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A B S T R A C T   

Introduction: Vital pulp therapy (VPT) is performed to preserve dental pulp. However, the 
biocompatibility of the existing materials is of concern. Therefore, novel materials that can induce 
pulp healing without adverse effects need to be developed. Resolvin D2 (RvD2), one of specialized 
pro-resolving mediators, can resolve inflammation and promote the healing of periapical lesions. 
Therefore, RvD2 may be suitable for use in VPT. In the present study, we evaluated the efficacy of 
RvD2 against VPT using in vivo and in vitro models. 
Methods: First molars of eight-week-old male Sprague–Dawley rats were used for pulpotomy. They 
were then divided into three treatment groups: RvD2, phosphate-buffered saline, and calcium 
hydroxide groups. Treatment results were assessed using radiological, histological, and immu-
nohistochemical (GPR18, TNF-α, Ki67, VEGF, TGF-β, CD44, CD90, and TRPA1) analyses. Dental 
pulp-derived cells were treated with RvD2 in vitro and analyzed using cell-proliferation and cell- 
migration assays, real-time PCR (Gpr18, Tnf-α, Il-1β, Tgf-β, Vegf, Nanog, and Trpa1), ELISA (VEGF 
and TGF-β), immunocytochemistry (TRPA1), and flow cytometry (dental pulp stem cells: DPSCs). 
Results: The formation of calcified tissue in the pulp was observed in the RvD2 and calcium hy-
droxide groups. RvD2 inhibited inflammation in dental pulp cells. RvD2 promoted cell prolifer-
ation and migration and the expression of TGF-β and VEGF in vitro and in vivo. RvD2 increased the 
number of DPSCs. In addition, RvD2 suppressed TRPA1 expression as a pain receptor. 
Conclusion: RvD2 induced the formation of reparative dentin, anti-inflammatory effects, and 
decreased pain, along with the proliferation of DPSCs via the expression of VEGF and TGF-β, on 
the pulp surface in pulpotomy models.   

1. Introduction 

Dental pulpotomy has been used as a conservative therapy for the pulp exposed to dental caries or trauma. Pulp tissue vitality is 
crucial for maintaining tooth survival and physiological pulp tissue function [1]; moreover, preserving pulp has reduced the 
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requirement for treatment, along with improving its cost-effectiveness [2]. Therefore, vital pulp therapy (VPT), using pulp-protective 
materials with the potential to induce calcification of tissues, has been the focus of research [3]. Calcium hydroxide has long been used 
as the gold standard [4,5]. Currently, mineral trioxide aggregate (MTA) is replacing calcium hydroxide preparations as the optimal 
material based on clinical findings [6,7]. 

VPT promotes immune and inflammatory responses in the dental pulp [8]. As inflammation resolves, cell proliferation is promoted, 
and the number of endothelial progenitor cells and dental pulp stem cells (DPSCs) increase. Simultaneously, blood vessel maturation 
and tissue remodeling regenerate the pulp tissue. DPSCs differentiate into odontoblast-like cells to form reparative dentin, thereby 
protecting the pulp [9]. When chronic inflammation occurs, the appropriate pathway to resolve inflammation by blood cells accu-
mulating in the lesion is disrupted, leading to a failure of tissue regeneration [10]. VPT agents, such as calcium hydroxide and MTA, 
stimulate pulpal cells, thereby promoting hard tissue formation [9,11]. However, the use of calcium hydroxide and MTA exposes the 
pulp to a strongly alkaline environment and induces a robust inflammatory reaction that impedes complete and efficient healing [11]. 
Our overall research objective is to find a biological host modifier that can replace inorganic materials such as calcium hydroxide and 
MTA as a beneficial therapeutic agent for vital pulp therapy. 

Specialized pro-resolving mediators (SPMs), such as omega-3 polyunsaturated fatty acids, have potent pro-resolution effects 
[12–14]. In rheumatoid arthritis, various SPMs in the synovial fluid that suppress inflammatory symptoms have been identified [15, 
16]. In a mouse sepsis model, resolvin D2 (RvD2) reduced mortality by enhancing bacterial clearance without causing immunosup-
pression [17]. Although anti-inflammatory drugs such as steroids are highly effective in controlling autoimmune diseases, they may 
cause opportunistic infections. In contrast, SPMs are immunosuppressive and can combat infections [13]. Another type of resolvin 
(Resolvin E1: RvE1) has been reported to resolute inflammation and to reduce infection, finally induced stem cell-related dentin 
repairment [18–21]. On the other hand, RvD2 inhibits alveolar bone resorption and exerts anti-inflammatory effects in a mouse 
periodontitis model [22]. In addition, RvD2 suppresses the progression of apical periodontitis and promotes hard tissue formation in a 
rat model [23]. These results indicate that RvD2 may also be an ideal reagent for treating various oral diseases, including inflammation 
and infection. 

In the present study, we hypothesized that RvD2 has anti-inflammatory and hard tissue-forming effects in VPT, and that a different 
mechanism from existing VPT agents might lead to a better consequence. We investigated the effects of RvD2 on dental pulp tissue in 
vivo using a rat pulpotomy model and in vitro immunohistochemically using rat dental pulp cells (DPCs). 

2. Material and methods 

The manuscript was prepared according to the Preferred Reporting Items for Laboratory Studies in Endodontology (PRILE) 2021 
guidelines [24] and the Preferred Reporting Items for Animal Studies in Endodontology (PRIASE) 2021 guidelines [25] to describe the 
main stages of the study (Supplemental Figure). 

2.1. Experimental animals 

We used 51 Sprague–Dawley rats (eight-week-old males) for the analysis after excluding samples with death and temporary seal 
dehiscence (approved by the Animal Care and Use Committee, Okayama University: OKU-2019575, OKU-2022375, OKU-2022679). 
The present study was conducted following the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines 2.0 [26]. We 
randomized sequentially the group selection for the control and treatment groups; however, at least three rats were secured in each 
group. 

2.2. Pulpotomy model 

The pulpotomy model was established as previously described [27]. Under general anesthesia, the coronal pulp tissues of the upper 
first molars were removed using a #1/4 round bur with a low-speed handpiece. After hemostasis with 5 % sodium hypochlorite, a 
pledget soaked in 3 μL of either RvD2 solution (1 μg/mL or 10 μg/mL; Cayman Chemical, Ann Arbor, MI, USA) or phosphate-buffered 
saline (PBS) as negative control was applied to the root canal orifice. Calcium hydroxide paste (Ca(OH)2, LIFE; Kerr Corporation, Brea, 

Fig. 1. Representation of the rat pulpotomy experimental protocol.  
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CA, USA) was applied directly to the root canal orifice using an applicator. Three groups were set as negative control (PBS), positive 
control (calcium hydroxide), and experimental group (RvD2). The teeth were pre-covered with tricalcium phosphate cement (New 
Apatite Liner: Dentsply Sirona, Tokyo, Japan) to prevent moisture from the wet pledget, and covered with a light-curing composite 
resin (Clearfil Majesty; Kuraray Noritake Dental, Tokyo, Japan) to resist mastication force (Fig. 1). The concentration of RvD2 and the 
sealing method are based on our previous study [23]. After 4 and 6 weeks, rats were euthanized using CO2, and their maxillae were 
removed and fixed in 4 % paraformaldehyde. 

2.3. Micro-computed tomography (micro-CT) analysis 

The fixed maxillae were scanned using a micro-CT scanner and Nrecon system (Skyscan1174 compact micro-CT: Bruker, Kontich, 
Belgium). The data obtained were analyzed using OsiriX MD (version 12.5; Pixmeo, Geneve, Switzerland). Calcification formed at the 
treatment site in a slice of the buccolingual surface, including the root canal orifice, and the apex was defined as the reparative dentin. 
For each sample, three slices were measured every 100 μm. Each root canal area was considered 100 % and compared to the reparative 
dentin area. 

2.4. Histological analysis 

After the micro-CT analysis, the maxillae were decalcified with 10 % formic acid and embedded in paraffin. Four-micrometer serial 
sections were prepared for hematoxylin and eosin (H-E) staining or immunohistochemistry. All sections were observed using a DP70 
BX-50 light microscope (Olympus, Tokyo, Japan). 

2.5. Immunohistochemistry (IHC) 

Serial sections were stained with primary antibodies raised against the following: G protein-coupled receptor 18 (GPR18; Abcam, 
Cambridge, England, UK) as the receptor of RvD2 [28], tumor necrosis factor-α (TNF-α; Funakoshi, Tokyo, Japan) as the inflammatory 
cytokine, vascular endothelial growth factor (VEGF; GeneTex, Los Angeles, CA, USA), transforming growth factor-β (TGF-β; Thermo 
Fisher Scientific, Waltham, MA, USA), and both CD44 (FITC-conjugated; Biolegend, San Diego, CA, USA) and CD90 (APC/Cyanine7 
conjugated; Biolegend) as the stem cell marker. Thereafter, fluorescent secondary antibody (AlexaFluor488-conjugated goat IgG; 
Thermo Fisher Scientific) and 4′,6-diamidino-2-phenylindole (DAPI; Abcam, Cambridge, UK) were used. The Vectastain Elite ABC 
Rabbit kit (Vector Laboratories, Burlingame, CA, USA) was used as a marker of cell proliferation using a primary antibody against Ki67 
(Abcam) as the cell-proliferation marker and transient receptor potential A1 (TRPA1; Funakoshi) as the receptor of pain. Sections 
treated without primary antibody were used as negative controls. 

2.6. DPCs isolation and culture 

DPCs were obtained from rat lower incisors and cultured as previously described [23]. DPCs at 3 to 5 passages were used in 
subsequent experiments at 80 % confluence and stimulated with 0–100 nM RvD2 and 1 μg/mL of lipopolysaccharide (LPS) from 
Escherichia coli (O111:B4, Sigma-Aldrich, St. Louis, MO, USA) for 24 and 48 h. 

2.7. Cell-proliferation and cell-migration assays 

The proliferation assay was performed using a tetrazolium salt-based assay (Cell Counting Kit-8; Dojindo Laboratories, Kumamoto, 
Japan) at 24 h. The migration assay was performed as previously described [29], with some modifications. After scraping with a 
200-μL pipette tip to create a scratch on the confluent-grown cells, the cells were observed and photographed using a light microscope 
(ELWD 0.3/OD75; Nikon, Tokyo, Japan) at each time point. The relative width of each scratch was obtained by comparing the image at 
each time point to the one at baseline at time 0 as 100 %. 

2.8. Real-time RT-PCR 

Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany), and the absorbance at 260 and 280 nm 
was measured for quantity and quality (A260/A280 = 1.8–2.2). Messenger RNA was reverse transcribed using the SuperScript VILO 
Master Mix (Thermo Fisher Scientific). Quantitative RT-PCR was conducted using the ABI 7300 system (Thermo Fisher Scientific) at 
95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for 15 s and 60 ◦C for 1 min in 96-well plates in a final volume of 20 μL containing SYBR 
green PCR master mix (Thermo Fisher Scientific) using specific primers (Supplemental Table). Data were analyzed using the 
comparative (− 2ΔΔCt) method. 

2.9. Enzyme-linked immunosorbent assay (ELISA) 

VEGF and TGF-β in the culture supernatants were quantified by ELISA using the Rat VEGF-A ELISA Kit and TGF-β1 Rat Uncoated 
ELISA Kit (Thermo Fisher Scientific). 
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2.10. Flow cytometry 

Cells subjected to 48-h culture were incubated with anti-CD16/CD32 (BioLegend, San Diego, CA, USA), followed by secondary 
antibodies: AlexaFluor647-labeled anti-CD73 and APC/Cy7-labeled anti-CD90 (BioLegend). Flow cytometry was performed using a 
MACSQuant-X (Miltenyi Biotec, Bergisch Gladbach, Germany). Data were analyzed using the FLOWJO software (BD Bioscience, 
Franklin Lakes, NJ, USA). Both CD73− and CD90-positive cells were defined as DPSCs [30,31]. 

2.11. Immune cell staining 

DPCs were stained with primary antibodies against TRPA1 (Funakoshi), a pain receptor. Thereafter, fluorescent secondary anti-
bodies (AlexaFluor488-conjugated goat IgG; Thermo Fisher Scientific) and DAPI were used. 

2.12. Statistical analysis 

All data are presented as the mean ± standard deviation (SD). One-way analysis of variance (one-way ANOVA) was used to test for 
differences between three or more groups, and Tukey-Kramer test was used to test for multiple comparisons and Student’s t-test was 
used to test the difference between the two groups, using Prism 8 for Windows (version 8.4.3: GraphPad Software, San Diego, CA, 
USA). A value of P < 0.05 was considered statistically significant. 

3. Results  

1. Effect of RvD2 on reparative dentin bridge formation 

Fig. 2. Hard tissue formation after pulpotomy (a) Micro-CT and H-E staining images at 4 and 6 weeks after pulpotomy. Results from negative- 
control (PBS), positive-control (Ca(OH)2), and RvD2 application (1 μg/mL and 10 μg/mL; application of 3 μL) groups are shown. The yellow ar-
rows indicate the hard tissue formed around the orifice of the root canal. In the RvD2 group and Ca(OH)2 group, the areas were larger than those in 
the PBS group. Scale bars, red: 500 μm, yellow: 200 μm. (b) Area of the hard tissue for quantification. (c) Quantification of the hard tissue area 
around the root canal orifice. Representation of the rat pulpotomy experimental protocol. Data are shown as the means ± SD (4-week samples 
include PBS: n = 8, Ca(OH)2: n = 8, RvD2 1 μg/mL: n = 4, and RvD2 10 μg/mL: n = 6; 6-week samples include PBS: n = 7, Ca(OH)2: n = 4, RvD2 1 
μg/mL: n = 7, and RvD2 10 μg/mL: n = 7). *P < 0.05, **P < 0.01. One-way ANOVA was used to test for differences between three or more groups, 
and Tukey-Kramer test was used to test for multiple comparisons and Student’s t-test was used to test the difference between the two groups. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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According to radiological and histological analyses, reparative dentin was formed in both the RvD2 and Ca(OH)2 groups compared 
with the rate at which it was formed in the PBS group at 4 and 6 weeks (Fig. 2a). The reparative dentin area (Fig. 2b) in both the RvD2 
and Ca(OH)2 groups was significantly higher than that in the PBS group at 4 and 6 weeks, although no statistical difference was 
observed between the RvD2 and Ca(OH)2 groups (Fig. 2c).  

2. Effect of RvD2 on GPR18 expression, inflammation, cell proliferation, and migration 

The number of GPR18-positive cells in vivo (Fig. 3a) increased in both the RvD2 group and Ca(OH)2 group compared with the 
number of GPR18-positive cells without RvD2 treatment. The mRNA expression levels in DPCs in vitro (Fig. 3b) increased following 
treatment with 100 nM RvD2 for 24 h. The mRNA expression levels of Tnf-α and Il-1β in DPCs in vitro with 1 μg/mL of LPS stimulation 
for 24 h (Fig. 3c) decreased by RvD2 at 1 nM and 10 nM. The number of TNF-α-positive cells in vivo (Fig. 3d) decreased in the RvD2 
group compared to the number of TNF-α-positive cells in the without RvD2 group and Ca(OH)2 group. 

RvD2 significantly promoted DPCs proliferation at 100 nM (Fig. 4a) in vitro. In addition, RvD2 enhanced the closure of the scratch 
area compared with its closure in the control at 24 and 48 h (Fig. 4BCE). Moreover, the number of Ki67-positive cells increased 
significantly in the RvD2 group, and the positive area increased in a dose-dependent manner in vivo (Fig. 4de).  

3. Effect of RvD2 on induction of VEGF and TGF-β from DPCs 

The expression of Vegf and Tgf-β mRNA at 24 h (Fig. 5a) and production of VEGF at 48 h (Fig. 5b) were promoted by RvD2 in vitro. 
VEGF-positive (Fig. 5c) and TGF-β-positive areas (Fig. 5d) in both the RvD2 and Ca(OH)2 groups were evident in vivo compared to the 
corresponding areas in the PBS group.  

4. DPSCs induced by RvD2 

Nanog mRNA expression increased in a dose-dependent manner following RvD2 addition in vitro (Fig. 6a). Furthermore, the number 
of CD44, CD73, and CD90 triple-positive cells increased upon RvD2 addition in vitro (Fig. 6b). In contrast, CD44 and CD90 double- 
positive cells were detected in vivo but were more clearly observed in the RvD2 group than in the PBS and Ca(OH)2 groups (Fig. 6c).  

5. Decrease of TRPA1-positive cells in DPCs following RvD2 treatment 

The number of TRPA1-positive cells in vitro (Fig. 7ab) decreased in the RvD2 group after LPS stimulation when compared to the 
number of them in the no-RvD2 group. Furthermore, the Trpa1 mRNA expression level in DPCs in vitro increased following LPS 
stimulation but decreased by RvD2 addition (Fig. 7c). Moreover, the number of TRPA1-positive cells in vivo decreased prominently in 
the RvD2 group (Fig. 7de). 

4. Discussion 

In the present study, we analyzed the effects of RvD2 on the formation of calcified tissue at the orifice of the root canal following 
pulpotomy and performed immunohistochemical analyses using rat VPT and DPCs culture models. The results show that RvD2 induced 
the formation of reparative dentin and increased the number of DPSCs by promoting their proliferation. 

First, we examined the ability of RvD2 to form reparative dentin using a pulpotomy model. Although calcium hydroxide has 
become a conventional pulp-capping reagent, it has been well known to cause generally the formation of reparative dentin in 
approximately four weeks [32,33]. Therefore, in the present study, the effect of RvD2 was analyzed at 4 and 6 weeks after pulpotomy, 
using calcium hydroxide as a positive control (Ca(OH)2 group). We found that RvD2 induced the formation of reparative dentin su-
perior to Ca(OH)2 at four weeks and that reparative dentin formation at six weeks was almost same level. However, there were some 
low responders in RvD2-applied mice although well-calcified regions were detected by micro-CT analyses (Fig. 2). Furthermore, 
GPR18, a receptor for RvD2 [28], was expressed in the pulp tissues of both the RvD2 and Ca(OH)2 groups. Therefore, RvD2 may induce 
the formation of reparative dentin by acting directly via GPR18 expressed on cells located in the amputated pulp tissue. We also 
inferred that RvureD2 has an anti-inflammatory effect on DPCs (Fig. 3). Three μL of RvD2 solution (10 μg/mL and 1 μg/mL) were 
absorbed in cotton pledget for this in vivo study, approximately equal to 30 ng and 10 ng of RvD2 (molecular weight: 376.5). These 
amounts were decided based on our previous in vivo study [28] and were fewer amounts than the RvE1 used for the direct pulp capping 
study [19] (50 ng; molecular weight: 350.4). Furthermore, it is well known that the concentration of RvD2 effective for 

Fig. 3. Effects of RvD2 on the expression of its receptor and proinflammatory cytokines (a) Immunohistochemical analysis of GPR18 (green), a 
receptor for RvD2. D: dentine; P: pulp. Scale bars, yellow: 200 μm, white: 100 μm. Representatives of three independent in vivo samples are shown. 
(b) Relative gene expression of Gpr18 in DPCs after 24-h culture. Data are shown as the means ± SD (n = 6 wells/group). (c) Relative gene 
expression of Il-1β and Tnf-α in DPCs after 24-h culture. Data are shown as the means ± SD (n = 4 wells/group). (d) Immunohistochemical analysis 
of TNF-α (green). D: dentine; P: pulp. Scale bars, yellow: 200 μm, white: 100 μm. Representatives of three independent in vivo samples are shown. *P 
< 0.05. One-way ANOVA was used to test for differences between three or more groups, and Tukey-Kramer test was used to test for multiple 
comparisons and Student’s t-test was used to test the difference between the two groups. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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antiinflammation in the blood is 1 nM for leukocyte adherence and 10 nM for nitric oxide production [17], approximately equal to 
376.5 μg/mL and 3765 μg/mL in weight/volume concentration. When the RvD2 concentration in animal and cell culture experiments 
are compared, the concentration in cell culture is 37.65 times more concentrated. In addition, the RvD2 solution applied to the 
pulpotomy area in vivo, RvD2 would be diluted with tissue fluid and blood. Thus, the optimum concentration of RvD2 in vitro may be no 
more than 10 nM. 

To clarify the mechanisms by which RvD2 promotes the formation of reparative dentin, we examined the effects of RvD2 on DPCs in 
vitro. Cell proliferation and migration were promoted by RvD2 stimulation in vitro (Fig. 5a–c). Furthermore, when the cell-proliferative 
effect of RvD2 on the pulp tissue was examined in vivo, Ki67-positive cells, a marker of cell-proliferative potential, were observed in 
greater numbers in the RvD2 group than in the PBS and Ca(OH)2 groups (Fig. 4). These results suggest that RvD2 may act on the pulp 
tissue and activate cell proliferation and migration. RvD2 reportedly promotes endothelial cell migration [34], consistent with the 
results of the present study. Hence, RvD2 may act on endothelial cells in DPCs to promote their proliferation. 

To investigate the mechanism of cell proliferation, we analyzed the angiogenic cytokine VEGF and tissue-regenerative cytokine 
TGF-β at the mRNA and protein levels in vitro according to their respective roles [35,36]. We observed that the mRNA expression levels 
of Vegf and Tgf-β in DPCs were increased by RvD2 and only increased VEGF protein production. Furthermore, the localization of VEGF 
and TGF-β was evident in the pulp tissue of the amputated region in the RvD2 group in vivo (Fig. 5). These results suggest that RvD2 
induces angiogenesis by increasing the secretion of VEGF and TGF-β in the pulp tissue. Consequently, the blood flow may increase in 
the pulp tissue of the amputated region. Moreover, TGF-β may be secreted by various infiltrating hematogenous cells, leading to the 
proliferation of cells involved in the formation of reparative dentin, such as odontoblasts [37]. 

The effect of RvD2 on the induction of DPSCs, the most effective target of RvD2 for promoting the formation of reparative dentin, 
was examined in vitro because DPSCs differentiate into odontoblast-like cells and form reparative dentin [37,38]. In DPCs, RvD2 
upregulated Nanog expression in a dose-dependent manner, which is gene-specific to pluripotent stem cells [39]. Additionally, the 
percentage of DPSCs was increased by RvD2 (Fig. 6), as revealed by flow cytometry analysis using the DPSC markers CD44, CD73, and 
CD90 30,31. Resolvin E1 increases the number of DPSCs among DPCs [19], consistent with our results, suggesting that RvD2 may 
establish a favorable environment for reparative dentin formation by acting directly on DPSCs after pulpotomy. Although no signif-
icant difference was observed in the area of calcified tissue between RvD2 and Ca(OH)2 (Fig. 2), RvD2 may be bio compatibly suitable 
for VPT, because it may promote neovascularization and DPSCs induction more than Ca(OH)2. 

Finally, the effect of RvD2 on TRPA1, a pain receptor, which is a major issue in pulp capping [40], was investigated. In DPCs, the 
number of TRPA1-positive cells was increased by LPS stimulation and decreased by RvD2 treatment. In addition, Trpa1 expression was 
decreased in DPCs following RvD2 treatment. Furthermore, in vivo experiments showed that the number of TRPA1-positive cells on the 
pulp tissue was reduced by RvD2 (Fig. 7). These results suggested that RvD2 suppresses pain while promoting hard tissue formation 
and that RvD2 has considerable potential for clinical applications. Related to this DPC culture model, there is a report describing the 
possible role of fibroblasts in mediating cold responses [41]. In addition, the odontoblasts may activate adjacent pulpal axons and thus 
contribute to dental pain and hypersensitivity [42], although there are still unknown relations for pain signaling between DPCs and 
odontoblasts. These mean that DPCs may contribute to the sensation of pulpal pain. Thus, reducing pain sensation in DPCs is important 
to vital pulp therapy when the RvD2 is applied as the therapeutic agent. 

The present study has several limitations. Although we investigated whether RvD2 is involved in the differentiation of odontoblast- 
like cells, further investigations are warranted to determine the optimal dosage and frequency of application. RvD2 is metabolized in 
vivo within a few days [43]; therefore, a slow-release delivery system may be more efficacious. In addition, the recent standard for 
preserving dental pulp has become to use MTA [6,7], however, our purpose is to investigate the effects of RvD2 on the pulpal tissue 
after pulpotomy. Either MTA or calcium hydroxide paste may serve as the positive control for the calcification of pulpal tissue. In 
future studies, we plan similar experiments using larger animal models as MTA is a positive control. Further studies using larger animal 
models to clarify these issues will contribute to the development of RvD2 reagent as a novel VPT. 

In the present study, RvD2 was applied directly to the pulpal surface at the pulpotomy site to induce reparative dentin formation. 
The possible mechanism may be related to the RvD2-induced increase in the secretion of cytokines related to tissue regeneration, such 
as VEGF and TGF-β, in the pulp tissue by promoting cell proliferation. Furthermore, RvD2 may directly act on DPSCs and activate cell 
proliferation, thereby promoting reparative dentin formation. These results suggest that RvD2 can be used as a VPT and may exert 
reparative actions through a mechanism different from existing VPT reagents that do not induce inflammation [44]. RvD2 could also 
be used for next-generation VTP, comparable to stem cell transplantation-based therapies [45] and the application of a functional 
peptide derived from the protein S100 family [46]. Further validation experiments with RvD2 in rodent models of pulpitis induced by 
caries infection [47] and larger animals are required. 

Fig. 4. Effects of RvD2 on the DPCs viability and migration (a) Viability of cultured DPCs in the presence of RvD2. Cell viability was compared to 
the medium-only group set at 100 %. (b, c) Migration of cultured DPCs in the presence of RvD2 after scratching the cell sheet. b: Representative 
images; c: quantification of scratch width. Scale bars: 200 μm. (d, e) Ki67-positive cells in the dental pulp tissues (n = 3 per group). d: Immu-
nohistochemical analysis. Scale bars, yellow: 200 μm, white: 100 μm. e: Number of positive cells. *P < 0.05, **P < 0.01. One-way ANOVA was used 
to test for differences between three or more groups, and Tukey-Kramer test was used to test for multiple comparisons and Student’s t-test was used 
to test the difference between the two groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Ethics statement 

The Animal Care and Use Committee of Okayama University approved the research (OKU-2019575, OKU-2022375, OKU- 
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Fig. 5. Regenerative cytokines from cultured DPCs and pulp tissue after pulpotomy (a, b) a: Relative gene expression of Vegf and Tgf-β in DPCs after 
24-h culture. b: secretion of VEGF and TGF-β by DPCs after 24- and 48-h culture. Data are shown as the means ± SD (n = 6 wells/group). *P < 0.05. 
One-way ANOVA was used to test for differences between three or more groups, and Tukey-Kramer test was used to test for multiple comparisons 
and Student’s t-test was used to test the difference between the two groups. (c, d) Immunohistochemical analysis of VEGF (c) and TGF-β (d) in in vivo 
dental pulp tissue. D: dentine; P: pulp. Scale bars, yellow: 200 μm, white: 100 μm. Representatives of three independent samples are shown. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Stem-like cells in cultured DPCs and pulp tissue after pulpotomy (a, b) a: Relative gene expression of Nanog in cultured DPCs. Data are shown 
as the means ± SD (n = 6 wells/per group). b: Flow cytometric analysis of CD44+ CD73+ CD90+ cells in cultured DPCs (passages 3–5) at confluence 
with 0–100 nM RvD2 for 2 days. The percentage of them in total cells in each well was measured. Data are shown as the means ± SD (n = 5 wells/ 
group). *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA was used to test for differences between three or more groups, and Tukey-Kramer 
test was used to test for multiple comparisons and Student’s t-test was used to test the difference between the two groups. (c) Immunohistochemical 
analysis of CD44 (green) and CD90 (red) in dental pulp tissue. D: dentine; P: pulp. Scale bars, yellow: 200 μm, white: 100 μm. Representatives of 
three independent samples are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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