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Introduction 

Odontoblasts are highly differentiated cells that align at 
the periphery of the dental pulp. These multifunctional cells 
can synthesize reparative dentine in response to pathological 
stimulations, and also function as neuronal transmitters for 
dental pain [1] Odontoblasts also possess various types of 
cellular receptors and act as immune effector cells. 

When teeth undergo carious infection, cellular receptors 
on odontoblasts such as mechanosensitive ion channels 
play a role in the response of the dentin-pulp complex [2,3]. 
Additionally, specialized pattern recognition receptors (PRRs) 
on odontoblasts sense pathogen-associated molecular patterns 
(PAMPs) to detect invading microorganisms and thus contribute 
to the innate and adaptive immune responses. Proteinase-

activated receptor-2 (PAR2) is also expressed on odontoblasts, 
and known to regulate both physiological and pathological 
processes in lung, respiratory tract and gastrointestinal tissues 
by acting as a sensor for extracellular proteases. However, our 
knowledge of the expression and function of PAR2 in dental 
pulp is largely limited to in vitro studies of odontoblast-like 
cells.

In addition to odontoblast cells, the pulpocytes beneath the 
odontoblast layer also function as immune effectors. Signalling 
networks within pulpocytes have been suggested to amplify 
infl ammatory responses during carious infection [4,5]. Ritchie, 
et al. (2007) suggested that NF-B and p38 MAP kinase regulate 
PAR2 and PAR4 expression in human endothelial cells during 
the pro-infl ammatory challenge in vitro [6]. Moreover, Alvarez, 
et al. (2017) and Sun, et al. (2018) found that challenging MDPC-
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23 odontoblast-like cells with proinfl ammatory cytokines 
upregulated PAR-1 and PAR-2 [7,8].

In terms of the bacteriology of dental infection in shallow 
carious lesions, the dental pulp can detect caries-related Gram-
positive aerobic pathogens in the biofi lm, such as Streptococcus 
mutants, and subsequently trigger the innate immune system 
(9). In deeper carious lesions, the dominant pathogens 
transition to Gram-negative aerobic bacteria and the infection 
becomes more complex with high bacterial diversity [10].

In this study, we aimed to address the histomorphological 
modifi cations and, PAR2 and NF-B p65 expression profi les 
in odontoblasts and pulpocytes under the odontoblast layer 
during different stages of carious infection.

Materials and methods

Sample collection

A total of 44 primary tooth pulp samples were analysed 
in this study, including eight sound samples, 13 early carious 
samples, 16 advanced carious samples, and eight exposed pulp 
samples. The teeth were acquired from children who required 
dental extractions under local or general anaesthesia. The 
mean age of the patients was 5.2 years (range: 4.3-7.2). Ethical 
approval for the study was granted by the Faculty of Dentistry, 
Prince of Songkhla University Ethics Committee (EC6004-10-
P-LR).

After extraction, the whole teeth were washed and 
immediately immersed in 0.1 M phosphate-buffered saline 
(PBS), stored at 4 °C for 6-8 h, and then placed in fi xative (0.1m 
phosphate buffer, pH 7.4, containing 4% paraformaldehyde) 
for 24 h at 4 °C. To remove the fi xed pulp from the pulp 
chamber, a longitudinal groove was cut on the buccal aspect 
of each crown and each tooth was split open. The degree of 
caries was confi rmed under a dissection microscope. Then, the 
pulpal tissues were carefully detached from the pulp chamber 
and maintained overnight in 0.1M PBS. 

The degree of caries for each tooth was categorized into 
four stages as shown in Figure 1 [1] sound (no colour change 
within the dentine), [2] early-stage carious progression (colour 
changes within the dentine, but only within half of the dentine 
thickness), [3] advanced-stage carious progression (colour 
changes extending beyond half of the dentine thickness, but 
the barrier to the dental pulp was intact), or [4] caries-exposed 
pulp (colour changes extending beyond the dentinal thickness 
with no barrier to the dental pulp). Teeth in which the dental 
pulp exhibited obvious necrosis were excluded. The H&E stain 
provided an overall microanatomy of dental pulp tissues that 
infl ammatory cells progressively infi ltrate the pulp tissues in 
various stages of dental caries (Figure 1E-H).

The pulp samples were cryopreserved in 30% sucrose (in 
0.1M PBS) for 58h at 4°C, embedded in OCT compound, and 
14μm thick longitudinal sections were cut using a cryostat, 
collected on poly-D-lysine-coated glass slides, air-dried for 

Figure 1: Images of representative samples in each group. Sound tooth (A) with no colour change within the dentine. An early stage of carious progression (B), with colour 
changes within the dentine that did not extend beyond half the thickness of the dentine. Advanced stage of carious progression (C), with colour changes extending beyond 
half of the thickness of the dentine, but an intact barrier to the dental pulp. (D) Caries-exposed pulp with colour changes extending beyond the dentinal thickness and no 
barrier to the dental pulp. The carious sites are indicated by red arrows. H&E staining of the representative dental pulps (E-H). The dental pulp from a sound tooth shows 
healthy tissue with an intact odontoblast layer (E). In shallow caries, the odontoblast layer remains intact (F). In deeper caries, there is a slightly pronounced infl ammatory 
response to the increased levels of infl ammatory cell infi ltration (G). In an advanced stage of caries, the dentine structure is irregular, partially destroyed and exhibits a non-
tubular morphology. There are heavily increased levels of infl ammatory cell infi ltration.
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60min at room temperature, and kept at -70°C for long-term 
storage.

Immunofl uorescence

The pulpal sections were washed twice with 0.1 M PBS, then 
incubated in 10% normal donkey serum (NDS) in 0.5% Triton 
X-100 PBS for 1h at room temperature to block non-specifi c 
antibody-binding sites. Next, the sections were incubated 
with primary monoclonal anti-mouse -tubulin III (Abcam), 
polyclonal anti-rabbit PAR2 (Novus biological), or Anti-NF-
B p65 Antibody (Santa Cruz) antibodies diluted in 1% NDS 
containing 0.5% Triton X-100 for 1h at room temperature. 
The sections were washed twice in PBS with 0.5% Triton 
X-100 PBS, then incubated with goat anti-mouse conjugated 
CY3 (Thermo Fisher) and goat anti-rabbit conjugated FITC 
(Novus Biological) secondary antibodies in 1% NDS containing 
0.5% Triton X-100 for 1h at room temperature. Finally, the 
sections were mounted with Vectashield containing DAPI and 
visualized by fl uorescence microscopy. This Anti-NF-B p65 
Antibody is a mouse monoclonal IgG1  NFB p65 antibody that 
is recommended for detection of NF-B p65 of human origin 
by immunofl uorescence.

Analysis of labelling

PAR2 and NF-KB immunofl uorescent images were captured 
using 5×,20×,and 40×objective lenses on a Zeiss® fl uorescence 
microscope with Zen 2.5 blue edition software (Zeiss). The 
exposure time of each channel was kept constant throughout 
the experiment, using the same exposure time for all samples.

Odontoblasts are a layer of tall columnar cells located at 
the periphery of the dental pulp. The representative image 
in Figure 2 shows a cross-section of coronal pulp (the upper 
section of the dental pulp) immunostained for NF-B and 
counterstained with DAPI. The picture in Figure 2 is zoomed 
in close to the pulpal horn area where carious injury usually 
occurs. DAPI staining revealed the nuclei of odontoblasts and 

pulpocytes distributed around the dental pulp. The area around 
the outer part of the pulp with a denser distribution of nuclei 
represents the odontoblast layer, which has a more densely 
packed structure than the pulpocytes underneath. 

The area of interest (odontoblast layer) was selected by 
outlining the alignment of the layer of columnar cells on the 
outermost layer of the dental pulp. Then, the mean intensity 
PAR2 values were quantifi ed within the area of interest. The 
fl uorescence intensities of PAR2, NF-B, and DAPI were 
determined using ZenBlue software. 

In every NF-B and PAR2 immunostaining image, we 
drew a line to differentiate the odontoblast layer from the 
pulpocytes underneath. We then measured the mean intensity 
value of both areas based on the difference in intensity value 
of the two areas to assess the changes in NF-B and PAR2 
expression. The same investigator repeated this entire process 
three times on each image to reduce subjective bias. We used 
the mean intensity value of the three measurements for further 
statistical analysis.

Statistical analysis

Data were analysed by one-way ANOVA, and individual 
groups were compared by Tukey’s post hoc test. Statistical 
signifi cance is denoted as p < 0.05 (*), p < 0.01 (**), and p < 
0.001 (***).

Results

Odontoblast PAR2 expression during the progression of 
dental caries

PAR2 immunostaining revealed the overall morphology of 
the odontoblast layer and pulpocytes. In non-carious pulp, the 
odontoblast cells were evenly distributed as a uniform layer 
(Figure 3A); however, as caries progressed the odontoblast 
layer became increasingly damaged. In teeth with early- 

Figure 2: Photomicrographs of human dental pulp immunostained with NF-κB and counterstained with DAPI, clearly demonstrating the overall morphology of the dental 
pulp and the distributions of odontoblast and pulpocytes. The pulpal horn is indicated by the *. The odontoblast layer is depicted by the blue area outside the yellow line.
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and advanced-stage caries, the odontoblasts exhibited an 
increasingly uneven and irregular pattern (Figure 3B,C). In 
late-stage caries, the odontoblast layer almost completely 
disappeared, and could no longer be observed in some samples 
(Figure 3D).

Interestingly, although the odontoblast layer was damaged 
and lost its uniformity in early- and advanced-stage caries, the 
overall level of PAR2 expression in the odontoblast area did not 
decrease, and even seemed to slightly increase. Quantitative 
analysis (Figure 3E) confi rmed the intensity of PAR2 expression 
in odontoblasts gradually increased from healthy teeth to the 
advanced stage of caries, then signifi cantly decreased in late-
stage caries.

NF-κB expression during the progression of dental ca-
ries

NF-B is a central mediator of infl ammation in various 
tissues, including dental pulp, and is involved in the 
odontogenesis of the dental pulp. Therefore, we measured 
the expression level of NF-B in both the odontoblast layer 
and sub-odontoblasts (the area underneath odontoblasts). 
Immunostaining NF-B and counterstaining for DAPI revealed 
the overall distribution of odontoblasts and pulpocytes. In 
agreement with the PAR2 results above, NF-B staining 
confi rmed the odontoblastic layers were evenly distributed 
along with the outer layer of the pulp in non-carious teeth 
and early-stage caries (Figures 4A,B,E,F). In advanced-stage 
caries, the odontoblast layers started to exhibit an uneven 
and irregular pattern and were more disputed at the injury 
site (indicated by the red arrow in Figures 4C and G). In the 

late stage of caries, the odontoblast layer could no longer be 
observed at the injury site, although some of the odontoblast 
layers in other areas of the teeth were intact (Figure 4D,H).

Quantitative analysis (Figure 4I) showed the mean 
odontoblast NF-B staining intensity increased during the 
early stage of dental caries, and then dramatically decreased 
at the advanced stage of caries and in the caries-exposed pulp 
samples. Conversely, in the pulpocytes of the sub-odontoblast 
region, non-carious samples showed the highest expression 
of NF-B. Expression of NF-B in the sub-odontoblast layer 
decreased in the early stage of caries, and then gradually 
increased during the progression of caries, though remained 
lower than in non-carious teeth.

Discussion

Rationale for the study

Previous studies suggested PAR2 is upregulated in various 
diseases, such as arthritis [11], cancer [12] and lung disease 
[13]. These pathological processes are likely to involve 
increased activation of p38 MAP kinase and NF-B. Ritchie, et 
al. (2007) reported that key proinfl ammatory cytokines such as 
tumour necrosis factor- (TNF-) could upregulate PAR2 [6]. 
Moreover, Alvarez, et al. (2017) demonstrated upregulation of 
PAR1 and PAR2 in odontoblast-like cells during infl ammatory 
responses in vitro.

To date, PAR2 studies have been limited to cultured 
odontoblasts and/or odontoblast-like cells that do not mimic 
the dentin-pulp complex during dental pulp infl ammation. 
PAR2 is the main mediator of pulpal infl ammation induced 

Figure 3: Photomicrographs of PAR2 immunostaining of dental pulp in sound and carious human teeth at various stages of carious progression (A-D). Odontoblast layer of 
an intact primary tooth (A), showing an even distribution of odontoblasts (yellow arrows). The odontoblast layers of teeth with early- and advanced-stage caries exhibited 
an irregular distribution (B, C). The odontoblast layer could not be observed in various samples with exposed pulp (D). Bar chart (E) showing the mean ± standard deviation 
PAR2 staining intensity values (Y-axis) of the odontoblast and sub-odontoblast regions in teeth at various stages of carious progression (X-axis) (* p < 0.05, ** p < 0.001; 
Tukey’s test).
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by pro-infl ammatory cytokines or even bacterial components 
such as Gingipain from P. gingivalis, which in turn cleave PAR2 
and lead to internalization of the receptor into the cells [14].

We hypothesized that dental caries could affect odontoblast 
PAR2 during the progression of dental caries. It is possible that 
the dentine-pulp complex could promote the differentiation 
of pulpocytes via the NF-B pathway. NF-B is known to 
participate in the defensive mechanisms that provide innate 
immunity during carious infection to regulate cytokine 
production and promote cell differentiation via infl ammatory 
processes [15]. However, odontoblasts and nearby cells may 
express different levels of the cell surface receptor PAR2 and 
NF-B, and the cellular and molecular events may vary at each 
stage of dental infl ammation.

The primary aim of this study was to investigate the effect 
of carious infection on the expression of PAR2 in odontoblasts. 
The secondary aim was to determine whether NF-B may also 
be involved in infl ammatory processes in the dental pulp.

We performed direct immunostaining for PAR2 and NF-B 
on non-carious teeth and teeth with different stages of caries. 
The immunofl uorescence approach was reproducible and 
enabled a comparative analysis of PAR2 and NF-B expression 
in odontoblasts on the outermost layer of the dental pulp.

Empirical fi ndings and theoretical implication

Immunostaining for PAR2 and NF-B revealed the intact 
dental pulp maintained the primary odontoblast layer in the 
early stage of caries. However, once caries advanced into 
the inner half of the dentine, the primary odontoblast layer 
exhibited an uneven and irregular pattern, and the primary 
odontoblast layer was completely lost in the samples with 
exposed pulp.

Odontoblasts could be an initial target of bacterial 
pathogens. The early stage of carious infection may result in 
acute activation of the innate immune response, as our data 
showed PAR2 was upregulated in odontoblasts in early (mild 
infection) and advanced-stage caries (moderate infection) 
in which the dental pulp was not exposed. However, PAR2 
expression sharply dropped once the pulp was exposed. 

NF-B is known to serve as a central infl ammatory mediator 
in the dental pulp. As the fi rst line of defence, we observed 
odontoblasts expressed higher levels of NF-B than the sub-
odontoblast region in all stages of carious infection. In early-
stage caries, NF-B was upregulated in the odontoblast layer 
but downregulated in the sub-odontoblast layer. In advanced- 
and late-stage caries where the odontoblast layer was severely 

Figure 4: Photomicrographs of NF-κB immunostaining of dental pulp in sound and carious human teeth at various stages of carious progression (A-D at 50× and E-H at 
200×). Odontoblast layer of an intact primary tooth (A, E), showing an even distribution of odontoblasts (yellow arrows). In early-stage caries, where the odontoblast layer 
remained intact (B, F), NF-KB was signifi cantly upregulated in odontoblasts but signifi cantly downregulated in sub-odontoblasts. The odontoblast layer exhibited an irregular 
distribution in teeth with advanced-stage caries (C, G). The odontoblast layer could not be observed in various samples with exposed pulp (D, H). Bar chart (I) showing the 
mean ± standard deviation NF-κB staining intensity values of the odontoblast and sub-odontoblast regions in teeth at various stages of carious progression (* p < 0.05, ** 
p < 0.001; one-way ANOVA with Tukey’s test).
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damaged, NF-B was downregulated in the odontoblast layer, 
and upregulated in the sub-odontoblast layer.

Moreover, many studies reported that cleavages of PAR2 
resulted in a synergistic increase in NF-kB-mediated gene 
expression, especially regulated TLR2, TLR3, and TLR4 
activation of NF-B in various cells such as mast cells [16], 
renal cells [17]. 

PAR2 expression in response to various infection

We found the expression of PAR2 in odontoblasts was 
affected by the progression of caries. Similar correlations have 
been reported in other organs. For example, previous studies 
showed intestinal epithelial PAR2 was upregulated during 
intestinal infl ammation and subsequently enhanced the 
process of protease sensing, cell proliferation and epithelial 
barrier function [18-21). Another study also reported higher 
PAR2 levels in the periodontal secretions of patients with 
chronic periodontitis [22]. Ritchie, et al. (2007) revealed that 
proinfl ammatory cytokines such as tumour necrosis factor- 
(TNF-) could enhance PAR2 expression [6]. Moreover, 
Alvarez, et al. (2017) also demonstrated that PAR1 and PAR2 are 
upregulated in odontoblast-like cells during the infl ammatory 
response in vitro [6,7].

Notably, the levels of PAR2 in odontoblasts dramatically 
dropped after exposure to the dental pulp. This effect may 
be related to the role of PAR2 in periodontal disease, as 
Porphyromonas gingivalis-derived proteases can cleave PAR2, 
which leads to upregulation of pro-infl ammatory cytokines. 
Similarly, an in vitro study by Giacaman, et al. (2009) found that 
P. gingivalis could activate and cleave PAR2 on oral keratinocytes 
in an Arg-(Rgp) gingipain-specifi c manner, which induced 
downstream signalling to upregulate pro-infl ammatory 
cytokines to promote an innate immune response [21]. 
Therefore, we suggest that the expression of odontoblast PAR2 
on the cell surface is downregulated as direct exposure of the 
dental pulp to Arg-(Rgp) gingipain leads to cleavage of Arg2.

NF-κB expression in response to various infection

To the best of our knowledge, this is the fi rst prospective 
study suggesting that there were contrasting patterns of NF-
B expression between odontoblasts and the sub-odontoblast 
region during early-stage, advanced-stage and late-stage 
caries. The levels of NF-B in the odontoblast region gradually 
decreased as caries progressed, whereas we observed a gradual 
increase in NF-B expression in the sub-odontoblast region as 
caries progressed.

Firstly, the decrease in NF-B expression in the odontoblast 
region may be because primary odontoblasts are lost and begin 
the regeneration of dentin. This is in agreement with the results 
of an in vitro study by Pei, et al. (2016), which showed that the 
expression of NF-B in dental pulp stem cells was reduced in 
the presence of infl ammatory cytokines, which subsequently 
enhanced odontoblastic differentiation and collagen matrix 
formation [23].

Secondly, the increase in the level of NF-B in the sub-
odontoblast region with the progression of caries could be 

related to the varied roles of NF-B in infl ammatory immune 
responses. NF-B is involved in the regulation of cytokine 
production, and it is possible that upregulation of NF-B 
by sub-odontoblast cells would regulate the production of 
cytokines by immune cells during the progression of caries. 
The upregulation of NF-B might also be related to the 
odontogenic differentiation of pulpocytes. Pulpocytes, the cells 
in the sub-odontoblast region, including fi broblasts, immune 
cells and stem cells, are activated by NF-B and form new 
odontoblast-like cells [24]; human dental pulp stem cells were 
shown to have a high potential for differentiation via the NF-
B pathway [25]. However, we could not determine the specifi c 
types of cells involved in odontogenic differentiation. A further 
cell-type-specifi c immunocytochemical analysis is required to 
identify the stem/precursor cells in the carious dental pulp. 

However, it should be noted that the reductions in 
odontoblast PAR2 and NF-B observed in this study may 
simply be due to the destruction of primary odontoblasts by 
infl ammatory processes. However, if primary odontoblasts are 
not destroyed, the next step would be to further investigate 
how odontoblasts and the nearby cells respond to infl ammatory 
processes. Further studies are required to directly explore the 
downstream effects of mild to severe infl ammation on the 
odontoblast layer and pulp cells, to more precisely identify the 
interplay between odontoblasts and nearby cells and provide 
further insight into the infl ammatory mechanisms involved in 
dental caries.

Conclusion

Our analysis of clinical samples extends the roles of PAR2 
and NF-B in the dentine-pulp complex and indicates the 
expression of these factors varies in the dentine-pulp complex 
and nearby cells during the progression of caries.

Limitations

Previously, many studies investigated the characteristics of 
dead odontoblasts. However, they were limited to only in vitro 
studies. In this study, we studied the destructions of primary 
odontoblasts by infl ammatory processes, but we cannot 
directly detect cell death in the odontoblast layer. Which may 
lead to altering various protein expressions.
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