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Abstract 

 

Inflammatory response and odontogenic  

differentiation of inflamed dental pulp treated 

with different calcium silicate cements 
 

 

Minsun Chung, D.D.S 

 

Department of Dentistry, Graduate School, Yonsei University 

(Directed by Professor Euiseong Kim) 

 

Pulp exposure is a relatively common clinical occurrence due to dental caries, trauma 

or iatrogenic causes. Vital pulp therapy is an approach that can be considered for treating 

pulp exposure to preserve pulp vitality. The type of pulp capping material is a crucial factor 

that affects the outcome of these conservative treatment procedures, and calcium silicate 

cements (CSCs) are regarded as the ‘gold-standard’ of pulp capping materials due to its 

superior biocompatibility and hard tissue induction potentials. Various studies have 

evaluated the cell and tissue responses of CSCs, however, most papers have studied their 
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effects on normal dental pulp, and studies on the effect of CSCs on inflamed pulp are yet 

limited. This study investigated the pulpal responses of inflamed dental pulp to different 

CSCs in vitro and in vivo. The purposes of this study were (1) to investigate the 

inflammatory response and odontogenic differentiation of lipopolysaccharide (LPS)-

induced dental pulp stem cells (LDPSCs) using different CSCs and (2) to test the 

inflammation and hard tissue formation of inflamed rat dental pulp after direct pulp capping 

with CSCs.  

For the in vitro assessment, human dental pulp stem cells were stimulated with 

p.gingivalis LPS, and these LDPSCs were cultured with ProRoot MTA (Dentsply, Tulsa, 

OK, USA), Biodentine (Septodont, Saint-Maur-des-Fossés, France), RetroMTA (Bio MTA, 

Seoul, Korea) and Dycal (Dentsply Caulk, Milford, DE, USA). Interleukin (IL)-6, IL-8, 

and transforming growth factor (TGF)-β1 expressions were assessed by enzyme-linked 

immunosorbent assay, and the mRNA expression levels of alkaline phosphatase (ALP), 

osteocalcin (OCN), and runt-related transcription factor 2 (RUNX2) were analyzed by 

quantitative real-time polymerase chain reaction for 12, 24 and 48 hours (h). The levels of 

inflammatory cytokines and expressions of odontogenic markers were evaluated using one-

way analysis of variance followed by the Tukey’s test (p < 0.05).  

In order to test the in vivo pulpal responses, cavities with pin point pulp exposure were 

prepared on molars of Wistar rats. The cavities were left open for induction of inflammation. 

After 48 h, the exposed pulp was capped with ProRoot MTA, Biodentine, RetroMTA or 

Dycal. After one, two, or four weeks, animals were sacrificed for histologic specimens. 
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Samples were stained with hematoxylin-eosin, and pulpal inflammation and hard tissue 

formation were evaluated based on a scoring criteria. Immunofluorescence staining of IL-

6, OCN and RUNX2 were also performed. Pearson’s chi-square test was used to analyze 

the inflammation and hard tissue formation scores of different material groups (p < 0.05).  

Regarding LDPSCs, RetroMTA significantly decreased levels of IL-6 and IL-8 of at 48 

h, and ProRoot MTA and Biodentine significantly reduced TGF-β1 expression at 12 and 48 

h. ALP expression of LDPSCs was not effected by CSCs, but was increased by Dycal. OCN 

expression was significantly increased by Biodentine, RetroMTA and Dycal. All pulp 

capping materials significantly increased RUNX2 expression of LDPSCs at 12 h.  

In the rat inflamed pulp capping model, mild inflammation and initiation of hard tissue 

formation was observed at one week, with weak or unapparent IL-6, OCN and RUNX 

expressions. Two weeks postoperatively, an increased percentage of samples showed 

moderate inflammation, and moderate or heavy hard tissue formation was observed. IL-6 

positive signals were found in all material groups, but expressions of RUNX2 and OCN 

were only apparent in Biodentine. After four weeks, complete recovery from inflammation 

was evident in 22% of ProRoot MTA, 37.5% of Biodentine, 10% of RetroMTA samples. 

Specimens without inflammation were not observed in the Dycal group. Heavy hard tissue 

deposition as a continuous dentin bridge was observed in 77.8% of ProRoot MTA, 75% of 

Biodentine, 70% of RetroMTA and 60% of Dycal samples. IL-6 was detected in all material 

groups. Positive traces of OCN and RUNX2 were visible in all materials. IL-6, OCN and 

RUNX2 were mainly detected adjacent to areas of inflammation and reparative dentin 
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formation. Pulpal responses for the four materials groups were not statistically significant 

at one, two and four weeks.  

In this study, at four weeks after pulp capping, pulpal inflammation was still present in 

most specimens, and a significant number of samples showed incomplete and 

discontinuous dentin bridge formations. The results of this study suggest that initial 

inflammatory conditions of the pulp may jeopardize the prognosis of teeth treated with 

CSCs.  

 

Keywords: inflamed dental pulp, calcium silicate cements, direct pulp capping, 

inflammatory response, odontogenic differentiation 
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I. INTRODUCTION 

 

Vital pulp therapy such as direct pulp capping or pulpotomy can be selected as treatment 

options for pulp exposure as a result of caries excavation, traumatic events or iatrogenic 

reasons. Since these conservative treatment approaches enable the maintenance of dental 

pulp vitality, these procedures may be preferred to conventional root canal treatment when 

appropriate indications are presented.1 However, the treatment outcome of direct pulp 

capping or pulpotomy still remains controversial 2,3, and some clinicians hesitate to perform 
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these treatments since the capping of exposed pulp tissue may fail and lead to irreversible 

pulpitis or pulp necrosis.  

Many previous studies have attempted to evaluate factors that affect the outcome of 

direct pulp capping, partial or full pulpotomy, and the importance of the pulp capping 

material has been reported by many studies. Although calcium hydroxide has demonstrated 

reasonable outcomes as a traditional pulp capping material, nowadays calcium silicate 

cements (CSCs) are considered the material of choice for vital pulp therapy, with successful 

outcomes reported when used in contact with pulp tissue.4,5 CSCs resulted in lower 

inflammatory response and improved dentin bridge formation compared to calcium 

hydroxide6,7, and clinical studies have also demonstrated comparable or superior outcomes 

of CSCs.4,6 

CSCs are known to have superior biocompatibility, sealing ability, and hard tissue 

induction potential compared to previous materials used in pulp capping, regenerative 

therapy, apexification, and apical surgery.5,8,9 Out of the many beneficial characteristics of 

CSCs, the biocompatibility and hard tissue induction abilities of these materials have 

resulted in better cell and tissue responses to these materials.9,10 Nowadays various kinds 

of CSCs are introduced in the market, and some new types of CSCs allow faster setting 

time compared to conventional CSCs. Biodentine and RetroMTA are some of the newly 

introduced fast-setting CSCs. In direct pulp capping and partial or full pulpotomy, materials 

with faster setting times are useful in clinical settings, since the final restoration can be 

completed above the material in a single appointment. This prevents any unnecessary inter-
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appointment leakage, which is a crucial factor for successful outcome.11 On the other hand, 

some studies have questioned the outcome of direct pulp capping and pulpotomy, 

demonstrating unstable results depending on factors such as preoperative symptoms, size 

of pulp exposure, degree of hemorrhage as well as the depth and activity of carious 

lesions.11,12  

In general, direct pulp capping or partial pulpotomy is indicated when minor exposure 

of the pulp has occurred with no irreversible changes in the pulp status, which is usually 

determined using clinical symptoms and sensitivity tests as well as the tendency to 

hemorrhage during treatment procedure. However, previous studies reported that the 

clinical diagnosis and histologic diagnosis of the dental pulp are often different.13-16 In fact, 

many teeth with caries or previous restorations, which appear to be asymptomatic with 

normal responses to clinical tests, presented some degree of inflammation.16 In addition, 

histologic analysis has shown that some teeth with moderate caries and almost all teeth 

with deeply seated caries show degrees of inflammatory changes within the pulp tissue.16 

Therefore, these results suggest that during these vital pulp therapy procedures, the 

materials used are more likely to be placed in contact with inflamed pulp tissues.  

Although the effect of CSCs as pulp capping materials has been of much interest, most 

studies on the effect of CSCs on dental pulp have used healthy pulp stem cells or normal 

pulp tissues without inflammation. In case of animal studies, various previous studies have 

incorporated pulp capping or pulpotomy models in healthy dental pulp, however, studies 
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on the pulp capping of dental pulp in inflamed conditions are very limited in vitro and in 

vivo.  

Therefore, the purposes of this study were (1) to investigate the inflammatory response 

and odontogenic differentiation of lipopolysaccharide (LPS)-induced dental pulp stem cells 

(LDPSCs) using different CSCs and (2) to test the inflammation and hard tissue formation 

of inflamed rat dental pulp after direct pulp capping with CSCs. 
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II. MATERIALS AND METHODS 

 

1. In vitro assessment 

1.1. Preparation of Material Extracts 

ProRoot MTA (Dentsply, Tulsa, OK, USA), Biodentine (Septodont, Saint-Maur-des-

Fossés, France), RetroMTA (Bio MTA, Seoul, Korea), and Dycal (Dentsply Caulk, Milford, 

DE, USA) were mixed according to the manufacturer’s instructions under aseptic 

conditions. The mixed materials were incubated for 24 hours (h) in a humidified 

atmosphere of 5% CO2 at 37 °C to allow setting. After setting, the materials were 

disintegrated into fine powder with metal beads using TissueLyser Ⅱ (Qiagen, Hilden, 

Germany). The material powder was mixed with complete medium (DMEM, Gibco, Grand 

Island, NY, USA), 1% penicillin-streptomycin (Gibco), and 10% fetal bovine serum (Gibco) 

at a concentration of 1 mg/ml for material extraction and incubated for 24 h in a humidified 

atmosphere of 5% CO2 at 37 °C. After 24 h of incubation, the supernatant was filtered using 

0.20 μm filters (Minisart; Sartorius Stedim Biotech, Goettingen, Germany). The 

composition of materials used in this study are mentioned in Table 1.  
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Table 1. Chemical composition of materials used in this study. 

 

1.2. Cell Isolation and Culture 

Freshly extracted, caries-free third molars of healthy patients were rinsed with wash 

medium (DMEM; Gibco) and 3% penicillin-streptomycin (Gibco) immediately after 

extraction. All procedures were conducted after obtaining informed consent. Additionally, 

the experimental protocol was approved by the Institutional Review Board of Yonsei 

University Dental Hospital (Institutional Review Board number: 2-2017-0002). The pulp 

tissues were instantly separated from the teeth and washed two times with the same wash 

medium mentioned earlier. Subsequently, the separated pulp tissues were minced with 

sterilized micro-scissors to fine pieces of approximately 0.5 mm in length, and were seeded 

in 6-well cell culture plates (SPL, Gyeonggi, Korea) with complete culture medium. The 
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human dental pulp stem cells (hDPSCs) were cultured until the cells were subconfluent in 

a humidified atmosphere of 5% CO2 at 37 °C. Passage 4 hDPSCs were used in this study.  

 

Figure 1. Cell isolation and culture procedure. (A, B) Pulp tissue was instantly separated 

from freshly extracted tooth. (C) hDPSCs were cultured using the outgrowth method. 

 

1.3. LPS Stimulation  

The hDPSCs were seeded in 100-mm culture dishes at a density of 5 × 105 cells per 

dish with complete culture medium. After 24 h, the medium was changed to serum-free 

DMEM supplemented with 1% penicillin-streptomycin, 200 ng/mL CD14 (Peprotech, 

Rocky Hill, NJ, USA, cat#110-01) and 1 μg/mL p.gingivalis LPS (Invitrogen, San Diego, 

CA, USA, cat#tlrl-pglps) in order to induce inflammation. After 24 h, the medium was 

changed to a material extract conditioned medium. At every experimental time point, the 

supernatants and cells were harvested for enzyme-linked immunosorbent assay and 

quantitative real-time polymerase chain reaction (qPCR).  
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1.4. Cell Viability Test  

hDPSCs were seeded in a 96-well plate (SPL) at a density of 2 × 104 cells per well. 

After LPS stimulation, the medium was changed to a material extract conditioned medium. 

Cell viability was examined at 24 h and 48 h using Cell Counting Kit-8 (Dojindo Molecular 

Technologies, Rockville, MD, USA) according to the manufacturer’s instructions. The 

absorbance was measured at 450 nm using a spectrophotometer (VersaMaxMultiplate 

Reader, Thermo Fisher Scientific, Waltham, MA, USA).  

 

1.5. Enzyme-Linked Immunosorbent Assay (ELISA) 

The interleukin (IL)-6, IL-8, and transforming growth factor (TGF)-β1 concentrations 

in the culture supernatants were measured with enzyme-linked immunosorbent assay kits 

(R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. The 

plates were read at 450 nm using a spectrophotometer (VersaMaxMultiplate Reader).  

 

1.6. Quantitative Real-Time Polymerase Chain Reaction (qPCR) 

The expression levels of alkaline phosphatase (ALP), osteocalcin (OCN), and runt-

related transcription factor 2 (RUNX2) were analyzed. The mRNA expression levels of 

ALP, OCN, and RUNX2 were determined using the β-actin gene as endogenous control. 

Isolation of mRNA was performed using the RNeasy mini kit (Qiagen) and transcription 

into cDNA was performed with 500 ng RNA using RevertAid First strand cDNA synthesis 

kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. qPCR was 
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performed with the QuantStudio 3 system (Applied Biosystems, Foster City, CA, USA) 

using the following Taqman gene expression assays (Applied Biosystems): β-actin; 

hs01060665_g1, ALP; hs-00758162_m1, RUNX2; hs01047973_m1, OCN; and 

hs01587814_g1. The expression levels of target genes were calculated using the 2−ΔΔCt 

method.  

 

1.7. Alizarin Red S (ARS) Staining  

hDPSCs were seeded in a 6-well plate (SPL) at a density of 1 × 105 cells per well. After 

LPS stimulation, the medium was changed to material extract medium with 100 mmol/L 

L-Ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, MO, USA), 9 mmol/L KH2PO4 

(Wako, Osaka, Japan), 10 mmol/L β-glycerol phosphate (Sigma-Aldrich), and 9.8 nmol/L 

dexamethasone (Sigma-Aldrich) for osteogenic induction. After 14 days, specimens were 

fixed with 4% paraformaldehyde (Tech-innovation, Gangwon-do, Korea) and incubated 

with 2% ARS solution (Acros, Gyeonggi-do, Korea) at a pH of 4.2 for 5 min at room 

temperature. The specimens were washed with distilled water and photographed using a 

digital camera (Nikon, Tokyo, Japan) and optical microscope (H.K 3.1, Koptic, Gyeonggi-

do, Korea) at 40× magnification.  

 

1.8. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

Production of material extracts, cell culture, and LPS stimulation were performed using 

the abovementioned procedures. From the material extract conditioned medium, silicon (Si) 
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and calcium (Ca) ion concentrations were analyzed using a 7900 inductively coupled 

plasma mass spectrometer (Agilent, Santa Clara, CA, USA) at 0 h, 24 h, and 48 h.  

 

1.9. Statistical Analysis 

Three independent experiments were performed for each assay, and each experiment 

was repeated three to four times. Differences among cell viabilities and expressions of 

inflammatory cytokines and odontogenic differentiation markers of material groups were 

analyzed with one-way analysis of variance followed by the Tukey’s test. All of the 

statistical analyses were performed with SPSS Statistical Software version 25 (IBM Corp., 

Armonk, NY, USA), and p < 0.05 was considered to indicate statistical significance. 

 

2. In vivo assessment 

2.1 Surgical procedures 

All procedures were performed following the Guideline for the Care and Use of 

Laboratory Animals of the Institute of Laboratory Animal Resources, Yonsei University, 

and were approved by the Committee (experimental protocol number 2020-0082). A total 

of 110 molars from 58 female Wistar rats were used for this experiment. They were 

randomly divided into 12 groups according to four pulp capping materials and three time 

points (1, 2 and 4 weeks).  

A schematic diagram of the surgical procedure is presented in Figure 2. Animals were 

anesthetized with an intraperitoneal injection of 30mg/kg Zoletil (Virbac, Carros, France) 
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with 10mg/kg Rompun (Bayer Korea, Seoul, Korea). After irrigation of the tooth surfaces 

with sterile normal saline solution, class I cavities were prepared on the occlusal surfaces 

of both maxillary first molars with a 1/4 carbide round bur (diameter 0.5mm). The depth 

of the cavities was approximately equal to the height of the bur (0.5mm). Extreme care was 

taken to avoid direct access into the pulp space with the bur. The final pin point exposure 

of the pulp tissue was made with the tip of a 26 gauge (g) needle (Koreavaccine, Gyeonggi-

do, Korea) (Figure 3A). The cavities were kept open for 48 h to induce inflammation of the 

pulp tissue. 

After 48 h, the animals were re-anesthetized, and cavities were irrigated with sterile 

normal saline solution, and gently dried with paper points of 0.3mm diameter. The exposed 

area was covered with four different pulp capping materials, ProRoot MTA, Biodentine, 

RetroMTA and Dycal (Figure 3B). The cavities were finally restored with resin-modified 

glass ionomer (RMGI) (GC Fuji II LC; GC, Tokyo, Japan) (Figure 3C). Occlusal surfaces 

of the opposing mandibular first molars were reduced for better maintenance of the restored 

cavity. All of the surgical procedures were performed under a surgical microscope (Global 

Surgical Corporation, St. Louis, MO, USA). Animals were sacrificed after 1, 2 or 4 weeks 

after the pulp capping procedure by overdose of CO2 gas. The whole maxilla was dissected 

for histologic sections. 
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Figure 2. (A) Schematic diagram of the pulp capping procedure. (B) Timeline of the 

process to create samples for one week, two weeks and four weeks after pulp capping.   

 

Figure 3. Clinical procedure of direct pulp capping. (A) Preparation of a class I cavity was 

performed with a 1/4 carbide round bur. Final exposure of the pulp was made with a 26g 

needle. The cavity was exposed for 48 h to induce inflammation of the pulp tissue. (B) 

After 48 h, the exposed pulp was covered with a pulp capping material. (C) After pulp 

capping, the cavity was restored with RMGI.   
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2.2 Histologic examination 

Specimens were embedded in paraffin using standard procedures. All wax blocks were 

sectioned serially at 7 µm thickness using a microtome (RM 2235, Leica, Germany). 

Sagittal sections were stained with hematoxylin-eosin and were observed under high 

magnifications of 40x to 400x with a light microscope (Olympus BX43, Tokyo, Japan). 

The sections were independently evaluated by two examiners in a blinded manner. Each 

examiner assessed the degree of inflammation and hard tissue formation and gave scores 

to each slide according to the evaluation criteria shown in Table 1. The criteria were 

modified from those of previous studies. 17,18  

 

2.3 Immunofluorescence analysis 

For immunofluorescence staining, antigen retrieval was performed using proteinase K 

(AM2546, Thermo Scientific, USA) at 37°C for 10 min. The slides were then incubated 

with antibodies against IL-6 (ab9324, Abcam, UK; 1:100), RUNX2 (ab236639, Abcam, 

UK; 1:500) and OCN (sc-365797, Santa Cruz Biotechnology, USA; 1:100) at 4°C 

overnight. Then, the specimens were incubated with Alexa Fluor secondary antibodies (A-

11001, A-21428, Invitrogen, OR, USA; 1:500) for 1 hour at room temperature and were 

counterstained with DAPI to visualize the nuclei (Invitrogen, OR, USA; 1:1000). The 

sections were examined using a confocal laser microscope LSM780 (ZEISS, Oberkochen, 

Germany).  
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Table 2. Evaluation criteria for pulp inflammation and hard tissue formation after pulp 

capping. 

 

 

2.4 Statistical Analysis 

Pearson’s chi-square test was conducted for the comparison of the inflammation and 

hard tissue formation scores of histology sections of different material groups. All of the 

statistical analyses were performed with SPSS Statistical Software version 25 (IBM Corp., 

Armonk, NY, USA), and p < 0.05 was considered to indicate statistical significance. 
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III. RESULTS 

1. In vitro assessment 

1.1. Cell viability of LDPSCs 

The cell viabilities of LDPSCs cultured with extract conditioned medium of different 

materials are shown in Figure 4. LPS stimulation resulted in significantly lower cell 

viability compared to the hDPSC group. ProRoot MTA, Biodentine, and RetroMTA did not 

affect the cell viability of LDPSCs, whereas Dycal significantly decreased the cell viability 

of LDPSCs on 48 h.  

 

1.2. Inflammatory cytokine production of LDPSCs 

The expressions of IL-6 and IL-8, which are pro-inflammatory cytokines, as well as 

TGF-β1, an anti-inflammatory cytokine, are shown in Figure 5. The expressions of IL-6 

and IL-8 were significantly increased following LPS treatment. No material had any 

significant effect on the production of IL-6 and IL-8 by LDPSCs after 12 and 24 h. After 

48 h, RetroMTA significantly decreased the expression of IL-6 and IL-8 by LDPSCs. 

ProRoot MTA, Biodentine, and Dycal did not have any significant effect (Figure 5A, B).  

LPS treatment on hDPSCs resulted in a significant decrease in TGF-β1 production at 

48 hours. ProRoot MTA and Biodentine significantly decreased TGF-β1 expression by 

LDPSCs after 12 h and 48 h. RetroMTA and Dycal did not have significant effect on the 

TGF-β1 expression by LDPSCs (Figure 5C).  
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Figure 4. Cell viability of LDPSCs cultured with material extract conditioned medium. 

Absorbance values were measured at 450 nm using the Cell Counting Kit-8 assay. a > b, c; 

b > c (p < 0.05), different alphabet letters represent statistically significant differences 

between the materials within the same time group. hDPSC, hDPSCs cultured with normal 

medium; LPS (control), LDPSCs cultured with normal medium; LPS + ProRoot MTA, 

LDPSCs cultured with ProRoot MTA extract medium; LPS + Biodentine, LDPSCs cultured 

with Biodentine extract medium; LPS + RetroMTA, LDPSCs cultured with RetroMTA 

extract medium; LPS + Dycal, LDPSCs cultured with Dycal extract medium. O.D., optical 

density. 
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Figure 5. The inflammatory cytokine production of LDPSCs cultured with material extract 

conditioned medium. (A) IL-6, (B) IL-8, and (C) TGF-β1 expressions were measured using 
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the enzyme-linked immunosorbent assay. (A) IL-6: a > b, c; b > c (p < 0.05), (B) IL-8: a > 

b, c; b > c (p < 0.05), (C) TGF-β1: a > b, c, d; b > c, d; c > d (p < 0.05), different alphabet 

letters represent statistically significant differences between the materials within the same 

time group. hDPSC, hDPSCs cultured with normal medium; LPS (control), LDPSCs 

cultured with normal medium; LPS + ProRoot MTA, LDPSCs cultured with ProRoot MTA 

extract medium; LPS + Biodentine, LDPSCs cultured with Biodentine extract medium; 

LPS + RetroMTA, LDPSCs cultured with RetroMTA extract medium; LPS + Dycal, 

LDPSCs cultured with Dycal extract medium. 

 

 

1.3. Expression of odontogenic differentiation markers of LDPSCs  

To evaluate the effect of CSCs on the odontogenic differentiation of LDPSCs, ALP, OCN, 

and RUNX2 mRNA expressions were measured. Although Dycal increased ALP 

expression, no CSC had a significant effect on the ALP expression by LDPSCs (Figure 6A). 

Regarding OCN expression by LDPSCs, Biodentine resulted in a significant increase after 

12 h. RetroMTA also significantly increased OCN expression at 12 h and 24 h, and Dycal 

significantly increased OCN levels at 24 h and 48 h (Figure 6B). All CSCs significantly 

increased RUNX2 expression by LDPSCs at 12 h, and Dycal increased RUNX2 levels at 

all of the time groups (Figure 6C).  
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Figure 6. Expressions of odontogenic differentiation-related markers of LDPSCs cultured 

with material extract conditioned medium. Relative (A) ALP (B) OCN, and (C) RUNX2 
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expressions were measured using quantitative real-time polymerase chain reaction (qPCR) 

and normalized using β-actin. (A) ALP: a > b (p < 0.05), (B) OCN: a > b, c, d; b > c, d; c 

> d (p < 0.05), (C) RUNX2: a > b, c, d; b > c, d; c > d (p < 0.05), different alphabet letters 

represent statistically significant differences between the materials within the same time 

group. hDPSC, hDPSCs cultured with normal medium; LPS (control), LDPSCs cultured 

with normal medium; LPS + ProRoot MTA, LDPSCs cultured with ProRoot MTA extract 

medium; LPS + Biodentine, LDPSCs cultured with Biodentine extract medium; LPS + 

RetroMTA, LDPSCs cultured with RetroMTA extract medium; LPS + Dycal, LDPSCs 

cultured with Dycal extract medium. 

 

 

ARS staining performed after 14 days is shown in Figure 7. LPS stimulation of hDPSCs 

resulted in increased formation of mineral deposits. LDPSCs cultured with Biodentine 

extract medium presented significantly greater mineral deposition compared to other 

groups. LDPSCs with Dycal extract medium displayed significantly decreased ARS stained 

areas.  

 

1.4. Si and Ca Ion Concentrations from Material Extract Medium  

The concentrations of Si and Ca ions were measured using ICP-MS. Compared to other 

material extract media, ProRoot MTA extract medium showed greatly increased 

concentrations of Si ions at 24 h and 48 h. Biodentine, RetroMTA, and Dycal also showed 

differing levels and trends of Si ion concentrations (Figure 8A). Regarding Ca ion levels, 

ProRoot MTA, Biodentine, and RetroMTA extract media showed similar levels and 
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patterns of Ca ion concentrations. Dycal extract medium, however, showed lower levels of 

Ca ions compared to other materials (Figure 8B). 

 

Figure 7. ARS staining of LDPSCs cultured with material extract medium. ARS staining 

was performed after 14 days. (A) Photographs of the experimental wells; (B) microscope 

images of ×40 magnification are shown. hDPSC, hDPSCs cultured with normal medium; 

LPS (control), LDPSCs cultured with normal medium; LPS + ProRoot MTA, LDPSCs 

cultured with ProRoot MTA extract medium; LPS + Biodentine, LDPSCs cultured with 

Biodentine extract medium; LPS + RetroMTA, LDPSCs cultured with RetroMTA extract 

medium; LPS + Dycal, LDPSCs cultured with Dycal extract medium. 
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Figure 8. Ion concentrations from material extract medium evaluated by ICP-MS. (A) Si 

and (B) Ca ion concentrations of material extract-conditioned medium were measured up 

to 48 h. ProRoot MTA, LDPSCs cultured with ProRoot MTA extract medium; Biodentine, 

LDPSCs cultured with Biodentine extract medium; RetroMTA, LDPSCs cultured with 

RetroMTA extract medium; Dycal, LDPSCs cultured with Dycal extract medium. 



 

23 

 

2. In vivo assessment 

2.1. Histologic examination 

After pulp exposure, the cavity was left open for 48 h to induce inflammation. The 

specimens obtained after 48 h of exposure showed inflammation below the exposed cavity. 

Deposition of inflammatory cells such as neutrophils and lymphocytes was observed near 

the area of pulp exposure, extending to the lateral portion of the coronal pulp. Also, pulp 

tissue neighboring the exposed area showed localized necrotic changes. No signs of hard 

tissue formation were present (Figure 9).  

 

2.1.1. Pulpal inflammatory response 

One week postoperatively, most of the specimens showed mild inflammation. All of 

RetroMTA and Dycal sections showed mild (score 1) inflammation and ProRoot and 

Biodentine partially included samples demonstrating moderate (score 2) degree of 

inflammation (Figure 10A). The pulp tissue neighboring the exposure area showed necrosis, 

and mild to moderate inflammation was observed adjacent to the necrotic area (Figure 11).  

Two weeks after pulp capping, inflammation was found extending laterally from the 

injured site (Figure 12). An increased percentage of samples showed moderate 

inflammation (score 2) in Biodentine, RetroMTA and Dycal groups, whereas the 

percentages for the ProRoot MTA group showed no difference compared to one week 
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(Figure 10B). The Dycal group showed a higher percentage (45.5%) of moderate 

inflammation than ProRoot MTA (12.5%), Biodentine (25%) and Dycal (25%) groups.  

 

Figure 9. Histologic examination of 48 h after pulp exposure. (A) Low magnification 

(x100). (B) Higher magnification of A (x200). (C) Higher magnification of B (x400), pulp 

necrosis was observed adjacent to the exposure site. (D) Higher magnification of B (x400), 

deposition of inflammatory cells was observed near the exposure site. Scale bars: (A) 50μm ; 

(B,C,D) 10μm. 
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Figure 10. Inflammation scores of (A) 1week after pulp capping, (B) 2 weeks after pulp capping, and (C) 4 weeks after pulp 

capping, graded based on Table 1. None of the specimens showed severe (score 3) inflammation.  
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Figure 11. Hematoxylin-eosin staining evaluation of 1 week after pulp capping. (A-1, A-2, 

A-3) ProRoot MTA group. (B-1, B-2, B-3) Biodentine group. (C-1, C-2, C-3) RetroMTA 

group. (D-1, D-2, D-3) Dycal group. (A-1, B-1. C-1, D-1) Low magnification (x40). (A-2, 

B-2, C-2, D-2) Higher magnification of A-1, B-1, C-1, D-1, respectively (x200). (A-3, B-

3, C-3, D-3) Higher magnification of A-2, B-2, C-2, D-2, respectively (x400). N, necrotic 

area; H, hard tissue formation; #, inflammatory area. Scale bars: (A-1, B-1. C-1, D-1) 

100μm; (A-2, B-2, C-2, D-2, A-3, B-3, C-3, D-3) 10μm. 



 

27 

 

 

Figure 12. Hematoxylin-eosin staining evaluation of 2 weeks after pulp capping. (A-1, A-

2, A-3) ProRoot MTA group. (B-1, B-2, B-3) Biodentine group. (C-1, C-2, C-3) RetroMTA 

group. (D-1, D-2, D-3) Dycal group. (A-1, B-1. C-1, D-1) Low magnification (x40). (A-2, 

B-2, C-2, D-2) Higher magnification of A-1, B-2, C-2, D-2, respectively (x200). (A-3, B-

3, C-3, D-3) Higher magnification of A-2, B-2, C-2, D-2, respectively (x400). H, hard tissue 

formation; #, inflammatory area. Scale bars: (A-1, B-1. C-1, D-1) 100μm; (A-2, B-2, C-2, 

D-2, A-3, B-3, C-3, D-3) 10μm. 
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After four weeks postoperatively, inflammation was subsided in all four materials 

compared to sections from two weeks (Figure 13). Moreover, complete recovery from 

inflammation was evident in 22% of ProRoot MTA, 37.5% of Biodentine, 10% of 

RetroMTA samples (Figure 10C). Specimens without inflammation were not observed in 

the Dycal group, and inflammatory cells were observed adjacent to the area of hard tissue 

formation (Figure 13, D-3). None of the samples, regardless of capping material, showed 

severe (score 3) degree of inflammation throughout the experiment (Figure 10). No 

significant difference in inflammatory response was observed between the four material 

groups at each time group of one, two and four weeks (p > 0.05). 
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Figure 13. Hematoxylin-eosin staining evaluation of 4 weeks after pulp capping. (A-1, A-

2, A-3) ProRoot MTA group. (B-1, B-2, B-3) Biodentine group. (C-1, C-2, C-3) RetroMTA 

group. (D-1, D-2, D-3) Dycal group. (A-1, B-1. C-1, D-1) Low magnification (x40). (A-2, 

B-2, C-2, D-2) Higher magnification of A-1, B-2, C-2, D-2, respectively (x200). (A-3, B-

3, C-3, D-3) Higher magnification of A-2, B-2, C-2, D-2, respectively (x400). H, hard tissue 

formation; #, inflammatory area. Scale bars: (A-1, B-1. C-1, D-1) 100μm; (A-2, B-2, C-2, 

D-2, A-3, B-3, C-3, D-3) 10μm. 
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2.1.2. Hard tissue formation  

At one week postoperatively, all material groups showed initiation of hard tissue 

deposition (Figure 14A). ProRoot MTA (87.5%) and RetroMTA (88.9%) included higher 

portions of samples showing mild or moderate hard tissue formation compared to 

Biodentine (44.4%) and Dycal (62.5%). The Biodentine group included the most samples 

with no traces of hard tissue formation (55.6%) (Figure 14A). The initiation of hard tissue 

formation was observed mostly as a slight layer of calcification (Figure 11A-3, D-3).  

Two weeks after treatment, moderate (score 2) and heavy (score 3) hard tissue 

formation was observed in 87.5%, 41.6%, 75%, 72.7% of ProRoot MTA, Biodentine, 

RetroMTA and Dycal, respectively (Figure 14B). Heavy (score 3) hard tissue formation 

was displayed as complete dentin bridge formation (Figure 12C-2), and was observed in 

37.5%, 8.3%, 37.5%, 27.2% of ProRoot MTA, Biodentine, RetroMTA and Dycal, 

respectively. The Biodentine group showed the lowest degree of hard tissue formation 

compared to ProRoot MTA, RetroMTA and Dycal (Figure 14B).   

Four weeks after the procedure, all specimens showed moderate or heavy deposition of 

hard tissue, except 1 out of 10 teeth (10%) in the RetroMTA group (Figure 14C). 

Continuous or discontinuous dentin bridges were observed (Figure 13). In all materials, the 

majority of specimens displayed heavy hard tissue deposition as a complete and continuous 

dentin bridge, with the Dycal group including the lowest percentage (60%) of heavy hard 

tissue deposition (Figure 14C). There was no significant difference in hard tissue formation 

between the four material groups at one, two and four weeks (p > 0.05).



 

31 

 

 

 

Figure 14. Hard tissue formation scores of (A) 1week after pulp capping, (B) 2 weeks after pulp capping, and (C) 4 weeks 

after pulp capping, graded based on Table 1.  
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2.2. Immunofluorescence analysis 

One week postoperatively, inflammation was present in all materials in all H-E staining 

specimens. However, IL-6 was only detected in RetroMTA and Dycal samples, with weak 

positive signals in RetroMTA and more prominent positive stains in Dycal. ProRoot MTA 

and Biodentine did not demonstrate noticeable IL-6 signals. In addition, although the 

initiation of hard tissue deposition was observed in part of the specimens one week after 

pulp capping, OCN and RUNX2 were not detected in all four material groups (Figure 15). 

Samples after two weeks exhibited increased IL-6 signals compared to one week 

specimens. Positive IL-6 signals were found in all material groups, however, positive stains 

were less evident in ProRoot MTA. IL-6 positive areas did not always exhibit inflammation 

in H-E sections. In case of RetroMTA, IL-6 was mostly identified adjacent to the dentin 

bridge (Figure 16C-2). Moreover, whereas hard tissue formation was noticeable in all four 

materials, the expression of RUNX2 and OCN was only apparent in Biodentine (Figure 

16).  

At four weeks after pulp capping, IL-6 was observed near the dentin bridges and outer 

odontoblastic layer of the pulp. The overall intensity of IL-6 expression appeared 

comparable to specimens of two weeks. The expression of OCN was observed in all four 

materials, with positive signals most prominent next to the hard tissue formation areas. 

RUNX2-positive signals were also detected in all materials near the hard tissue formation 

areas (Figure 17).  
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Figure 15. Immunofluorescence analysis of 1 week after pulp capping. (A-1, A-2, A-3) 

ProRoot MTA group. (B-1, B-2, B-3) Biodentine group. (C-1, C-2, C-3) RetroMTA group. 

(D-1, D-2, D-3) Dycal group. (A-1, B-1. C-1, D-1) High magnification hematoxylin-eosin 

staining (x400). (A-2, B-2, C-2, D-2) IL-6 immunofluorescence staining. IL-6 (blue) 

expressions are indicated with white arrowheads. (A-3, B-3, C-3, D-3) RUNX2, OCN 

immunofluorescence staining. Scale bars represent 10μm.  
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Figure 16. Immunofluorescence analysis of 2 weeks after pulp capping. (A-1, A-2, A-3) 

ProRoot MTA group. (B-1, B-2, B-3) Biodentine group. (C-1, C-2, C-3) RetroMTA group. 

(D-1, D-2, D-3) Dycal group. (A-1, B-1, C-1, D-1) High magnification hematoxylin-eosin 

staining (x400). (A-2, B-2, C-2, D-2) IL-6 immunofluorescence staining. IL-6 (blue) 

expressions are indicated with white arrowheads. (A-3, B-3, C-3, D-3) RUNX2, OCN 

immunofluorescence staining. RUNX2 (red) and OCN (green) expressions are indicated 

with white arrowheads and white arrows, respectively. Scale bars represent 10μm.  
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Figure 17. Immunofluorescence analysis of 4 weeks after pulp capping. (A-1, A-2, A-3) 

ProRoot MTA group. (B-1, B-2, B-3) Biodentine group. (C-1, C-2, C-3) RetroMTA group. 

(D-1, D-2, D-3) Dycal group. (A-1, B-1. C-1, D-1) High magnification hematoxylin-eosin 

staining (x400). (A-2, B-2, C-2, D-2) IL-6 immunofluorescence staining. IL-6 (blue) 

expressions are indicated with white arrowheads. (A-3, B-3, C-3, D-3) RUNX2, OCN 

immunofluorescence staining. RUNX2 (red) and OCN (green) expressions are indicated 

with white arrowheads and white arrows, respectively. Scale bars represent 10μm.  
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IV. DISCUSSION 

Previous studies have shown successful outcomes of direct pulp capping, partial 

pulpotomy and full pulpotomy in cases of minor pulp exposures.1,19,20 Although different 

prognostic factors have been mentioned to be crucial for promising results, the importance 

of capping material has been especially stressed by many studies.4,11 The biocompatibility, 

inflammatory effects, and odontogenic potential of the capping material are especially 

critical to avoid degeneration and inflammatory responses that may lead to irreversible 

changes in the pulp status.11 Previous studies on healthy dental pulp have shown superior 

biocompatibility, reduced inflammatory reactions and improved odontogenic potential 

when CSCs were used as pulp capping materials in vital pulp therapy.21  

Four pulp capping materials were used in this study: ProRoot MTA, Biodentine, 

RetroMTA, and Dycal. Whereas ProRoot MTA, Biodentine, and RetroMTA are CSCs, 

Dycal is a conventional pulp capping material consisted of Ca(OH)2. Former studies have 

shown superior outcomes of ProRoot MTA compared to Ca(OH)2 as capping material4,6 

Histologic studies have also shown more homogenous dentin bridge formation and mild or 

almost absent inflammation with ProRoot MTA as capping material.11,22 Biodentine and 

RetroMTA, two other CSCs used in this study, are relatively new types of CSCs with 

shorter setting times than conventional CSCs. Previous papers have presented the tissue 

compatibility and mineralization potentials of these novel materials.23-25  

This study evaluated the effects of different pulp capping materials on inflamed pulp, 

instead of healthy dental pulp. Generally, pulp capping is performed based on clinical, 
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radiographic diagnoses including patient symptoms and degree of hemorrhage from pulp 

tissue. However, seemingly ‘healthy’ pulp tissue with caries often include some degree of 

inflammation histologically, which implies clinical findings and actual pathological 

diagnosis will differ in many cases16. It is likely that the exposed pulp surface in contact 

with CSCs will include certain degree of inflammation.  

The outcome of direct pulp capping is not always predictable, and some have 

questioned the outcome of this treatment, especially in inflamed conditions.2,3,19 In addition, 

some recent studies have reported successful outcomes of vital pulp therapy even when the 

teeth were diagnosed with ‘irreversible’ pulpitis based on initial clinical symptoms.26,27 

These papers suggest the limitations of selecting indications of vital pulp therapy merely 

based on subjective and objective clinical findings, and underscore the need for studies on 

direct pulp capping and pulpotomy of inflamed dental pulp.  

This study aimed to investigate the inflammatory and odontogenic responses of 

inflamed dental pulp to different calcium silicate cements (CSCs) in vitro and in vivo. For 

the in vitro study, inflammatory response was evaluated by measurement of inflammatory 

cytokines IL-6, IL-8, and TGF-β1. Previous studies have shown that treatment of hDPSCs 

with LPS results in the expression of IL-6 and IL-828,29, and a recent study reported that 

LPS and dentin matrix proteins may have interactive effects on the immunomodulatory 

effects of hDPSCs.30 TGF-β1 is known to have anti-inflammatory effects31 and is involved 

in the repair events after pulp inflammation.32 It plays diverse roles in the human dental 

pulp including cell proliferation and migration, extracellular matrix production as well as 
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induction of odontoblastic differentiation. In our study, ProRoot MTA and Biodentine did 

not have any significant effect on the expression of IL-6 and IL-8 by LDPSCs, whereas 

RetroMTA significantly decreased IL-6 and IL-8 expression after 48 h. In addition, ProRoot 

MTA and Biodentine significantly lowered TGF-β1 expression by LDPSCs. However, 

RetroMTA and Dycal did not have a significant effect on TGF-β1 expression by LDPSCs. 

Although studies on the inflammatory responses of LDPSCs are limited, one study 

reported decreased production of pro-inflammatory cytokines when LDPSCs were cultured 

with ProRoot MTA and Endocem MTA.33 On the other hand, another study reported 

increased production of IL-1β when LDPSCs were cultured with ProRoot MTA.34 The 

inflammatory response of LDPSCs can differ based on the type of CSC, due to the 

difference in composition and ion release between the materials.34 In our study, the results 

were different between the three CSCs, and only RetroMTA significantly decreased IL-6 

and IL-8 expressions. Lai et al. discussed the Ca and Si ion release from CSCs can differ 

based on the composition and solubility of the material.34 Although Ca and Si ion 

concentrations are known to be critical in cell behavior, including cell attachment, 

proliferation, and differentiation35, excess of these ions may induce cell apoptosis.36,37 

Increased release of Si ions from CSCs, most likely from the SiO2 phase, may result in 

hyperosmoticity, inducing the production of inflammatory cytokines.38  

This paper also evaluated the Si ion concentrations of material extract media, and 

ProRoot MTA showed higher levels of Si ion concentrations at all time periods compared 

to other materials. Biodentine, RetroMTA, and Dycal also showed differing levels and 
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patterns of Si ion release. The difference in material composition may account for the 

varying ion concentrations of materials. Whereas ProRoot MTA is known to contain 

21.1wt % of SiO2
39, RetroMTA contains 5–15wt % SiO2. Moreover, Biodentine mainly 

consists of tricalcium silicate and dicalcium silicate. Such differences in ion concentration 

may have affected the production of IL-6, IL-8, and TGF-β1 among the CSCs.  

Odontogenic differentiation is another essential factor in direct pulp capping since the 

formation of a hard tissue barrier in the pulp-capped area is crucial for successful outcome. 

One previous study evaluated the odontogenic differentiation of LDPSCs using extracts of 

ProRoot MTA, Endocem MTA, and Dycal.33 The study showed increased dentin matrix 

protein 1 and dentin sialophosphoprotein levels with the presence of all three materials. In 

the present study, markers such as ALP, OCN, and RUNX2 expressions were evaluated. 

OCN, an osteoblast marker, is a differentiation marker of odontoblasts mainly in the later 

stages40, and RUNX2 is an essential transcription factor that regulates osteoblast and 

odontoblast differentiation during bone and tooth development.41 The four pulp capping 

materials had different effects on each gene.  

The ALP expression of LDPSCs was not affected by all three CSCs. However, 

Biodentine and RetroMTA significantly increased OCN expression. All of the CSCs 

increased RUNX2 expression by LDPSCs at 12 h, but there was no significant difference 

at other time points. Dycal, on the other hand, significantly increased the expressions of 

ALP, OCN and RUNX2. In the majority of time groups, the three CSCs did not show 

significant difference of mRNA expressions for ALP, OCN and RUNX2. ARS staining 
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results showed increased stains of mineral deposits for the Biodentine group compared to 

the other material groups, while the Dycal group showed decreased stains.  

The release of Ca ions from pulp capping materials is crucial for odontogenic 

differentiation and hard tissue formation. However, different odontogenic/osteogenic 

markers show varying responses to the increase of Ca ions. A previous study reported 

reduced levels of ALP and RUNX2 at elevated Ca ion concentrations, while OCN levels 

increased.42 In addition, no linear relationship exists between Ca ion concentration and the 

onset of mineralization – when the extracellular Ca ion concentration is above optimal level, 

cytotoxic effects may outweigh any osteogenic potential.43 According to previous studies, 

CSCs show faster and more abundant initial release of Ca ions compared to conventional 

pulp capping materials.44,45 Also in our study, CSCs showed higher Ca ion concentrations 

compared to Dycal, and there were no clear differences between the Ca ion levels of three 

CSCs. The levels and trends of Ca ion concentrations were similar to a previous 

experiment.34  

Interestingly, in our results, Dycal significantly increased ALP, OCN, and RUNX2 

levels and resulted in higher expressions of all odontogenic markers compared to CSCs. 

This is not in accordance with previous findings that demonstrated higher 

odontogenic/osteogenic potential of CSCs than Ca(OH)2.9 An explanation may be that LPS-

treated inflamed hDPSCs were used in the present study, which may have provided a 

different reaction to the material extracts.  
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In the second part of this study, the in vivo response to the pulp capping materials on 

inflamed dental pulp was evaluated by delayed direct pulp capping model in rats. In this 

study, four weeks after pulp capping, complete recovery from inflammation was evident in 

only 22% of ProRoot MTA, 37.5% of Biodentine, 10% of RetroMTA, and none of Dycal 

samples. This implies the majority of specimens in all material groups showed presence of 

inflammation even after four weeks. In terms of hard tissue formation, the majority of 

specimens of all material groups displayed heavy hard tissue deposition at four weeks after 

pulp capping – complete and continuous dentin bridges were observed in 77.8% of ProRoot 

MTA, 75% of Biodentine, 70% of RetroMTA and 60% of Dycal specimens. However, this 

also means a significant fraction of all material groups still displayed incomplete, 

discontinuous dentin bridges after four weeks. Although limited, previous animal studies 

that used CSCs as pulp capping materials in inflamed pulp also demonstrated incomplete 

healing and hard tissue barrier formation after 4 weeks.33,46 In this study, no statistically 

significant differences were observed between the inflammatory responses and hard tissue 

formations of CSC groups and the Dycal group.  

In comparison, previous in vivo studies on capping of healthy pulp tissue have 

demonstrated complete absence of, or presence of just a few inflammatory cells at four 

weeks after pulp capping with CSCs.17,25 Moreover, complete and continuous dentin bridge 

formation was observed in all samples capped with CSCs.17,18,25 Also, in previous studies 

carried out in normal, inflammation-free pulp, CSCs displayed superior outcome compared 

to Ca(OH)2, in terms of absence of inflammation and dentin bridge formation. Higher rates 
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of homogenous and continuous dentin bridge formation were found when pulp-capped with 

CSCs, whereas Ca(OH)2 groups showed heterogeneous, porous dentin bridges with cell 

inclusions.6,7,47  

In other words, although this study did not include test groups with normal, 

inflammation-free pulp, our results of direct pulp capping in inflamed conditions 

demonstrated higher percentages of inflammation and incomplete hard tissue formation 

compared to other previous studies in healthy pulpal conditions. This suggests the capping 

of inflamed pulp may display lower success rates.    

In some prior studies comparing different CSCs, Biodentine presented superior 

outcome compared to ProRoot MTA48,49, whereas no differences were found between the 

two materials in other studies.1,20,25,50,51 Although studies on RetroMTA are still limited, 

RetroMTA showed comparable cell viability24 and similar success rates compared to 

ProRoot MTA when used for pulpotomy.52,53 In this study, there was no statistically 

significant difference between the inflammatory response and odontogenic differentiation 

of ProRoot MTA, Biodentine and RetroMTA groups.  

Histologic analysis of the delayed rat direct capping model presented hard tissue 

formation adjacent to the inflammatory areas. Immunofluorescence staining also showed 

expressions of IL-6 neighboring the hard tissue formation sites. Positive stains of OCN and 

RUNX2 were also found in this area, suggesting that inflammation and mineralization may 

be related. Previous studies have reported the increase of hard tissue formation in 

inflammatory conditions, and recent studies have demonstrated that IL-6 enhances 
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osteogenesis of DPSCs.54,55 In addition, hard tissue formation related markers such as ALP, 

OCN and RUNX2 were increased in inflammatory conditions.40,56 Our study also displayed 

increased mineralization deposits after LPS stimulation of hDPSCs by ARS staining. The 

exact relationship between inflammation and hard tissue formation remains unclear, and 

further studies are needed to understand the interplay of inflammation and mineralization 

related factors during the pulpal healing process.   
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V. CONCLUSION 

 

ProRoot MTA, Biodentine, RetroMTA and Dycal showed different levels of IL-6, IL-

8, TGF-β1, ALP, OCN and RUNX2 levels in vitro. RetroMTA significantly decreased IL-

6 and IL-8 expressions at 48 h. ProRoot MTA and Biodentine significantly decreased TGF-

β1 expression by LDPSCs after 12 h and 48 h. For hard tissue formation markers, the three 

CSCs did not show significant difference of mRNA expressions of ALP, OCN and RUNX2 

in the majority of time groups. 

In histological sections, although inflammation was absent in some samples at four 

weeks in all CSC groups, none of the Dycal group specimens were inflammation-free. 

However, most of the samples of all material groups still displayed some degree of 

inflammation. Although the majority of specimens of all material groups showed heavy 

hard tissue formation as complete dentin bridges at four weeks, a significant number of 

samples presented incomplete and discontinuous dentin bridges at four weeks. In all 

material groups, positive signals of IL-6, RUNX2 and OCN were apparent, especially at 

four weeks after pulp capping. IL-6, RUNX2 and OCN were observed adjacent to the areas 

of inflammation and hard tissue formation. 

After direct pulp capping of inflamed dental pulp with CSCs, most of the specimens 

displayed incomplete healing from inflammation, and a significant fraction of samples 

showed discontinuous dentin bridge formation after four weeks. The results of this study 
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suggest that pre-existing inflammatory conditions of the pulp may jeopardize the outcome 

of direct pulp capping or pulpotomy with CSCs, and further research is necessary to predict 

the outcomes of these treatments in inflamed conditions. 
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Abstract (IN KOREAN) 

 

다양한 calcium silicate cement 가 적용된 염증 

치수의 염증 반응 및 odontogenic 분화 

정 민 선  

연세대학교 대학원 

치의학과 

(지도교수 김 의 성) 

 

치수 노출은 치아우식증, 외상 또는 의원성 원인에 의해 임상에서 흔히 

나타난다. 생활 치수 치료는 치수 노출이 발생한 경우 치아 생활력을 유지할 

수 있는 치료 방법이다. 이때 치수 복조에 사용하는 재료는 이러한 보존적인 

치료의 결과에 영향을 미치는 중요한 요인으로 알려져 있으며, calcium 

silicate cements (CSCs)는 우수한 생체적합성 및 경조직 유도능을 보이기 

때문에 가장 이상적인 치수 복조 재료로 평가되고 있다.  

현재까지 많은 연구들이 CSC 의 세포 및 조직 반응을 연구하였으나, 

대부분의 과거 연구들은 CSC가 정상 치수에 미치는 영향을 평가하였다. 이와 
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다르게 본 연구는 염증 치수에 다양한 CSC 를 적용하였을 때 나타나는 치수 

반응을 in vitro 및 in vivo 로 분석하였다. 본 연구의 목적은 (1) 

리포폴리사카라이드 (LPS) 처리한 치수줄기세포의 다양한 CSC 에 대한 염증 

반응 및 odontogenic 분화를 연구하는 것과 (2) 다양한 CSC 로 쥐의 염증 

치수 모델에 직접 치수 복조를 시행하였을 때 나타나는 염증 반응 및 경조직 

형성을 평가하는 것이었다.  

In vitro 실험의 경우, 인간 치수줄기세포를 p.gingivalis LPS로 염증을 

유도하고 ProRoot MTA (Dentsply, Tulsa, OK, USA), Biodentine (Septodont, 

Saint-Maur-des-Fossés, France), RetroMTA (Bio MTA, Seoul, Korea) 및 Dycal 

(Dentsply Caulk, Milford, DE, USA)와 같이 배양하였다. 재료 처리 12, 24, 

48시간 후, interleukin (IL)-6, IL-8, 및 transforming growth factor (TGF)-

β1 의 발현을 효소결합면역흡착검사 (ELISA)를 이용하여 측정하였고, 

alkaline phosphatase (ALP), osteocalcin (OCN), 및 runt-related 

transcription factor 2 (RUNX2)를 실시간 중합효소 연쇄반응 (qPCR)로 

평가하였다. 염증 사이토카인 및 odontogenic marker 의 발현을 일원배치 

분산분석을 이용하여 평가하였다 (p < 0.05).               

In vivo로 치수 반응을 관찰하기 위하여 Wistar rat 의 대구치에 미세한 

치수 노출을 동반하는 와동을 형성하고 48시간 동안 개방하여 치수 염증을 

유도하였다. 그 후, 노출된 치수에 ProRoot MTA, Biodentine, RetroMTA 또는 
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Dycal로 복조를 시행하였다. 1, 2, 4주 후 동물을 조직학 시편 형성을 위하여 

희생한 후, hematoxylin-eosin염색을 시행하여 치수 염증 및 경조직 형성 

정도를 평가하고 점수를 부여하였으며, IL-6, OCN and RUNX2 면역형광염색도 

진행하였다. Pearson의 카이 제곱 검정을 이용하여 재료 군간 염증 및 경조직 

형성 점수를 비교하였다 (p < 0.05).  

LPS 가 처리된 인간치수줄기세포 (LDPSCs)에서, RetroMTA 가 48 시간에서 

유의하게 IL-6 및 IL-8의 발현을 감소시켰으며, ProRoot MTA 및 Biodentine이 

12시간 및 48시간에서 TGF-β1의 발현을 유의하게 감소시켰다. LDPSCs의 

ALP 발현은 CSCs 에 의해 유의한 영향이 없었으나, Dycal 군의 경우 유의하게 

증가한 ALP 발현이 관찰되었다. Biodentine, Retro MTA 및 Dycal은 OCN의 

발현을 증가시켰으며, 모든 재료가 12 시간에서 LDPSCs 의 RUNX2 의 발현을 

증가시켰다.  

쥐의 염증 치수 복조 실험에서, 치수 복조 1 주일 후 경미한 염증과 

경조직 형성의 개시가 확인되었으며 IL-6, OCN 및 RUNX2 의 미약하거나 

불명확한 발현만이 관찰되었다. 치수 복주 2 주 뒤, 더 많은 비율의 조직 

샘플들이 중등도 염증을 나타내었고, 중등도 또는 다량의(heavy) 경조직 

형성이 나타났다. 면역형광염색의 경우, 모든 재료군에서 IL-6 가 

관찰되었지만, RUNX2 와 OCN은 Biodentine 군에서만 확인되었다. 치수 복조 

4주 후, ProRoot MTA 군의 22%, Biodentine 군의 37.5%, RetroMTA군의 10%에서 
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염증 상태로부터 완전한 회복이 관찰되었다. Dycal군의 경우 염증이 없는 

시편은 존재하지 않았다. 완전하고 연속적인 경조직 브릿지는 ProRoot 

MTA군의 77.8%, Biodentine 군의 75%, Retro MTA 군의 70%, Dycal군의 60%에서 

발견되었다. IL-6, OCN 및 RUNX2 의 발현이 모든 재료군에서 염증 및 

삼차상아질 형성 부위 근처에서 확인되었다. 치수 복조 1, 2, 4 주 뒤 결과 

모두에서 재료군 간 염증 및 경조직 형성 점수의 통계학적 유의차는 없었다.      

   본 연구에서, 염증 치수를 CSC 로 복조하였을 때, 술식 4 주 뒤에도 

대부분의 시편에서 치수 내 염증이 관찰되었으며, 일부 샘플에서 불완전하고 

불연속적인 상아질 브릿지 형성이 관찰되었다. 이러한 결과는 치수의 술전 

염증의 존재가 CSC 로 치료된 치아들의 예후를 불량하게 할 수 있는 요인이 

될 수 있을 가능성을 제시한다.  

 

핵심되는 말: 염증 치수, 칼슘실리케이트시멘트, 직접 치수 복조술, 염증 

반응, odontogenic 분화    

 


