of the

periodontal ligament. Thus, our findings suggest that the administration of VC and ESM



can potentially protect the periodontal tissues from force-related damage during

orthodontic treatment.

In this study, the expression of type I and III collagen in the VC + ESM group was

markedly high on the tension side. Type III collagen is expressed before type I collagen

during wound healing, and the upregulation of type I collagen expression promotes

periodontal tissue healing [4, 5]. On the compression side, the expression of type III

collagen was significantly higher in the VC + ESM group than in the control group. The

collagenous extracellular matrix acted as a scaffold for osteoclasts [34]. The results of

HE staining showed that the number of osteoclasts in the VC + ESM group was

significantly higher than that in the control group, suggesting that bone resorption on

the compression side was promoted by the increased number of osteoclasts. The

expression of extracellular matrix proteins, including type III collagen, matrix

metalloproteinase-2, and decorin increased after the fibroblasts were treated with ESM

proteins [35]. The results of India ink vascular casting revealed the formation of a

vascular loop in the PDL of the VC + ESM group. Another study has shown that

angiogenesis significantly accelerates alveolar bone formation [36]. The administration

of VC and ESM increased collagen expression and enhanced bone remodeling, thereby

suggesting a potential role in promoting tooth movement and protecting periodontal



tissues. Future studies should examine the effects of VC and ESM on alkaline

phosphatase activity and the expression of a2f31 receptors, matrix metalloproteinase-2,

and decorin.

This study has several limitations. No appreciable difference in the distance of tooth

movement was observed between the control and the VC or ESM group at forces of 25

and 75 g, compared with the VC + ESM group. The effects of VC and ESM were

apparent from the immunohistochemical observation of the VC + ESM group,

compared with the control group. It has been reported that VC and ESM upregulate

collagen expression. Although the concentration of VC and ESM in our study was based

on previous studies, the single administration of VC or ESM did not sufficiently

accelerate tooth movement. It is well-known that VC overdose can cause adverse effects.

Further studies may be needed to evaluate the effects of different concentrations of VC

to determine its potential benefits for clinical use. Moreover, the present study did not

monitor the water intake of the animals. The water bottles provided to the VC or ESM

group were regularly replaced by the experimenters. Further studies using a precise

measurement instrument should confirm the effect of water intake.

5. Conclusions



Our study provides evidence that the administration of VC and ESM accelerates tooth

movement. Importantly, the combined administration of VC and ESM promoted

periodontal tissue recovery in the early stages of wound healing during orthodontic

treatment. Therefore, the clinical application of VC and ESM may shorten orthodontic

treatment time.
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Figure legends

Fig. 1. Experimental procedures and analysis method

Strong (75 g/mm®) and weak (25 g/mm?) orthodontic forces were applied within the
physiological range (A). A closed coil spring was attached between the first molar and
an incisor. The distance between the first and second molar was measured using a
contact gauge (B). Regions of interest (ROI) are areas measuring 200 x 100-um?

surrounding the periodontal ligament (C).

Fig. 2. Changes in the distance of tooth movement (um) with time

The experimental animals were divided into four groups (control, VC, ESM, and VC +
ESM), and the experimental period following force application was 3, 7, and 10 days.
At both 75 g (A) and 25 g (B) forces, the distance of tooth movement in the VC + ESM
group was significantly greater than that in other groups (p < 0.05). The VC + ESM and

control groups were compared in this experiment.

Fig. 3. Histological analysis (HE staining)
At both forces, the width of the periodontal ligament increased on the tension side and

decreased on the compression side in the VC + ESM group. The phenomenon was more



pronounced in the 75-g group (B, D).

The number of dilated blood vessels (—) along the alveolar bone wall to root surface (B,

F) on the tension side in the VC + ESM group was higher than that in the control group

(A, E).

Osteoclasts in Howship’s lacunae («—) on the alveolar bone surface were observed on

the compression side (D, H). HE staining results revealed significant remodeling of the

periodontal tissue in the VC + ESM group. Bar = 50 pm.

Fig. 4. HE analysis of osteoclasts

The number of osteoclasts in Howship’s lacunae along a bone surface on the

compression side in ROI was calculated from HE sections (n = 5). At both orthodontic

forces of 75 g or 25 g, the number of osteoclasts in the VC + ESM group was

significantly higher than that in the control group (p < 0.05). Numerous osteoclasts were

detected at the application of 75-g force.

Fig. 5. Immunostaining analysis for type I and III collagen

Immunostained sections for type I and III collagen in the control and the VC + ESM

groups on the tension and compression sides at mesial forces of 25 g and 75 g are



shown. Type I collagen is stained in green and type III collagen in red. A merged image

was acquired by superposition. Type III collagen (I, J, K, L) colocalized with type I

collagen (E, F, G, H), indicating that type I collagen is expressed using type III collagen

as a scaffold. Bar = 50 um.

Fig. 6. Immunostaining analysis of collagen fibers

The immunostained areas for type I and III collagen on the tension side and

compression side in ROIs at 75 g and 25 g mesial forces were measured. At both

orthodontic forces of 75 g and 25 g, the expression of type I and III collagen was higher

in the VC + ESM group than that in the control group on the tension side; *p < 0.05,.

Fig. 7. Analysis of vasculature and periodontal ligament fiber (India ink injection,

H-E staining)

The India ink injected into the periodontal ligament blood vessel is shown as a black

line. On the tension side, the blood vessel appears as a long hairpin-like loop along the

stretched fiber. The blood vessels in the 75-g group (B) were denser and thicker than

those in the 25-g group (F). The control group (A, C) showed less vascular density and

a smaller diameter than the VC + ESM group.



A concentrated vascular layer was observed in the compressed fibers on the

compression side of the VC + ESM group. The density and thickness were remarkably

high in the 75-g group. Vascular morphology in the control group was rougher than that

in the VC + ESM group. Scale bar = 50 um.
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