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Dental caries is one of the most common oral diseases and the primary cause of
tooth loss. If not appropriately treated, it can progress to the pulp; then treatments
such as pulp capping, pulpotomy, or pulpectomy are required according to the degree
of pulp exposure. Human vitronectin-derived peptide (VnP-16) plays a dual role of
promoting bone formation and inhibiting bone resorption. Therefore, the present
study investigated the effects of VnP-16 on reparative dentinogenesis in rat pulp
exposure and pulpotomy models. To examine whether VnP-16 regulates cell
behavior of human dental pulp cells (hDPCs) and odontoblast-like MDPC-23 cells,
attachment, spreading, and migration assays were performed. The effect of VnP-16
on the cell viability of hDPCs was measured using the MTT assay. The ability of
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VnP-16 to induce differentiation of hDPCs and odontoblast-like cells into
odontoblasts was evaluated through alkaline phosphatase assay and Alizarin red S
staining for calcium deposition. In addition, the effects of VnP-16 on dentin
regeneration in rat pulp exposure and pulpotomy models were studied. After pulp
exposure or pulpotomy on the first molars of 8-week-old male Sprague-Dawley rats,
the rats were divided into six groups: (1) resin only, (2) mineral trioxide aggregate
(MTA) only, (3) collagen sponge+vehicle+resin, (4) collagen sponge+rhBMP2+resin, (5) collagen sponge+scrambled peptide (SP)+resin, and (6) collagen
sponge+VnP-16+resin. Following restorative treatment for each group, the rats were
bred for a set period. After specimen collection and demineralization, histological
analysis was performed. VnP-16 induced attachment and spreading of hDPCs and
MDPC-23 cells and enhanced cell differentiation into odontoblasts. In addition,
VnP-16 did not affect the cell viability of hDPCs, indicating that it is not cytotoxic.
VnP-16 produced as much dentin as MTA and even showed more significant
dentinogenesis than the rhBMP-2 group in the rat pulp exposure model. When the
regenerated dentin bridges were observed under a microscope, odontoblast-like cells
were confirmed to be distributed along the boundary between the newly formed
dentin bridge and pulp. In the rat pulpotomy model, MTA induced both the dentin
and dentin bridge; however, VnP-16 was only effective in dentin formation, but not
in dentin bridge formation. Overall, these results indicate that VnP-16 could be used
as a therapeutic agent in pulp capping for dentin regeneration based on its ability to
induce the attachment and spreading of hDPCs and to promote differentiation of
hDPCs into odontoblasts.
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BACKGROUND

1. Teeth and dental caries
The tooth is composed of hard tissues, which are enamel, dentin, and cementum,
and pulp. Enamel is the hardest substance in the human body [4]. It does not contain
nerves and protects the internal tissues of the tooth crown. Once damaged, the
enamel cannot undergo regeneration. Dentin is covered with enamel and cementum
on the tooth crown and root, respectively [4, 7]. Dentin contains microscopic
channels called the dentinal tubules. The pulp lies inside the dentin and contains
blood vessels that supply nutrients to the teeth. Dental caries and injury can lead to
nerve exposure, resulting in pain and discomfort [7].
Dental caries is caused by demineralization of the tooth surface by organic acids
produced by the sucrose metabolism of bacteria in dental plaque (biofilm) [4, 49,
50]. There are five stages in dental caries. The first stage is called initial
demineralization. When the pH drops below the critical pH level, it results in
demineralization of phosphate and calcium in enamel. In this stage, a white spot is
often observed on the tooth. The second stage is enamel decay [4]. The enamel
breaks down and the white spot on the tooth changes to a brownish color [51]. The
third stage is dentin decay. As dentin is softer than enamel, dental caries progresses
at a faster rate. The patient experiences sensitivity to cold foods or drinks due to the
sensory innervation of dentin. The fourth stage is pulp damage [4]. The pulp swells
by inflammation and pain is felt because the nerves are distributed in the pulp.
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Abscess is the last stage in which bacterial invasion of the pulp induces an
inflammatory reaction, resulting in a pus pocket (abscess) formation at the root apex
[4, 7]. It may be accompanied by swelling of the gums, face, and chin and may spread
to the head and neck. Hence, immediate treatment is critical. In severe cases, tooth
dissolution may occur naturally [7, 51].

2. Odontoblast
Odontoblasts originate from the ectomesenchyme derived from neural crest
cells and form a layer on the dentin-pulp interface. Odontoblasts are sucked into
tubular structures within the dentin called dentinal tubules [39, 66]. Odontoblasts are
rich in endoplasmic reticulum and Golgi complex, especially during primary dentin
formation. Hence, they have a high secretory capacity and form 4 μm of predentin
daily during tooth development [66]. Odontoblasts are involved in the organization
and strengthening of dentin. When dental caries occurs, odontoblasts recognize
pathogenic signals as toll-like receptors (TLR) and trigger immune responses,
causing wound healing through interaction with immune cells, mesenchymal stem
cells, and neurovascular cells. Moreover, odontoblasts directly synthesize and
secrete dentin extracellular matrix to slow the progression of the attack [10].
Dentinogenesis begins with the deposition of calcium phosphate in the dentin matrix
[10, 22].
Differentiation of human dental pulp cells (hDPCs) into odontoblasts is
accompanied by increased expression levels of the most representative genes, such
as dentin sialophosphoprotein (DSPP), dentin matrix protein 1 (DMP1), osterix
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(OSX), osteocalcin (OC), bone sialoprotein (BSP), and nestin [55]. hDPCs and
odontoblast-like MDPC-23 cells are known to be capable of differentiating into
odontoblasts in vitro. Therefore, studies on dentin regeneration by differentiation
into odontoblasts have been conducted using these cells [15, 28, 30-32, 38].

3. Dental caries treatment
The enamel cannot be regenerated, while the dentin can be partially regenerated
when it is damaged. Treatment of dental caries involves pulp capping, pulpotomy,
and pulpectomy, depending on the degree of dental caries [16]. If the carious process
only involves the enamel and dentin, pulp capping is performed. Indirect pulp
capping is treatment when there is no pulp exposure after caries excavation, and
direct pulp capping is used when the pulp is exposed [45]. Pulpotomy or pulpectomy
is useful in the management of deep dental caries with pulpal involvement.
Pulpotomy is a technique that involves the removal of coronal pulp tissue and
placement of agents over the defect to protect the remaining pulp tissue and
regenerate dentin [16, 38]. Pulpectomy involves complete removal of pulp and the
use of appropriate filling materials to prevent further progress of lesions [45].
To prevent further progression of dental caries, after removing infected dentin
and necrotic pulp tissue, the root canal is cleaned and disinfected with a cleaning
solution and sealed with suitable dental materials [38, 39]. The selection of an
appropriate dental material is crucial. Ideally, the material should have
biocompatibility, excellent sealing ability, harden in a humid environment, promote
dentin bridge formation, possess adequate compressive strength and hardness, and
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exhibit no micro-leakage [35]. Traditionally, calcium hydroxide was used. However,
due to its water solubility, it gradually dissolved over time, resulting in microleakage. Moreover, it showed tunnel defects in the regenerated dentin, increased
immune cell expression, and increased failure rate due to pulp necrosis [11]. Mineral
trioxide aggregate (MTA), a hydraulic silicate cement, is currently the most preferred
substitute for calcium hydroxide. MTA is known to have excellent sealing abilities,
antibacterial properties, excellent biocompatibility, and the ability to stimulate a
faster dentin bridge formation [43, 45]. However, the disadvantages of MTA include
difficult handling properties, the potential for restored tooth discoloration, long
hardening time, and difficult reoperation. Several agents have been developed to
overcome these limitations [62, 63]. Among them, Biodentine® (Septodont, St.
Maurdes Fossés, France) was proposed as an alternative to MTA. Biodentine® is a
calcium silicate-based restorative cement that acts on hDPCs to promote
mineralization [33]. Biodentine® has excellent sealing properties, compressive
strength, and biocompatibility. It is easy to manipulate, does not cause discoloration
of teeth, and has a short hardening time [33, 63]. However, a disadvantage is the
occurrence of micro-leakage due to material solubility. Clinical studies are needed
for a definitive evaluation of Biodentine® [62].

4. Studies on pulp-dentin tissue regeneration
Dental tissue engineering has adopted stem cells, growth factors, and scaffold
systems to resolve pulp-dentin tissue regeneration challenges [3, 8, 13, 41]. Stem
cells have the ability of self-renewal and pluripotency, and hence, they can
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differentiate into other cells. Stem cells include embryonic stem cells, induced
pluripotent stem cells (iPSCs), and mesenchymal stem cells (MSCs). MSCs have
been widely used because they play an important role in tooth growth and repair [3,
41]. Among MSCs, hDPCs migrate to defective areas and differentiate into
odontoblasts to regenerate dentin. Therefore, various studies using hDPCs have been
conducted [8, 32, 36, 38].
Growth factors affect adhesion, spreading, migration, and differentiation of
cells. Recombinant human bone morphogenetic protein-2 (rhBMP-2) was approved
by the Food and Drug Administration (FDA) for clinical use [11]. rhBMP-2 is known
to promote dentin sialoprotein (DSP) and dentin matrix protein-1 (DMP-1)
expression to induce differentiation of hDPCs into odontoblasts and regulate cell
proliferation and differentiation through the Smad signaling pathway [11, 13].
Therefore, studies have been conducted to verify the effect of rhBMP-2 on dentin
regeneration [13, 36]. However, growth factors have disadvantages of high
immunogenicity, high production cost, and low therapeutic efficiency due to the
large size and the degradation of proteins administered in vivo to use recombinant
growth factor proteins as tissue regeneration and disease treatment [35, 60].
Chemically synthesized peptides can modify amino acids or change their structure,
thereby

inhibiting

degradation

by

proteolytic

enzymes

and

enhancing

pharmacological action. Therefore, studies to discover new structured peptides with
tissue regeneration activity have been actively conducted [13, 47, 60].
Scaffolds are used to deliver drugs effectively. They should have
biocompatibility, antibacterial properties, a low immune response, and high
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therapeutic drug delivery efficacy. Clinically, scaffolds should have injectable,
adaptable, and biodegradable functions [11, 62]. The choice of the material depends
on the purpose of treatment. Natural or synthetic polymers are used in scaffolds.
Natural polymers provide a more natural ECM environment and less toxicity than
synthetic polymers. Among natural polymer scaffolds, collagen is one of the most
widely used biomaterials and increases cell adhesion and biocompatibility [62].
Studies report that using collagen for delivering growth factors (especially rhBMPbased growth factors) involved in dentin formation can effectively regenerate dentin
[13, 47]. Chitosan is a cationic polymer that has biocompatibility, biodegradability,
and antimicrobial capacity. It can promote pulp-dentin tissue mineralization, but it
suffers from low solubility in neutral aqueous and organic solutions [11, 61].
Synthetic polymers have good mechanical strength and molecular delivery effects.
Peptide amphiphile (PA)-based biomaterials offer the potential for regenerative
endodontics. Synthetic polymers have a risk of inflammatory reactions [61, 62].

5. Vitronectin
Vitronectin, a 75kDa glycoprotein of the hemopexin family, is present
abundantly in plasma, extracellular matrix, and bone and is composed of 459 amino
acids [23, 54]. About one-third of the molecular mass of the protein is composed of
carbohydrates. Vitronectin is composed of three domains: the N-terminal
Somatomedin B domain (1-39), a central domain exhibiting homology to hemopexin
(131-342), and a C-terminal domain that displays homology to hemopexin (347-459).
It is a secreted protein and exists as a single chain or two clipped chains joined by
6

disulfide bonds [54].
Vitronectin is known to perform many functions in the human body. A study
reported that vitronectin bound to integrin αVβ3 promoted cell adhesion and
proliferation [54] and inhibited membrane attack by the terminal cytolytic
complement pathway [23]. Somatomedin B domain of vitronectin bound and
stabilized the plasminogen activation inhibitor-1 (PAI-1) to regulate protein
degradation. The somatomedin B domain interacted with urokinase receptors to
influence cell migration and signaling [54]. Hemopexin-like domain 1 of vitronectin
corresponded to 150 to 288 in the vitronectin sequence, and the sequence after 288
belonged to hemopexin-like domain 2 [23, 54]. It was screened in vitro by dividing
into 22 parts of 12 amino acids, each overlapping only 3 amino acids from 150. It
was reported that VnP-16, composed of 270-281 mimic (RVYFFKGKQYWE) of
vitronectin, promoted bone formation by osteoblastic differentiation and activity and
inhibited osteoclast differentiation to prevent bone resorption through inhibition of
JNK-c-Fos-NFATc1 signaling and integrin αVβ3 -c-Src-PYK2 signaling [23].
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INTRODUCTION

Dental plaque bacteria can ferment sucrose to produce organic acids, causing
dental caries [2-4]. If left untreated, bacterial acids can dissolve enamel and finally
lead to tooth loss [3, 5-7]. However, as the early stages of dental decay are painless
and the lesions may not be visible to the unaided eye, timely treatment is challenging
[51]. Odontoblasts, located at the boundary between the pulp and dentin [12, 13, 37],
transmit pathogenic signals originating from bacteria through toll-like receptors
(TLRs) to trigger an immune response [14-19] and induce migration of mesenchymal
stem cells (MSCs) into the infected area [39, 41]. Migration and proper attachment,
proliferation, and differentiation of cells in the immune response are essential for
wound healing and recovery [43, 44]. Odontoblasts synthesize and secrete organic
matrix, and insoluble calcium phosphate salt is deposited on this matrix to produce
dentin [39]. Transforming growth factor-β (TGF-β) assists dentin regeneration by
regulating proliferation, differentiation, and death of cells [25, 57]. Besides, the
canonical Wnt signaling pathway is stimulated by wounds and plays a crucial role in
the recruiting MSCs in dentin [32, 33]. Nuclear factors kappa-light-chain-enhancer
of activated B cells (NF-κB) and p38 mitogen-activated protein kinase (MAPK) are
known to be important signaling pathways in the inflammatory response and
recovery process [44].
Treatment of dental caries includes pulp capping, pulpotomy, or pulpectomy,
depending on the degree of bacterial infection [35, 44]. If dental caries involves the
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enamel or dentin, pulp capping is performed. Indirect pulp capping is performed in
the absence of pulp exposure after caries excavation, and direct pulp capping is done
when the pulp is exposed [45]. Pulpotomy or pulpectomy is indicated for dental
caries with pulpal involvement. Pulpotomy is a technique that involves the removal
of coronal pulp tissue, followed by the placement of agents over the defect to protect
the remaining pulp tissue and regenerate dentin [16, 38]. Pulpectomy is a procedure
in which the entire pulp is removed and filled with appropriate materials to prevent
further progress of the lesion [45].
Pulp capping and pulpotomy procedures require the surgical removal of
infected dentin and necrotic pulp tissue in the tooth, followed by cleaning,
disinfection, and sealing with appropriate dental materials to regenerate dentin [38,
39]. The ideal sealing material should have biocompatibility, excellent sealing ability,
harden in a humid environment, promote dentin bridge formation, possess adequate
compressive strength and hardness, and exhibit no micro-leakage [35]. Traditionally,
calcium hydroxide was used. However, due to its water solubility, it gradually
dissolved over time, resulting in micro-leakage. Moreover, it showed tunnel defects
in regenerated dentin, increased immune cell expression, and increased failure rate
due to pulp necrosis [11]. Mineral trioxide aggregate (MTA), a hydraulic silicate
cement, is currently the most preferred restorative substitute for calcium hydroxide.
MTA has

excellent

sealing

abilities,

antibacterial

properties,

excellent

biocompatibility, and the ability to stimulate rapid dentin bridge formation [43, 45].
However, the disadvantages of MTA include difficult handling, the potential for
restored tooth discoloration, long hardening time, and difficult reoperation. Several
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agents have been developed to overcome these limitations [62, 63]. Among them,
Biodentine® was proposed as an alternative to MTA. Biodentine® is a calcium
silicate-based restorative cement that acts on human dental pulp cells (hDPCs) to
promote mineralization [33]. Biodentine® has excellent sealing properties,
compressive strength, and biocompatibility. It is easy to manipulate, does not cause
discoloration of teeth, and has a short hardening time [33, 63]. However, a
disadvantage is the tendency to develop micro-leakage due to material solubility.
Clinical studies are needed for a definitive evaluation of Biodentine® [62].
Dental tissue engineering adopts stem cells, growth factors, and scaffold
systems to resolve pulp-dentin tissue regeneration challenges [3, 8, 13, 41]. Current
research is focused on dentin regeneration through differentiation of hDPCs by
applying absorbent collagen sponges with drugs [22]. As a collagen sponge has no
negative effects on local regeneration of the dentin-pulp complex [61], it was used
in this study.
The use of short peptides in regenerative medicine is associated with low
immunogenicity, low susceptibility to destruction, and fewer tumor-related side
effects. Therefore, short peptides are used in regenerative medicine studies on pulpdentin regeneration [46]. Vitronectin is a multifunctional glycoprotein involved in
the adhesion, spreading, proliferation, and differentiation of cells [27, 40]. The
RVYFFKGKQYWE motif (residues 270–281; VnP-16), which consists of 12 amino
acid residues derived from human vitronectin [22, 23], directly interacts with integrin
β1 to activate focal adhesion kinase (FAK) and promote osteoblast differentiation.
Concomitantly, VnP-16 inhibits osteoclast differentiation and reduces bone
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resorption by inhibiting JNK-c-Fos-NFATc1 signaling and integrin αvβ3-c-SrcPYK2 signaling, respectively [23]. This finding led to the hypothesis that VnP-16
could be a potential candidate for dentin regeneration. This study examined the
effects of VnP-16 on reparative dentinogenesis in rat pulp exposure and pulpotomy
models and cultures of hDPCs and odontoblast-like MDPC-23 cells.
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MATERIALS AND METHODS

Peptides and reagents
All peptides were synthesized on a Pioneer Peptide Synthesizer (Applied
Biosystems, CA, USA) using the 9-fluorenylmethoxycarbonyl-based solid-phase
method, with a C-terminal amide. Peptides were purified and characterized by
Peptron (Daejeon, Korea); all peptides used in this study had purity >97%, as
determined by high-performance liquid chromatography. Human plasma vitronectin
was purchased from Millipore (Bedford, MA, USA).

Animals
Seven-week-old male Sprague-Dawley rats were purchased from the OrientBio
(Seongnam, Korea). The rats were maintained under standard animal housing
conditions (12-h light 12-h dark cycles and free access to food and water). At one
week after adaptation, rats were used in these experiments. All animal procedures
were reviewed and approved by the Institutional Animal Care and Use Committee
of Seoul National University (approval numbers: SNU-180109-2, SNU-180518-21).

Cells and cell culture
hDPCs were provided by Dr. J.-C. Park (Seoul National University, Seoul,
Korea) and maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco
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BRL) supplemented with 10% fetal bovine serum (FBS) and antibiotics. MDPC-23
odontoblast-like cells were provided by Dr. J.-H. Baek (Seoul National University,
Seoul, Korea) and maintained in DMEM supplemented with 10% FBS and
antibiotics.

Cell attachment and spreading assays
Cell attachment assays were performed as described previously [56]. The
physical adsorption method was used for the application of peptides. Briefly, 48-well
culture plates were coated with human plasma vitronectin (0.26 μg/cm2) for 24 h at
4 °C. Peptides (10.5 μg/cm2) were also adsorbed onto plates by drying for 24 h at
room temperature. Substrate-coated plates were blocked with 1% heat-inactivated
bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for 1 h at 37°C,
and then washed with PBS. Cells (hDPCs 5 × 104 cells/250 μl, MDPC-23 cells 1 ×
105 cells/250 μl) were added to each plate and incubated for 1 h at 37 °C. After
incubation, unattached cells were removed by rinsing the plates twice with PBS. The
attached cells were fixed with 10% formalin for 15 min and stained with 0.5% crystal
violet for 1 h. Plates were gently washed three times with double-distilled water,
after which the contents of each well were solubilized in 2% sodium dodecyl sulfate
(SDS) for 5 min, followed by measurement of absorbance at 570 nm using a
microplate reader (Epoch2, Bio-Tek, VT, USA).
For the cell spreading assay, cells (hDPCs 3 × 104 cells/250 μl, MDPC-23 cells
6 × 104 cells/250 μl) were added to each substrate-coated plate and incubated for 3
h at 37°C. The attached cells were fixed with 10% formalin and then stained with
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0.5% crystal violet for 1 h. Then, plates were gently washed three times with PBS,
followed by as assessment of cell spreading by measuring the surface areas of the
cells using Image-Pro Plus software (version 4.5; Media Cybernetics, Silver Spring,
MD, USA).

Migration assay
Cell migration assays were performed with Transwell® migration chambers
(pore size, 8 μm; Corning, NT, USA). Briefly, the lower side of each Transwell filter
was coated with vitronectin (0.26 μg/cm2), or synthetic peptides (10.5 μg/cm2) by
drying for 24 h at 4°C (vitronectin) or for 24 h at room temperature (peptide). Cells
(hDPCs 2 x 104 cells/24-well, MDPC-23 cells 4 x 104 cells/24-well) were seeded in
the upper chamber of a transwell filter and allowed to migrate for 24 h at 37°C. Cells
were then fixed with 10% formalin for 15 min and stained with 0.5% crystal violet.
Unmigrated cells in the upper side of the transwell filter were removed with a cotton
swab, and cell migration was photographed by digital inverted fluorescence
microscope (Nikon, Tokyo, Japan) and quantified by counting the number of cells
that had migrated through the filter. Human plasma vitronectin was used as the
positive control and scrambled peptide (SP) was used as negative control.

MTT assay
The effect of VnP-16 on the cell viability was determined using an EZCytox
Cell Viability Assay Kit, as described previously [23]. Briefly, a 96-well culture plate
(Nunc, NY, USA) was treated with 50, 100, and 200 μg/ml VnP-16. Then, 1.5 × 104
14

cells were seeded on each well, and the plate was incubated at 37°C in a 5% CO2
atmosphere for 24 h and 48 h. Water-soluble tetrazolium salt reagent (10 μl) was then
added to each well, and the plate was incubated at 37°C for 1 h. Finally, the
absorbance at a wavelength of 450 nm was measured using a microplate reader
(Epoch2, Bio-Tek, VT, USA).

Animal experiments
After one week adaptation, the rats were anesthetized with an intraperitoneal
injection of a mix of 31.25 mg/kg tiletamine/zolazepam and 8.75 mg/kg xylazine.
The rats were randomly divided into 6 groups: (1) restorative cover (glass ionomer
+ resin only) group, (2) MTA only group, (3) collagen sponge only + restorative
cover group, (4) collagen sponge + recombinant human bone morphogenetic protein2 (rhBMP-2) + restorative cover group, (5) collagen sponge + SP + restorative cover
group, and (6) collagen sponge + VnP-16 + restorative cover group. After VnP-16
and SP were dissolved in DDW and 10% DMSO, respectively, they were diluted
with DDW. rhBMP-2 (4 μg/cm2, Pepro-Tech) and synthetic peptides (2.0 mg/cm2)
were soaked in 2.0 mm absorbable collagen sponges (Cheonan, BiolandKorea)
overnight in the manner described previously [56].
After opening the rat's mouth with a gag, in the pulp exposure model, enamel
and dentin were removed from the first molars of the rats with a low-speed handpiece
with a round bur (#1/4), and then pulp was exposed to prepare teeth with exposed
pulp (Fig. 1A). In the pulpotomy model, pulpotomy was performed in the first molars
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of the rats using a low-speed handpiece with #1/4 round bur (Fig. 1B). The holes
were widened sufficiently using files and washed with sterile cotton absorbing saline.
Before placing the restorative materials, bleeding was controlled with some pressure
using sterile cotton and paper points. Collagen sponges treated vehicle, rhBMP-2,
and synthetic peptides were added for each group, and then the resin was covered
and solidified. Food was ground and served in consideration of the possibility of the
restoration material falling off. The rats were euthanized two and four weeks after
operation in the pulp exposure model and three and six weeks after operation in the
pulpotomy model, and whole mandibles were fixed in 4% paraformaldehyde for 24
h at 4°C. For histological staining, the specimens were decalcified with 12%
ethylenediaminetetraacetic acid for four weeks and embedded in paraffin. The
paraffin-embedded specimens were sectioned at a thickness of 5 μm and then stained
with Hematoxylin and eosin (H&E) solution. Photographs were obtained by digital
uplight fluorescence microscope (Leica, Wetzlar, Germany)

Figure 1. The schematic diagram for evaluating the effect of VnP-16 on
reparative dentinogenesis in the rat pulp exposure and pulpotomy model. Pulp
16

exposure (A) and pulpotomy defect (B) were prepared using a low-speed handpiece
with a round bur (#1/4) on the occlusal surface of the mandibular first molars in rats.
After controlling the bleeding with a little pressure using cotton and paper points,
vehicle-, rhBMP-2-, and synthetic peptide-treated collagen sponges were placed in
the defect sites and filled with resin (A). After performing a pulpotomy in the
mandibular first molars of the rats, two vehicle-, rhBMP-2-, and synthetic peptidetreated collagen sponges were inserted per tooth and filled with resin (B).

Histological and histochemical staining
hDPCs and MDPC-23 cells were cultured in osteoblast differentiation medium
(Cell Applications, CA, USA) containing VnP-16 or SP. Histological staining of
hDPCs and MDPC-23 cells was performed as described previously [56]. Briefly, to
visualize mineral deposits, the cells were fixed with ice-cold 95% ethanol for 30 min
at −20°C, and then stained with 40 mM Alizarin red S solution (pH 4.2) for 1 h. The
stained cells were washed five times with double-distilled water and then rinsed with
PBS for 15 min. To examine the odontoblastic differentiation of hDPCs and MDPC23 cells, cells were stained for alkaline phosphatase (ALP) using the tartrate-resistant
acid phosphatase (TRAP)/ALP double-stain kit (Takara, Shiga, Japan).

Statistical analyses
All data are presented as mean ± standard deviation (SD). Statistical analyses
were performed using the STATISTICA 6.0 software package (StatSoft, OK, USA).
Results were compared by analysis of variance. When significant differences were
17

found, post hoc tests were performed using Scheffé's adjustment. Two-group
comparisons were performed using Student's t-test. A P value less than 0.05 was
considered statistically significant.
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RESULTS

Effects of VnP-16 on cell behavior of hDPCs
Odontoblasts exist at the pulp-dentin interface and synthesize dentin.
Progression of dental caries to the pulp can infect odontoblasts and down-regulate
these function. In such a case, hDPCs move to the site of infection and differentiate
into odontoblasts to facilitate recovery. To investigate whether a vitronectin-derived
peptide, VnP-16, could induce cell behavior of hDPCs, attachment, spreading, and
migration of the cells were assayed. The optimal concentration of the VnP-16 was
determined using a dose-response curve, and the lowest concentration that achieved
maximum attachment to human osteogenic cells was used [23]. Human plasma
vitronectin strongly promoted cell attachment (Fig. 2A, B) and spreading (Fig. 3A,
B) in hDPCs. VnP-16 also induced greater cell attachment and spreading than the
BSA or SP control, with the induction of attachment and spreading comparable to
that of vitronectin in hDPCs (Fig. 2A, B; Fig, 3A, B). Vitronectin strongly promoted
the migration of hDPCs, but VnP-16 did not affect the migration of the cells (Fig.
4A, B). These findings demonstrate that VnP-16 is a bioactive peptide, with an
essential role in promoting cell attachment and spreading of hDPCs.
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Figure 2. Cell attachment activities of hDPCs on culture dishes coated with
VnP-16. (A) Photographs of hDPCs adhering on culture plates treated with 1% BSA,
vitronectin (0.26 μg/cm2), scrambled peptide (SP; 10.5 μg/cm2), or VnP-16 (10.5
μg/cm2). hDPCs were allowed to adhere to peptide-treated plates for 1 h in serumfree medium. Scale bars = 200 μm. (B) Levels of cell attachment to immobilized
synthetic peptides in hDPCs. **p < 0.01 versus the SP-treated control group. Data
represent the mean ± SD (n = 4).
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Figure 3. Cell spreading activities of hDPCs on culture dishes coated with VnP16. (A) Photographs of hDPCs spreading on culture plates treated with 1% BSA,
vitronectin (0.26 μg/cm2), SP (10.5 μg/cm2), and VnP-16 (10.5 μg/cm2). hDPCs were
allowed to adhere to peptide-treated plates for 3 h in serum-free medium. Scale bars
= 200 μm. (B) Levels of cell spreading to immobilized synthetic peptides in hDPCs.
**

p < 0.01 versus the SP-treated control group. Data represent the mean ± SD (n =

4).
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Figure 4. Cell migration activities of hDPCs on transwell filters coated with
VnP-16. (A) Photographs of hDPCs spreading on transwell filters treated with 1%
BSA, vitronectin (0.26 μg/cm2), SP (10.5 μg/cm2), and VnP-16 (10.5 μg/cm2).
hDPCs were seeded into the upper chambers of transwell filters coated with peptide
and were incubated for 24 h. Scale bars = 200 μm. (B) Levels of cell migration to
immobilized synthetic peptides in hDPCs. ND = not detected. **p < 0.01 versus the
SP-treated control group. Data represent the mean ± SD (n = 4).
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Effects of VnP-16 on cell behavior of odontoblast-like MDPC23 cells
To confirm the effects of VnP-16 on cell behavior of hDPCs, cell attachment,
spreading, and migration assays were performed in spontaneously immortalized
odontoblast-like MDPC-23 cells. VnP-16 significantly promoted cell attachment and
spreading than the BSA or SP control, with the induction of attachment and spreading
comparable to that of vitronectin in MDPC-23 cells, similar to hDPCs (Fig. 5A, B;
Fig. 6A, B). Vitronectin also strongly promoted the migration of MDPC-23 cells, but
VnP-16 did not affect cell migration (Fig. 7A, B). Moreover, VnP-16 did not affect
the cell viability of hDPCs and MDPC-23 cells (Fig. 8A, B), indicating that it is
cytocompatible. Overall, these findings demonstrate that VnP-16 is a bioactive
peptide with an essential role in promoting cell attachment and spreading of hDPCs
and MDPC-23 cells.
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Figure 5. Cell attachment activities of odontoblast-like MDPC-23 cells on
culture dishes coated with VnP-16. (A) Photographs of MDPC-23 cells adhering
on culture plates treated with 1% BSA, vitronectin (0.26 μg/cm2), SP (10.5 μg/cm2),
or VnP-16 (10.5 μg/cm2). MDPC-23 cells were allowed to adhere to peptide-treated
plates for 1 h in serum-free medium. Scale bars = 200 μm. (B) Levels of cell
attachment to immobilized synthetic peptides in MDPC-23 cells. **p < 0.01 versus
the SP-treated control group. Data represent the mean ± SD (n = 4).
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Figure 6. Cell spreading activities of odontoblast-like MDPC-23 cells on culture
dishes coated with VnP-16. (A) Photographs of MDPC-23 cells spreading on
culture plates treated with 1% BSA, vitronectin (0.26 μg/cm2), SP (10.5 μg/cm2), and
VnP-16 (10.5 μg/cm2). MDPC-23 cells were allowed to adhere to peptide-treated
plates for 3 h in serum-free medium. Scale bars = 200 μm. (B) Levels of cell
spreading to immobilized synthetic peptides in MDPC-23 cells. **p < 0.01 versus the
SP-treated control group. Data represent the mean ± SD (n = 4).
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Figure 7. Cell migration activities of odontoblast-like MDPC-23 cells on
transwell filters coated with VnP-16. (A) Photographs of MDPC-23 cells
spreading on transwell filters treated with 1% BSA, vitronectin (0.26 μg/cm2), SP
(10.5 μg/cm2), and VnP-16 (10.5 μg/cm2). MDPC-23 cells were seeded into the
upper chambers of transwell filters coated with peptide and were incubated for 24 h.
Scale bars = 200 μm. (B) Levels of cell migration to immobilized synthetic peptides
in MDPC-23 cells. ND = not detected. **p < 0.01 versus the SP-treated control group.
Data represent the mean ± SD (n = 4).
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Figure 8. The effects of VnP-16 on the cell viability. Levels of the cell viability to
immobilized synthetic peptides in hDPCs (A) and MDPC-23 cells (B). hDPCs and
MDPC-23 cells were allowed to adhere for 24 or 48 h on culture plates treated with
50, 100, and 200 μg/ml VnP-16. Data represent the mean ± SD (n = 4).
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Effects of VnP-16 on odontoblast differentiation of hDPCs and
MDPC-23 cells
hDPCs can differentiate into new odontoblasts to repair damaged dentin, and
odontoblast-like cells can regenerate dentin after differentiation. To assess the effects
of VnP-16 on odontoblast differentiation, hDPCs and MDPC-23 cells were cultured
in Osteoblast Differentiation Medium (Cell Applications) containing SP or VnP-16
for 3 or 9 days (ALP) or 9 days (calcium deposition). VnP-16 increased the ALP
activity (Fig. 9A) and calcium deposition (Fig. 9B) in the hDPCs and MDPC-23 cells,
indicating that it promotes odontoblastic differentiation of hDPCs and MDPC-23
cells.
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Figure 9. VnP-16 promotes odontogenic differentiation of hDPCs and MDPC23 cells. The effects of VnP-16 on alkaline phosphatase (ALP) activity (A) and
calcium deposition (B) in hDPCs and MDPC-23 cells. hDPCs were cultured in
Osteoblast Differentiation Medium (Cell Applications) in the presence of SP or VnP16 for 9 days (ALP assay and Alizarin red S staining). In addition, MDPC-23 cells
were cultured in Osteoblast Differentiation Medium in the presence of SP or VnP16 for 3 days (ALP assay) or 9 days (Alizarin red S staining). Then, the cells were
fixed and stained.
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Effects of VnP-16 on reparative dentin formation in a rat pulp
exposure model
Based on the observation that VnP-16 promotes initial cell attachment and
spreading of hDPCs and odontoblast-like MDPC-23 cells, the in vivo potential of
VnP-16 to induce dentin regeneration in the rat pulp exposure model was
investigated. Pulp exposure wounds were prepared on the mandibular first molars of
adult rats assigned to six groups: resin filling only (resin only group), resin filling
after vehicle-treated collagen sponge capping (vehicle group), MTA filling only
(MTA group), resin filling after rhBMP-2-treated collagen sponge capping (rhBMP2 group), resin filling after SP-treated collagen sponge capping (SP group), and resin
filling after VnP-16-treated collagen sponge capping (VnP-16 group). After breeding
the rats for two or four weeks, the degree of reparative dentin formation in wounded
sites was compared. In the resin only group, vehicle-, rhBMP-2-, and SP-treated
groups, newly formed mineralized tissue was rarely detected in the pulp exposure
sites (Fig. 10A, B, D, E), whereas in the MTA group, irregular features of reparative
dentin were generated in the remaining dentin at the bottom of the pulp exposure
sites (Fig. 10C). The VnP-16 group showed regeneration of reparative dentin at the
bottom of the pulp exposed sites and had a similar level of dentin regeneration as the
MTA group (Fig. 10F). On week four after wounding, some reparative dentin
formation occurred in the vehicle and rhBMP-2 groups, but little was produced in
the resin only and SP groups (Fig. 11A, B, D, E). As expected, MTA and VnP-16
groups had more extensive reparative dentin formation than the vehicle or SP control
groups (Fig. 11B, C, E, F).
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Because the pattern of regenerated dentin in the rat pulp exposure model is
different, and accurate measurement of the area is challenging, the author quantified
whether or not hard tissue bridge formation occurred at the defect sites to assess the
degree of reparative dentin formation. The number of specimens that showed hard
tissue bridge formation at the pulp exposure sites was counted. Two weeks after pulp
capping, hard tissue bridges were generated in 75% of the MTA group and 33.3% of
the VnP-16 group (Table 1). After four weeks of pulp capping, hard tissue bridges
formed in 75% of the MTA group and 83.3% of the VnP-16 group. Moreover, hard
tissue bridges were produced in 66.7% of the rhBMP-2 group. However, hard tissue
bridges were hardly formed in the resin, vehicle, and SP groups (Table 1). These
results demonstrate that VnP-16 promotes reparative dentin formation in rats with
pulp exposure.
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Figure 10. Histological analysis of dentin regenerated by VnP-16 at the pulp
exposure sites after two weeks. After removing the enamel and dentin from the
mandibular first molars of rats, pulp was exposed using round bur. Pulp exposed
areas of the mandibular first molars of rats were filled with resin only (A) and MTA
only (C). The other pulp exposed portions of the mandibular first molars were capped
with vehicle (B)-, rhBMP-2 (31.4 ng/scaffold, D)-, SP (15.7 µg/scaffold, E)-, or
VnP-16 (15.7 µg/scaffold, F)-treated collagen sponges, filled with resin, and bred
for two weeks. Rats were euthanized by inhaling carbon dioxide, and mandibular
specimens containing the first molars were obtained. After demineralizing the
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mandibular specimens, H&E staining was performed. Insets at the lower are
magnified images of the rectangles indicated. Scale bars of upper panel = 1.0 mm
and scale bars of lower panel = 200 μm.
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Figure 11. Histological analysis of dentin regenerated by VnP-16 at the pulp
exposure sites after four weeks. After removing the enamel and dentin from the
mandibular first molars of rats, pulp was exposed using round bur. Pulp exposed
areas of the mandibular first molars of rats were filled with resin only (A) and MTA
only (C). The other pulp exposed portions of the mandibular first molars were capped
with vehicle (B)-, rhBMP-2 (31.4 ng/scaffold, D)-, SP (15.7 µg/scaffold, E)-, or
VnP-16 (15.7 µg/scaffold, F)-treated collagen sponges, filled with resin, and bred
for four weeks. Rats were euthanized by inhaling carbon dioxide, and mandibular
specimens containing the first molars were obtained. After demineralizing the
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mandibular specimens, H&E staining was performed. Insets at the lower are
magnified images of the rectangles indicated. Scale bars of upper panel = 1.0 mm
and scale bars of lower panel = 200 μm.
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Table 1. The number of specimens forming hard tissue bridge in rat pulp
exposure model
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Effects of VnP-16 on reparative dentin formation in a rat
pulpotomy model
As VnP-16 accelerated reparative dentin formation in a rat pulp exposure model
(Fig.10, 11, Table 1), the in vivo potential of VnP-16 to induce dentin regeneration
was further studied using the rat pulpotomy model. Pulpotomy was performed in the
mandibular first molars of adult rats, and absorbable collagen sponges treated with
vehicle, rhBMP-2, or synthetic peptides were capped on the roots for three or six
weeks. Subsequently, the degree of reparative dentin formation in each group was
compared. To quantify the extent of restorative dentin formation, the author
compared the area of dentin formation in the upper (middle panel in Fig. 12) and
middle part (lower panel in Fig. 12) of the root. On week three after wounding, the
resin group showed a hard tissue bridge formation; however, there were concomitant
signs of inflammation. Moreover, regenerated dentin was randomly formed (Fig.
12A). The vehicle group mainly consisted of inflammation with no evidence of hard
tissue formation (Fig. 12B). The SP-treated group produced hard tissue on the dentin
wall. However, there was severe inflammation, and the regenerated hard tissue did
not form the normal root shape. (Fig. 12E). The rhBMP-2-treated group produced
hard tissue mixed with inflammation in the dentin wall (Figure 12D). The VnP-16
(Fig. 12F) and MTA groups (Fig. 12C) showed hard tissue formation in the dentin
wall with a normal root shape. On week six after wounding, no hard tissue bridges
occurred in the group except for the MTA group. The resin group, which showed
hard tissue bridge formation at 3 weeks, consisted mostly of inflammation, with pulp
necrosis at six weeks (Fig. 13A). Fibroblasts were found in the vehicle and rhBMP37

2 groups instead of hard tissue (Fig. 13B, D). The SP group formed hard tissue, but
also showed inflammation (Fig. 13E). The MTA group showed a completely formed
hard tissue bridge, normal pulp tissue under the dentin, and morphologically normal
root shape on the dentin wall (Fig. 13D). The VnP-16 group did not show a hard
tissue bridge, but formed a normal root-shaped hard tissue in the dentin wall.
Reparative dentin formation in the pulpotomy model was quantified based on the
presence or absence of hard tissue formation on the root dentin wall and hard tissue
bridge formation on the root canal orifice. On three and six weeks after the
pulpotomy, 75% of the MTA group developed hard tissue in the root dentin wall.
Moreover, 100% of the VnP-16 group formed hard tissue in the root dentin wall.
However, hard tissue bridges did not form after three weeks, and at 25% after six
weeks. Overall, these findings suggest that MTA and VnP-16 could be attractive
therapeutic agents for dentin regeneration.

38

Figure 12. Histological analysis of dentin regenerated by VnP-16 at the orifice
of root canal after three weeks. After removing the enamel, dentin, and the upper
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pulp from the mandibular first molars of rats, pulpotomy was performed. The
removal sites of the coronal pulp of the mandibular first molars of rats were filled
with resin only (A) and MTA only (C). The other removal sites of the coronal pulp
of the mandibular first molars were capped with vehicle (B)-, rhBMP-2 (31.4
ng/scaffold, D)-, SP (15.7 µg/scaffold, E)-, or VnP-16 (15.7 µg/scaffold, F)-treated
collagen sponges, filled with resin, and bred for three weeks. Rats were euthanized
by inhaling carbon dioxide, and mandibular specimens containing the first molars
were obtained. After demineralizing the mandibular specimens, H&E staining was
performed. Insets at the middle and lower are magnified images of the rectangles
indicated. The middle panel is the orifice of root canal, and the lower panel is dentin
wall of middle root. Scale bars of upper panel, 1.0 mm; Scale bars of middle and
lower panel, 200 μm.
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Figure 13. Histological analysis of dentin regenerated by VnP-16 at the orifice
of root canal after six weeks. After removing the enamel, dentin, and the upper pulp
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from the mandibular first molars of rats, pulpotomy was performed. The removal
sites of the coronal pulp of the mandibular first molars of rats were filled with resin
only (A) and MTA only (C). The other removal sites of the coronal pulp of the
mandibular first molars were capped with vehicle (B)-, rhBMP-2 (31.4 ng/scaffold,
D)-, SP (15.7 µg/scaffold, E)-, or VnP-16 (15.7 µg/scaffold, F)-treated collagen
sponges, filled with resin, and bred for six weeks. Rats were euthanized by inhaling
carbon dioxide, and mandibular specimens containing the first molars were obtained.
After demineralizing the mandibular specimens, H&E staining was performed.
Insets at the middle and lower are magnified images of the rectangles indicated. The
middle panel is the orifice of root canal, and the lower panel is dentin wall of middle
root. Scale bars of upper panel, 1.0 mm; Scale bars of middle and lower panel, 200
μm.
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Table 2. The number of specimens that form hard tissue in root dentin wall and
hard tissue bridge on orifice of root canal in rat pulpotomy model
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Histological evaluation of dentin bridges produced by MTA or
VnP-16 in a rat pulp exposure model
These data showed that VnP-16 induced odontoblast differentiation of hDPCs
and promoted dentin-like tissue formation in rat mandibular first molars with pulp
exposure and pulpotomy. Therefore, the histological characteristics of dentin bridges
generated after MTA and VnP-16 treatment for 14 days in the rat pulp exposure
model were investigated. The newly produced dentin formed the dentin bridge, and
odontoblast-like cells aligned at the boundary of the formed dentin bridge and pulp
tissue in the MTA (Fig. 14A, C) and VnP-16 groups (Fig. 14B, D). The morphology
of odontoblast-like cells lining the pulp consisted of a tubular structure with a
nucleus skewed toward the pulp.
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Figure 14. Dentin bridge formation in rat mandibular first molar at 14 days
after

direct

pulp

capping

with

MTA

and

VnP-16.

Representative

photomicrographs showing a dentin-like matrix (*) in the mandibular first molars of
rats 14 days after direct pulp capping with MTA (A, C) or VnP-16 (B, D), appearing
as tubular structure lined with odontoblast-like cells. Conditions of animal
experiments were the same as described in the legend to Fig. 11C (A) and 11F (B).
Rats were euthanized by inhaling carbon dioxide, and mandibular specimens
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containing the first molars were obtained. After demineralizing the mandibular
specimens, H&E staining was performed. Photomicrographs are magnified images
of the rectangles shown in the upper right.
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DISCUSSION

This study performed a series of in vitro and in vivo tests to demonstrate that
VnP-16 could be an attractive therapeutic agent for treating dental caries by
promoting reparative dentin formation. Two different but complementary animal
models were used to show that VnP-16 could enhance dentin regeneration by
promoting odontoblast differentiation in rat pulp exposure and pulpotomy defects.
If dental caries progresses to the pulp, odontoblasts at the pulp-dentin border
are also infected. For replacing infected odontoblasts, hDPCs migrate to the site of
infection and differentiate into odontoblast-like cells to facilitate recovery. Therefore,
cell attachment, spreading, and migration were evaluated to determine whether VnP16 affected the cell behavior of hDPCs. VnP-16 effectively promoted cell attachment,
spreading (Fig. 2, 3, 5, 6), and odontoblast differentiation (Fig. 9) of hDPCs and
odontoblast-like MDPC-23 cells. These findings are significant because cell
attachment, spreading, and odontoblast differentiation of hDPCs capable of
producing dentin are important for dentin regeneration. These results suggested that
VnP-16 is a bioactive peptide with an essential role in promoting cell behavior and
odontoblast differentiation of hDPCs. hDPCs or odontoblast-like cells should
migrate to the defect sites to facilitate odontoblast replacement and dentin
regeneration. In animal experiments, VnP-16 promoted reparative dentin
regeneration at the defect sites as much as MTA, currently used as the most common
treatment. However, in the migration assay, vitronectin promoted cell migration of
hDPCs and odontoblast-like MDPC-23 cells, while VnP-16 did not affect cell
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migration (Fig. 4, 7). It suggests that odontoblasts near the defect sites recognize the
invasion of bacteria, send signals, and induce migration of hDPCs, and the migrated
cells show adhesion, spread, and differentiation into odontoblast-like cells under the
influence of VnP-16 to regenerate dentin.
The human body is susceptible to damage by toxic substances. However, if the
toxicity does not exceed the body’s threshold, various metabolic processes can
restore the system to homeostasis [47]. A therapeutic agent should be non-toxic to
cells. Therefore, the MTT assay was used to determine whether VnP-16 was toxic to
hDPCs and MDPC-23 cells. VnP-16 showed no effect on the cell viability in hDPCs
and MDPC-23 cells (Fig. 8), suggesting that it could be used as a therapeutic agent.
In this study, animal experiments were conducted using rat pulp exposure and
pulpotomy models to study the dentin regeneration ability of VnP-16. Ideally, the
dentin bridge should be regenerated by odontoblasts without an inflammatory
reaction with normal pulp tissue under the resulting dentin bridge in a pulp exposure
model [11]. In the pulp exposure model, the dentin formed in the VnP-16 group was
similar to that in the MTA group and superior to the rhBMP-2 group (Fig. 10, 11).
MTA [59] and rhBMP-2 [13] are already known to show effective dentin formation.
As odontoblast-like cells were present between the regenerated dentin bridge and
pulp in the MTA and VnP-16 groups at two weeks after surgery (Fig. 14), it was
assumed that dental pulp cells were differentiated into odontoblast-like to form
dentin bridges. Moreover, inflammation was insignificant in the MTA and VnP-16
groups, and normal pulp tissue was maintained under the generated dentin bridge. It
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is assumed that hDPCs rapidly differentiated into odontoblast-like cells by MTA and
VnP-16, causing dentin regeneration and normal pulp tissue recovery.
Patterns of regenerative dentin were different, and it was challenging to obtain
accurate measurements of the area of regenerative dentin. For quantifying dentin
regeneration in the pulp exposure model, the number of specimens that formed hard
tissue bridges at the affected area was counted (Table 1). Two weeks after pulp
exposure, the VnP-16 group was less effective in forming hard tissue bridges than
the MTA group, but after four weeks, the VnP-16 group produced the same degree
of hard tissue bridge as the MTA group. The MTA group showed rapid production
of hard tissue bridges; however, the VnP-16 group formed hard tissue bridges
comparable to the MTA group. Specimens showing hard tissue bridge formation
were also found in the resin group, vehicle group, and SP group. Hard tissue
formation by a self-protective reaction increased, resulting in dentin bridge
formation. However, the use of MTA or VnP-16 results in better quality hard tissue
bridges, suggesting that VnP-16 can replace MTA in pulp capping surgery.
The effect of VnP-16 on the pulpotomy model based on its performance in the
pulp exposure model was evaluated. Currently, MTA is the most widely used
material in pulpotomy. MTA is a dental cement material that seals the defect
completely and stimulates dentin bridge formation. Pulpotomy includes caries
removal and disinfection of the pulp chamber area; however, there is still a
possibility of bacterial contamination. Dentin bridge formation is crucial to minimize
bacterial invasion. Ideally, the dentin bridge should form adjacent to the defect with
normal pulp tissue under the dentin bridge. Three weeks after pulpotomy, the VnP49

16 group did not produce a hard tissue bridge; however, hard tissue and dentin matrix
formed on the root wall were comparable to the MTA group (Fig. 12). Inflammation
was not severe, and normal pulp tissue was maintained. In the resin group, a hard
tissue bridge was formed with concomitant signs of inflammation. It is thought that
resin toxicity acts directly, causing excessive inflammation and disorderly hard tissue
formation as a defense mechanism. Six weeks after pulpotomy, however, there was
no hard tissue bridge formation with signs of severe inflammation and necrosis. Six
weeks after pulpotomy, the MTA group showed ideal results with a hard tissue bridge
formation, hard tissue on the dentin wall, and normal pulp tissue under the hard tissue
bridge (Fig. 13). The VnP-16 group did not form a hard tissue bridge, but hard tissue
formed on the root wall was comparable to that in the MTA group. Except for the
MTA and VnP-16 group, the matrix dominated. It is considered that the speed of
matrix formation in the resin, vehicle, and rhBMP-2 groups was slower than that in
the MTA and VnP-16 groups because of indicating shape of the matrix.
It was difficult to compare the area of regenerated dentin in the pulpotomy
model. Therefore, it was quantified based on the presence or absence of hard tissue
on the root dentin wall and hard tissue bridge on the root orifice (Table 2). Three and
six weeks after pulpotomy, hard tissue was formed on the dentin wall in the VnP-16
and MTA groups. However, hard tissue bridges were produced effectively only in
the MTA group six weeks after pulpotomy. VnP-16 effectively demonstrated hard
tissue bridge formation in the pulp exposure model, but no hard tissue bridge was
produced in the pulpotomy model. The pulp exposure model had a small defect
because only the pulp needed to be exposed. Contrarily, the pulpotomy model
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involved coronal pulp tissue removal, resulting in more pulp removal than in the pulp
exposure model. Odontoblast-like cells should form a layer to form dentin, and a
collagen sponge has a cell migration effect [64, 65]. In the pulp exposure model, the
hole was small and easy to seal. Therefore, hard tissue bridges were formed due to
directionality of cells by sealing in the pulp exposure model. However, pulpotomy
is an unfavorable model for sealing because it requires a lot of pulp tissue removal.
MTA sealed the defect sites completely to generate hard tissue; however, in the VnP16 group, the defect was filled with collagen sponges and covered with resin,
resulting in poor sealing compared to the MTA group. Therefore, it was assumed that
the hard tissue bridge could form because the collagen sponge pulled the pulp cells,
with loss of cell directionality in a poorly sealed state. In the pulpotomy model, it is
the most ideal that normal pulp tissue fills the space created after coronal pulp
removal and dentin is formed on it similarly to normal tooth [61]. As it is difficult to
replace the coronal pulp with normal pulp tissue, several studies are focused on the
regeneration of coronal pulp and dentin. Hyaluronic acid is more effective in
regenerating thick coronal pulp than collagen sponge in pulpotomy [61]. Therefore,
further studies are needed to determine whether the most ideal dentin regeneration
can be achieved using hyaluronic acid-treated with VnP-16. Further, this study was
based on animal experiments using rats, and further studies are needed on dentin
regeneration of VnP-16 using medium-sized animals.
As tooth defects and tooth loss result in loss of oral function and significantly
affect esthetics, treatments such as prosthetic restorations are applied. MTA is most
commonly used for dental caries-related treatment because of its excellent dentin
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regeneration ability and biocompatibility. However, MTA discolors with time and
shows the potential for contamination with heavy metals and organic substances
because it is derived from Portland cement [68, 69]. Also, Also, MTA has a long
hardening time and is difficult to remove after hardening [33, 67-69]. There are cases
in which teeth need removal if reoperation is required. Therefore, new treatment
strategies for dentin regeneration are under research, and the use of short peptides is
a trend in regenerative medicine due to low immunogenicity, improved
pharmacological effects achieved by preventing degradation, and low tumor-related
side effects. Taken together, these results suggest that VnP-16 can be used as a
therapeutic agent to replace MTA in dentin regeneration.
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CONCLUSION

In this study, the RVYFFKGKQYWE motif, a biologically active core-binding
sequence of human vitronectin, promoted cell attachment, spreading, and
odontoblast differentiation of hDPCs and odontoblast-like MDPC-23 cells. Although
VnP-16 did not affect on dentin bridges formation in the pulpotomy model, it was as
effective as MTA in dentin regeneration in the rat pulp exposure and pulpotomy
models. However, VnP-16 did not affect the migration of hDPCs and MDPC-23 cells.
Based on these results, the author proposes that dental pulp cell recruitment in defect
sites results from the signaling of neighboring odontoblasts, and VnP-16 causes cell
attachment, spreading, and odontoblast differentiation, leading to dentin
regeneration. As VnP-16 did not affect the cell viability of hDPCs and MDPC-23
cells, it is cytocompatible. These results suggest that VnP-16 could be a useful
therapeutic agent for dentin regeneration.
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국문 초록

비트로넥틴 유래 생리활성 펩티드가 백서에서
수복상아질 형성에 미치는 영향

박 초 연
종양 및 발달생물학 전공
서울대학교 대학원 치의과학과
(지도교수: 노 상 호, D.V.M., Ph.D.)

치아우식증은 가장 흔한 구강질환의 하나로 치아 손실의 주요
원인이며, 치수로 진행될 경우 치수 노출 정도에 따라 치수복조술,
치수절개술 또는 치수절제술을 시행하여 치료한다. 인간 비트로넥틴
유래 VnP-16 펩티드는 골형성을 촉진하고, 골흡수를 억제하는 것으로
보고되었다.

본

연구는

VnP-16

펩티드가

흰쥐

치수노출모델

및

치수절단모델에서 수복상아질 형성에 미치는 효과에 대하여 연구하였다.
VnP-16 펩티드가 사람 치수세포와 유사상아질모세포 MDPC-23에서
세포

부착,

세포생존력에

퍼짐
미치는

및

이동능에

영향에

미치는

관하여

효과를

연구하였다.

측정하였으며,
또한

VnP-16

펩티드가 사람 치수세포와 유사상아질모세포로부터 상아질모세포로의
분화에 미치는 효과를 연구하기 위하여 알카리성인산분해효소 활성 및
칼슘 침착에 미치는 효과를 연구하였다. 나아가 VnP-16 펩티드가 흰쥐
치수노출모델 및 치수절단모델에서 상아질재생에 미치는 효과에 대하여
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연구하였다. 즉, 8주령된 웅성 Sprague-Dawley rats의 제1대구치
교합면에서 치수 노출 및 치수절단술을 시행한 후 6군 [(1) resin 단독
처리군, (2) vehicle 처리군, (3) MTA 단독 처리군, (4) rhBMP-2
처리군, (5) scrambled peptide 처리군 및 (6) VnP-16 처리군]으로
나누어 손상부위를 수복한 다음 2~6주간 사육시킨 후 악골을 채취하여
탈회시켜

조직학적분석을

시행하였다.

VnP-16

펩티드는

사람

치수세포와 MDPC-23세포의 부착과 퍼짐을 촉진시켜 세포 반응을
증가시켰으며, 알카리성인산분해효소 활성과 칼슘 침착을 증가시켜 사람
치수

줄기세포와

유사상아질모세포의

상아질모세포로의

분화를

촉진시켰다. 또한 VnP-16 펩티드는 사람 치수세포의 세포생존력 또는
세포증식에 영향을 미치지 않아 세포적합성이 우수하다는 것을 알 수
있었다. 나아가 흰쥐 치수노출모델에서 VnP-16 펩티드 처리군은 MTA
단독 처리군과 유사한 상아질 재생효과를 보였을 뿐만 아니라 rhBMP2 처리군보다 탁월한 상아질 재생효과를 보였다. 또한 MTA 및 VnP16 처리군에서 생성된 상아질 다리를 고배율로 관찰하였을 때, 생성된
상아질은

관상구조를

보였고,

유사상아질모세포가

생성된

상아질과

치수의 경계를 따라 분포하였다. 치수절단모델에서 MTA는 상아질
생성뿐만 아니라 상아질다리 생성도 유도하였고, VnP-16은 상아질
생성에는 효과가 있었으나 상아질다리 형성에는 효과가 없었다. 본
연구결과를 종합할 때, VnP-16 펩티드는 사람 치수세포의 세포반응을
촉진하고,

치수가

손상된

치아에서

치수복조술을

시행할

때

상아질재생을 현저하게 촉진시켜 상아질 재생 치료에 사용될 수 있음을
시사한다.
주요어:

치아우식증,

비트로넥틴

유래

펩티드,

상아질모세포,

치수세포, 치수노출모델, 치수절단모델, 상아질재생
학 번: 2017-23165
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