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Abstract 

Traumatic dental injuries are very common in the first and second decades of life. 

Trauma, if severe, could result in irreversible changes such as root resorption 

and/or partial or complete pulp obliteration by hard tissue. Dental pulp calcific 

metamorphosis is the rapid calcification of the pulp soft tissue in response to 

trauma. It is characterised by the deposition of dentin-like and bone-like tissues 

inside the dental pulp. Total avulsion of teeth represents almost 16% of dental 

traumatic injuries where the replantation of teeth back into their socket is the first 

treatment of choice. Inflammatory cells and osteoclasts were reported in teeth 

replantation cases, highlighting the role of inflammation in this type of 

calcification.  Accordingly, the hypothesis of the current research was that dental 

pulp calcification and inflammation are closely integrated mechanisms. The 

immuno-histochemical localisation of a calcification molecule, dentin matrix 

protein (DMP-1), in pulp inflammation was performed. This was followed by 

determining its possible role in mediating inflammation by testing its induction of 

interleukin-6 (IL-6) and IL-8 expression in pulp fibroblasts. This pro-

inflammatory effect is enhanced using lipopolysaccharide (LPS). The inhibitor of 

p38 mitogen activated protein kinase (p38MAPK) (SB-203580) blocked this 

effect. Osteopontin (OPN) and osteocalcin (OCN) were also examined for their 

expression in pulp inflammation using western blot and immuno-histochemistry 

respectively. Vascular endothelial growth factor (VEGF) increased in response to 

OPN stimulation of pulp cells. DMP-1 induced the expression of OPN, OCN, 

alkaline phosphatase (AP) and VEGF. p38MAPK inhibitor decreased DMP-1-



 

 

induced OPN, AP and VEGF to their normal expression. Recombinant human 

DMP-1 showed marked calcification of ferret dental pulp chambers and DMP-1 

was localised at 2 and 6 weeks following the replantation of ferret premolars. In 

vivo blocking of the inflammatory effect of DMP-1 using p38MAPK inhibitor 

significantly decreased calcification inside the dental pulp at 2 and 6 weeks post 

replantation. It is concluded that the DMP-1 is involved in the development of 

calcific metamorphosis partly through its pro inflammatory effect. DMP-1 also 

promoted pulp cells proliferation, pro-inflammation, and angiogenesis. Our data 

demonstrate a novel therapeutic strategy by which dental pulp inflammation and 

calcification are prevented at the same time.  
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Introduction 

Endodontics is the branch of dentistry that deals with irreversible changes 

in the dental pulp and / or periapical tissues. Pulpectomy is the removal of the 

diseased dental pulp and it includes the mechanical preparation and the hermetic 

sealing of the root canal. The operation is not as easy as it sounds; it is a 

sophisticated procedure that meets several challenges. Root canal calcification is 

one of the most significant and frequent challenges that a clinician encounters 

during the daily practice of dentistry. Calcified root canals require a highly skillful 

practitioner to avoid complications such as perforation and/or irretrievable broken 

instruments. Calcification (secondary dentin) causing narrowing of the root canal 

occurs throughout life due to secondary deposition of hard tissue in response to 

occlusal wear. This process is a physiologic process that occurs with aging. The 

pulp and the dentin of the tooth are considered one whole tissue known as the 

dentin-pulp complex through which the dental pulp soft tissue reacts to any 

stimulus in the dentin. The dental pulp tissue is stimulated by caries, dental 

procedures and/ or trauma producing reparative hard tissues inside the dental pulp 

as a defensive mechanism against injury. The extent of hard tissue deposition 

varies according to the severity of the injury. In simple decays where odontoblasts 

are still alive, the deposition of reactionary dentin by the odontoblasts occurs. 

However, as the decay extends towards the dental pulp, degeneration of the 

odontoblasts is accompanied by the migration of the pulp cells to the affected site 

where they proliferate and differentiate into odontoblast-like cells. These cells lay 

down reparative dentin which insulates the decayed dentin from the remaining 
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dental pulp tissue (1). This reparative dentin differs in structure from primary 

dentin, formed during development, and from reactionary dentin, produced by 

viable odontoblasts (2), in the cells forming it (3). Since both tissues are produced 

as a defensive reaction from the pulp, they are called tertiary dentin (4). 

Dental trauma and calcific metamorphosis of the dental pulp 

Dental traumatic injuries are very common and represent up to 33% of the 

total traumas occurring in children in the first and second decades of life (5). In 

the severe form of dental traumatic injuries, the dental pulp defends itself by the 

deposition of circumpulpal hard tissue in the form of dentin-like and bone-like 

tissues resulting in what is known as pulp obliteration. Pulp obliteration is the 

clinical term used to describe the blocking of the root canal with calcified tissue, 

which is known as calcific metamorphosis (CM). CM is defined bythe American 

Association of Endodontists (AAE glossary of endodontic terms 2003) as the 

rapid deposition of hard tissue inside the dental pulp after traumatic injury to the 

tooth.  

Histological analysis of teeth with radiographic evidence of obliteration 

showed remaining pulp tissue between the calcified tissue (6). Histological 

sections of some of the teeth suffering either partial or total pulp obliteration 

showed a normal cellular pattern while others have shown an excessive amount of 

collagen deposition with a few cells (7). In some cases, the histological pattern of 

pulp tissue with calcification showed infiltration of inflammatory cells (7). The 

presence of resorbed areas of the root was a prerequisite in cases of root fracture 
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healing by hard tissue reunion (8), suggesting and stressing the role of osteoclasts 

initiating the deposition of hard tissue. 

 

Figure 1.1: Lateral luxation injury to two immature  central incisors. The roots of the 
traumatized teeth incompletely formed at the time of trauma (A). One year later, the continuity of 
the upper right central root growth with narrowing of the root canal while the central incisor root 
did not grow further (B). After 18 months, the right central incisor showed a narrower canal 
(arrow head). However, the left central incisor showed a bony tissue in-growth characterized by 
the presence of thin radiolucent line separating the radio-opacity inside the root canal from the root 
dentin wall (arrow) (C). Two and half years from the onset of trauma, the right central incisor is 
almost totally obliterated with hard tissue (arrow head), while the left central showed no further 
growth of the root with a well defined internal bony-like growth inside the root canal (arrow) (D). 
These radiographs are courtesy of Dr. Samuel Switzer. 
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Statement of the problem of calcific metamorphosis 

Although composed of vital bone tissue, calcified teeth show a 

characteristic change of tooth color into yellow or grey in almost all the reported 

cases (9, 10). Since trauma to the teeth is common during childhood and most  

studies have discussed pulp calcification in the anterior dentition, an esthetic 

problem is unavoidable (11). The tendency of calcified teeth to become necrotic 

where an endodontic intervention is inevitable, may reach 33% of the cases, 

according to the latest report(10). This percentage reaches 70% when evaluating 

partially obliterated teeth with periapical changes suggesting pulpal necrosis (5). 

The treatment of these cases is met with many challenges (6, 12-14). These 

challenges include, but are not limited to, the inability to test vitality based on the 

current viability testing devices (15-17), difficulty and time consumption locating 

the root canal (18). In addition, it is difficult to thoroughly clean the obstructed 

canal or to accurately determine the working length (19), and finally restoring the 

esthetic appearance of the tooth itself (20-22).  

These problems render the obliterated (calcified) teeth inoperable and 

sometimes impossible to deal with, and extraction of the tooth then becomes the 

alternative choice. 

Types of trauma causing calcific metamorphosis 

The difficulties encountered with calcified pulp canals emphasize the 

importance of studying pulp calcification with particular focus on the proteins 

involved in this process. The greater the severity of the trauma, the faster the 

deposition of calcified tissue in immature teeth, i.e., with open apices (23). The 
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severity of the trauma could range from concussion and subluxation to lateral 

luxation, intrusion and extrusion with the most severe form of traumatic injuries 

being the complete avulsion of the tooth. Cases of avulsion followed by 

replantation showed the highest percentage of pulp calcification among traumatic 

injuries to the teeth (24). Almost all the immature teeth that undergo avulsion 

followed by replantation, considering all other factors are favourable, present with 

pulp canal obliteration (25). Partial pulp obliteration could be assessed as early as 

4 months after replantation (26).  It is generally agreed upon, that the frequency of 

pulp obliteration depends on the severity of the injury to the neurovascular 

bundle; hence it is more frequently found in immature teeth with open apices. 

Consequently, it was hypothesized that extraction and replantation can be used as 

a model to study pulp CM. 

Mechanism of calcific metamorphosis based on replantation experiments and 

the cells potentially involved in its formation 

The mechanism of pulp calcification in response to trauma (calcific 

metamorphosis) is largely unknown. Evidence from immuno-histochemical 

analyses showed the presence of inflammatory cells aligned along the pulp-dentin 

border immediately after the degeneration of the odontoblasts in replantation 

experiments (27, 28).  At the same time, pulp cells differentiate into dentin-

forming cells to lay down tertiary dentin (29). The presence of osteoclasts or 

odontoclasts along the pulp-dentin borders explained the presence of osteoblasts 

and the formation of bone-like tissue in the center of the dental pulp (30). It is 

suggested that the inflammatory cells present in the area, which also have a 
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similar embryonic origin as osteoclasts, are the precursors for the osteoclasts (31). 

The osteogenic nature of dental pulp cells has been reported (32, 33) and explains 

the presence of osteoblasts. Accordingly, several studies have described the 

mechanism of pulp calcification following the physiologic bone remodeling 

mechanism (30, 34). 

 

Figure 1.2:  The mechanism of calcific metamorphosis. At the onset of trauma, the frustrated 
odontoblasts secrete their extracellular matrix (1). Matrix proteins stimulate the dental pulp cells to 
migrate towards the dentin, proliferate and differentiate into odontoblast-like cells to lay down a 
reparative tertiary dentin (2). Some of these cells are osteogenic in nature and tend to differentiate 
into osteoblasts upon stimulation (3). The odontoblastic cell layer degenerates (4), concomitantly 
being replaced by inflammatory cells, mainly neutrophils, macrophages and dendritic cells (5). 
Osteoclasts were reported at this time at the surface of the root dentin. They interact with pulp 
cells (6) and with the differentiated osteoblasts (7) to initiate the bone remodeling mechanism (8). 
Once the pulp cells are stimulated, they tend to form new osteoblasts to lay down the new bone 
obliterating the dental pulp (7 and 8). (OD: Odontoblasts, DOD: Degenerated Odontoblasts, BV: 
Blood Vessel, ICs: Inflammatory cells, OC: Osteoclasts). 

 
Early in the last decade, a stem cell population was isolated from the 

dental pulp (35, 36). This population has the capacity for multi-lineage 

differentiation according to their culture conditions. It has been postulated that 
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they play a role in pulp healing through their odontogenic/ osteogenic 

differentiation potential (37). Nevertheless, there is controversy regarding the 

percentage of these cells and whether they are able to perform this healing pattern 

on their own (38, 39).  

The process of deposition of hard tissue inside the dental pulp after 

severing of the neurovascular bundle occurs concomitantly with revascularisation 

(24).  The tooth needs to retrieve its blood supply which was lost during trauma. 

The role of endothelial cells in calcification is currently under research, 

specifically in cardiovascular diseases. However, they were slow to enhance 

calcification of dental pulp cells.  

Mineralisation markers and pulp calcific metamorphosis 

Mineralisation is a tripartite phenomenon that requires minerals, collagen 

and non collagenous proteins. These proteins link the hydroxyapatite crystals 

formed inside the collagen fibers withcollagen. Most mineralised tissues are 

produced in a similar manner except enamel where collagen does not exist (40). 

The SIBLINGs (Small Integrin Binding Ligand N linked Glycoprotein) family of 

proteins is composed of bone sialoprotein (BSP), osteopontin (OPN), dentin 

matrix protein-1 (DMP-1), dentin sialophosphoprotein (DSPP), and matrix 

extracellular phosphoglycoprotein (MEPE) (41). These SIBLINGs are involved in 

the process of calcification via their multiple phosphorylated sites and their 

common arginine glycine aspartate (RGD) motifs (41). Other non collagenous 

proteins reported in the matrix of mineralised matrix and are important for the 
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mineralisation process included osteocalcin (OCN), osteonectin (ON) and alkaline 

phosphatase (AP). 

Role of inflammation and inflammatory mediators in pulp calcification and 

revascularisation 

Neutrophils, dendritic cells and macrophages are present in the pulp tissue 

in animal models of tooth replantation prior to the formation of hard tissues (27, 

31, 42), as well as after the production of bone like tissue inside the dental pulp 

(42). The formation of dentin like tissue after tooth replantation is probably a 

recapitulation of primary dentinogenesis during which pulp cells produce 

reparative dentin (43, 44). Since inflammation is a prerequisite for pulp repair 

(45), inflammatory molecules, present in the dentin matrix (46), may have an 

integral part in the development of hard tissue inside the dental pulp. In fact, 

various cytokines stimulate pulp cell expression of calcification markers in vitro 

(47, 48). In addition, angiogenic factors, which are invariably present in 

inflammatory diseases, stimulate the expression of calcification markers from 

pulp cells and induce calcification inside the dental pulp (49, 50).  

From the aforementioned, it can be concluded that the dental pulp 

undergoing CM secretes calcification proteins which are bone/ dentin matrix 

components (42-44, 51). Dentin matrix proteins have a wide array of properties. 

They can induce inflammation leading to mineralisation of pulp cells (50, 52), 

stimulate pulp cell proliferation and differentiation (53), and/or  induce 

vasculogenesis via stimulating the expression of angiogenic markers (54, 55). 
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 DMP-1 is a marker of calcification inside the dental pulpand of both 

dentin and bone production (56). However, its role in CM is not known. 

Application of DMP-1 on pulp tissue in vivo induced the calcification of the pulp 

chamber (57, 58). Rat DMP-1 stimulated rat dental pulp cells to differentiate into 

odontoblasts (57). Overexpression of rat DMP-1 induced odontogenic 

differentiation of mesenchymal cell lines (59). Therefore, wehypothesise that 

DMP-1 has a multifunctional property inside the dental pulp that would lead to its 

calcification. 
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Rationale 

The prevention of pulp calcification is the goal of this thesis project. This 

necessitates studying the mechanism of pulp calcification and obliteration. 

Calcification of the dental pulp occurs as a result of dental injury which could be 

in the form of decay, restorative procedures, chemical materials as well as impact 

trauma to immature teeth. Calcified root canals are difficult and sometimes 

impossible to treat which may lead to the eventual extraction of the affected tooth. 

The mechanism behind pulp calcification is not yet clear. The bone remodeling 

mechanism is suggested as one of the mechanisms behind it. Inflammation and/or 

inflammatory cells have been reported in studies of pulp injury and pulp calcific 

metamorphosis. Therefore, the current experiments are aimed towards the 

mineralization proteins involved in pulp inflammation. DMP-1 is one of the 

important calcification proteins which have not been confirmed in reports to be 

involved in pulp calcification and/or inflammation. The effect of DMP-1 on pulp 

cells in terms of stimulating inflammatory mediators and bone remodeling 

proteins such as OPN, OCN, AP and VEGF was studied. Possible functions of 

DMP-1 and OPN in pulp inflammation are suggested which included the 

induction of VEGF expression from pulp cells. Experiments attempting to block 

the DMP-1 effect on pulp cells in vitro were performed with consistent results 

which led us to use the same drug to test its ability to prevent pulp calcification in 

an in vivo model of pulp calcific metamorphosis.  
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Examining the effect of a calcification protein on pulp inflammation and as a bone 

remodeling marker is a step to identify the mechanisms behind pulpal 

calcification and resorption occurring in response to dental injury.  

The review of the literature will explore the reports related to pulp injury in 

response to trauma as well as the traumatic model described in these reports 

(extraction and replantation as a model of total tooth avulsion and placement of 

the tooth back into its socket as the only treatment option). The expression and the 

effects of DMP-1, OPN, OCN, VEGF, IL-6 and IL-8 on the dental pulp tissue/ 

cells in vitro and in vivo will also be reviewed and tested. 
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Literature review 

The following is a detailed review of the literature that will cover studies related 

to pulp calcification in the following sequence:  

I. Replantation experiments 

1.  Replantation studies in humans  

a. Factors implicated in the development of 

calcification inside the dental pulp of 

traumatic teeth 

b. Statement of the problem 

2. Replantation and transplantation studies in animals.  

a. Source of cells producing pulp calcification 

b. Revascularisation as a mechanism behind 

pulp calcification 

c. Transplantation of teeth or dental pulp to 

demonstrate pulp calcification 

d. Two hard tissues are reproduced inside the 

replanted tooth 

e. Inflammation and replanted teeth 

II.  Expression of mineralization markers in the dental pulp 

1. Dentin Matrix protein-1  

a. DMP-1 and Knock out (KO) mice 

experiments.  
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b. DMP-1 expression and mechanism of 

cellular activation.  

c. DMP-1 and the dental pulp. 

2. Osteopontin and osteocalcin. 

a. OPN expression in response to injury 

b. OCN expression in response to injury 

3. Vascular Endothelial growth factor 

III.  The use of human growth factors/ proteins as pulp capping agents and the 

formation of intra-pulpal calcification. 

IV.  Dental pulp inflammation and its role in pulp calcification  

a. IL-6 as marker of inflammation, fibrosis and root resorption 

b. IL-8 as marker of inflammation and root resorption 

c. Mitogen activated protein kinase (MAPK) 14 (p38) signalling 

pathway 

I. Replantation experiments 

1. Replantation studies in humans 

Andreasen and Hjorting-Hasen (60) evaluated 110 replanted teeth, from 3 

months to 13 years post-replantation, for the presence of root resorption in 

accordance with the time spent extra orally up to 150 min. Thirteen teeth had 

immature roots, at the time of trauma, and 7 of these teeth showed manisfestations 

of pulp obliteration starting one year post-replantation. When teeth that spent 

more than 90 minutes extra-orally were excluded, 100% of the teeth with 
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immature roots developed pulp obliteration. Another study (26) evaluated 72 

replanted immature teeth in terms of healing pattern and found that only 18% of 

the cases healed by hard tissue deposition in the lumen of the pulp space. From 

these teeth, 6 showed continuing root development with the deposition of tertiary 

dentin at the dentinal walls as early as 4 months post-replantation. In contrast, 7 

lacked progressing root formation, but showed  deposition of hard tissue 

continuous with the alveolar bone as early as 3 months post-replantation. Healing 

by pulp obliteration occurred in 28% of cases when the extra-oral time was 

limited to 45 minutes or less. Based on the findings, the research group speculated 

that the extra-oral time might have affected the vitality of the pulp and 

accordingly affected the quality of the hard tissue formed i.e., dentin versus bone. 

Gonda et al. (25) showed that root canal obliteration occurred in all 29 cases 

studied with the first sign of calcification at one year post-replantation. They 

found that the extra-oral time is more critical than the time interval between 

avulsion and replantation. They monitored the teeth for up to 6 years, and 5 teeth 

were lost due to development of root resorption. In a 4part report (61-64), 400 

cases of replantation were studied in terms of diagnostic and healing 

complications of the root continuity, the pulp or the periodontal tissue. The 

authors showed that the larger the diameter of the root apex and the shorter the 

length of the root at the time of replantation, the better the healing of the pulp. 

The authors used pulp obliteration as a criterion for success and a sign of 

revascularisation of the replanted tooth. They also suggested that the faster the 

replantation occurs after avulsion, i.e., less than 5 minutes, the better the 
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prognosis. Thus, the time spent out of the socket is the crucial factor behind pulp 

“revascularisation” and consequently the ischemic conditions of the pulp would 

affect the prognosis of the case. Pulp healing by obliteration was recognised 

starting from the sixth month post replantation with a success rate of 34% among 

immature rooted teeth.  

a. Factors implicated in the development of calcification inside the 

dental pulp of traumatic teeth 

The factors involved in “pulp space obliteration” are the extra-alveolar 

time, the storage condition of the tooth (dry or wet, in physiologic or non 

physiologic media), the width of the root canal apex, the length of the root canal 

and the frequency of recurrent traumatic episodes to the tooth (65). The guidelines 

published by the IADT (International Association of Dental Trauma) in 2007 (66) 

for management of avulsed teeth state that the frequency of hard tissue deposition 

is higher in immature teeth and that extra-oral time is the most important factor in 

determining pulp healing. This was demonstrated when Johnson et al. (67) 

showed 100% obliteration in their two-case report when the teeth were replanted 

immediately following the accident. Pulp space obliteration starts as early as the 

fourth month post replantation, which highlights the importance of close 

monitoring of the case during the first year. Kling et al. (26) and Andreasen et al. 

(61) showed that sometimes there is a bony in-growth from the alveolar bone 

inside the pulp, identified by the presence of lamina dura. Although a very 

interesting finding, the lack of a good control, the difference in follow up periods 

and the difficulty of obtaining histological sections of these human teeth to 
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identify the nature of the hard tissue formed may have affected the conclusions. 

Except for 2 studies (60, 61) which used weekly radiographs to compare the 

narrowing of the pulp space, most clinical reports do not use controls. 

Andreasen’s research group used the neighbouring teeth as controls in case of 

multiple avulsed teeth in the same patient to compare revascularisation (62). The 

inability to examine these teeth histologically, to identify the nature of the intra-

pulpal calcification, presented a drawback in these studies.  

b. Statement of the problem 

A clinical study has recommended that endodontic treatment of replanted teeth 

should be considered a valid option to optimise healing (68). The same article has 

shown that almost 75% of the open apex group had favourable uncomplicated 

healing of the periodontal membrane if the teeth were kept dry and replanted 

within 15 minutes from the time of avulsion. However, a group of clinical 

researchers found endodontic intervention unjustified, and recommended it only 

in cases where a post was indicated (69). This controversy necessitates further 

studies to research the possible complications of endodontic intervention in 

replanted teeth.      

A thorough review of the animal experiments done in this field will provide the 

reader with a better understanding of the suggested mechanisms behind CM. 

Replantation of avulsed immature teeth represents the best model to develop pulp 

calcification (70). 
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2. Replantation and transplantation studies in animals 

a. Source of cells producing pulp calcification 

Using transgenic rats for green fluorescent protein (GFP), it was possible 

to identify the source of cells forming the intra-pulpal hard tissue (51). Molars 

from GFP-labeled rats were extracted and replanted in the corresponding sockets 

of conventional rats. GFP expressing cells (donor pulp cells) were found around 

the new bone and the new dentin formed inside the dental pulp after 14 days. The 

bone-like tissue was surrounded by GFP as well as non GFP stained cells. This 

suggests that the source of the new hard tissue inside the pulp of the replanted 

molar is mainly from the donor pulp cells. It was also concluded that cells of the 

host share in the formation of the bone-like tissue formed in the replanted teeth.  

Mesenchymal cells were implicated in the process of calcification. Bone 

morphogenetic proteins (BMPs) are expressed by pulp cells (71). These proteins 

stimulate the differentiation of mesenchymal cells into odontoblasts and 

osteoblasts (72, 73) by inducing the expression of Runx2 and bone matrix proteins 

(74). Accordingly, it was suggested (51) that the osteoblast differentiation of 

mesenchymal cells is bone morphogenetic protein- 4 (BMP- 4) dependent since 

the protein was localized 5 days after replantation, in cells around blood vessels 

and around the bone-like tissue. 

b. Revascularization and pulp calcification 

According to Zhao et al (51), revascularization possibly determines the 

differentiation of cells into dentin and/or bone forming cells. Their suggestion is 
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supported by the fact that hypoxia as well as re-oxygenation affects the cellular 

phenotype of pulp cells (75). 

Hypoxia stimulates the production of angiogenic proteins (76), cellular 

proliferation (77) and induces the odontoblastic differentiation of pulp cells (78). 

Revascularization and angiogenesis are considered important factors for pulp 

healing after replantation (62, 67) and healing of the dental pulp in response to 

traumatic injury (79-84). Because of the importance of angiogenesis in dental 

pulp repair (85, 86), Mullane et al. (55) tested the effect of  vascular endothelial 

growth factor (VEGF) and fibroblast growth factor (FGF) on the induction of  

healing in transplanted human teeth. Using the tooth slice technique (86, 87), they 

cultured the extracted human teeth slices with FGF and VEGF and transplanted 

them subcutaneously in immuno-compromised (IC) mice. They found that VEGF 

increased vascular density in the transplanted slices, suggesting that treatment of 

avulsed teeth with VEGF may promote healing.  

c. Transplantation of teeth or dental pulp to demonstrate pulp 

calcification 

Subcutaneous transplantation of rat maxillary molars has been used to 

show the development of hard tissue inside the dental pulp of transplanted molars 

(43). To determine the nature of the hard tissue formed, the same research group 

transplanted only the rat pulp tissue subcutaneously (44). These studies showed 

that the mineralised tissue produced is of bony nature and is immuno-positive for 

osteopontin (OPN), bone sialoprotein (BSP) and osteocalcin (OCN) and immuno-

negative for dentin sialoprotein (DSP). Using the incisor pulps of GFP rats, they 
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showed that the source of bone forming cells is the transplanted dental pulp tissue. 

They also described the initial formation of this new tissue to be from 

necrotic/degenerated cells that formed a niche for apatite deposition. They 

concluded that the dental pulp mesenchymal cells are the source of the new bony 

tissue formed after trauma and that these cells require dentin matrix and/or 

epithelial cell infiltration to produce dentin.. Several transplantation experiments 

demonstrated the osteogenic potential of the dental pulp tissue (88-90), however 

they were not able to suggest a source for the newly developed bone-like tissue. 

Bonnucci and Nanci used tartrate-resistant acid phosphatase (TRAP) as a marker 

for osteoclast lineage cells (91). To determine the cellular source of this hard 

tissue, research groups used this marker and found TRAP positive cells close to 

the pulp dentin border and to the blood vessels of allografted and/or autografted 

teeth pulps suggesting the production of bone tissue by both the donor and the 

host (34, 92). This was confirmed by allograft transplantation experiments using 

ROSA26 reporter mice (34). In these transgenic mice, the pulp cells around the 

bone-like tissue were positive and negative indicating that both donor and host 

mesenchymal cells differentiated into osteoblast cells (34). While those cells 

around the newly formed dentin were positive only, indicating that the newly 

differentiated odontoblasts came from the donor cells only. The transplantation 

model of the pulp tissue eliminated the effect of the periodontal tissue cells on the 

production of hard tissue inside the dental pulp by removing this tissue prior to 

transplantation (34). Nevertheless, this did not exclude host influence (34).  
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d. Intrapulpal bone and dentin-like tissues inside the replanted tooth 

Intra-pulpal bone and dentin-like tissues are produced in response to tooth 

replantation (93, 94). The presence of two types of tissues was suggested to be 

due to the alteration in the epithelial root sheath of Hertwig  (95). 

Revascularization is considered a measure of pulpal healing (26, 79, 96). 

However, the proliferation of pulp cells and their differentiation into hard tissue 

forming cells (97) will remain one of the most important parameters when 

evaluating pulp healing in response to tooth replantation (98). The pulp cells 

which produce dentin require the surrounding dentin matrix to act as a scaffold for 

further differentiation into odontoblasts which lay down the new dentin in 

response to trauma. This was shown by the potential of an isolated dental pulp 

transplanted sublingually in the rat to form bone tissue only (34). Mature 

odontoblasts were tracked for their degeneration and then their differentiation 

from pulp cells in a model of tooth replantation in rats (99). Odontoblasts died 

immediately following tooth replantation. Then new dentin is laid down by new 

odontoblast-like cells on the fifth day post-replantation. Some of the cases 

developed only bone-like tissue and did not show immuno-reactivity to the 

odontoblast cells. However, osteoblast-like cells were present in the area of the 

bone-like tissue. It was suggested that root resorption happens due to stagnation of 

inflammatory cells, and that this could induce the deposition of bone-like tissue in 

the pulp of replanted rat molars (27).  

Regarding root resorption in replantation cases, a report has demonstrated 

the localization of osteoclasts along cells of the dentin-pulp border after rat molar 
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replantation (30). This localization was concomitant with the deposition of bone-

like tissue inside the dental pulp. They have also reported the expression of 

alkaline phosphatase (AP) as a marker of osteoblasts/odontoblasts. This is 

supported by the fact that osteoblast differentiation is preceded by the 

differentiation of blood cells into osteoclasts or bone reducing cells in a bone 

remodeling mechanism.  

Because the dental pulp contains cells that express markers of bone 

remodeling such as receptor activator of nuclear factor-kappa β ligand (RANKL) 

(100, 101), it was suggested that osteoblast/ osteoclast regulation is the main 

factor that stimulates bone deposition in replanted teeth (30). A research group 

explained the diversity of hard tissue deposition based on the diversity of the 

origin of pulp cells (102). They have also attributed the presence of osteoclast 

lineage cells together with dendritic and macrophage cells  (27) in replanted teeth 

and in tooth injury model (29) to the fact that they have the same embryonic 

origin (103).  

e. Inflammation and replanted teeth 

Macrophages, dendritic cells and neutrophils are found in replanted teeth 

(27, 28) during early healing by dentin-like tissue deposition. They appeared 

during the first 3-5 days post replantation and were present for up to 84 days (28). 

Their limited localization to the pulp dentin border was explained by the presence 

of areas of denuded enamel enabling the entry of bacterial products from the oral 

flora. This happened concomitantly with the degeneration of the odontoblasts 

clearing the way for toxins to reach the pulp and at the same time minimizing the 
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outward movement of the dentinal fluid (28). The authors explanation for the 

presence of these inflammatory cells was based on previous studies that showed 

the infiltration of inflammatory cells inside the dental pulp in response to different 

types of pulp injury (27, 104-106). The source of inflammatory cells is possibly 

the blood vessels after their rupture in avulsed teeth (96). Macrophages around the 

bony tissue inside the replanted teeth pulps may protect the new bone tissue from 

invading microorganisms and their byproducts (28), but they may also have a role 

in angiogenesis, regeneration of neural elements and fibroblast 

proliferation.Neutrophils penetrate the pulp tissue of replanted teeth as early as 3 

days post-replantation (42), together with the loss of nestin (odontoblast marker) 

immuno-positive cells which appear later for the deposition of reparative dentin. 

This finding suggested a possible role for the neutrophils in odontoblast 

differentiation (27, 29, 107).  

One of the factors that caused the production of more bone- like tissue 

than tertiary dentin inside the replanted teeth is the time spent by the tooth outside 

the oral cavity which was accompanied by prolonged inflammation (42). These 

findings suggest that factors such as hypoxia and inflammation are related to the 

deposition of bone-like tissue inside the dental pulp. Since it is now known that 

hypoxia stimulates the expression of calcific markers from pulp cells, therefore it 

contributes to the production of bone like tissue. However, tertiary dentin 

produced in response to tooth replantation can be explained to follow the 

mechanism by which the pulp cells respond to injury (29, 99, 108).  
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From the above mentioned, it can be concluded that the pulp cells are the 

source of hard tissue deposition in replanted/transplanted teeth. The process of 

repair and the process of CM are intimately integrated and it is important to 

highlight the matricellular interactions of the dental pulp in vitro and in vivo. A 

special focus will be placed on the potential functions of DMP-1, OPN, OCN and 

VEGF in dental pulp repair as the core targets of the experiments of this report. 

II.  Expression of mineralization markers in the dental pulp 

1. Dentin Matrix protein-1  

Dentin matrix protein-1 (DMP-1) is initially identified from a DNA library 

of mouse odontoblasts (109). In humans, DMP-1 is on chromosome 4q21 (110). 

The full length protein is suggested to be the precursor for the two fragments 

resulting from its cleavage (111). The two fragments include the NH2-terminal 

(37 kDa) and the COOH terminal (57 kDa) (112). The 57 kDa fragment is known 

for its mineralisation roles due to its high acidic domains (113). The function of 

the 37 kDa fragment is not well understood. A glycosaminoglycan chain is 

attached to the 37 kDa fragment (114). Huang B et al. (56) showed that the DMP-

1 available in dentin and bone matrix is mainly in its processed fragments: the 

NH2 and COOH terminal groups. They also showed that the full length DMP-1 is 

available in both dentin and bone tissues, and that the molecular weight of the 

reported full length protein was around 105 kDa. Although they showed that the 

full length is present in rat odontoblasts, they concluded that the cells producing 

DMP-1 express it in its processed forms. Immunohistochemical analysis (115, 
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116) showed that the NH2-terminal fragment is localised in the predentin and pulp 

cells of developing molars but it was limited to the predentin in developed molars. 

In the same experiment, the COOH- terminal fragment was limited to the 

mineralised dentin structure at the developing and the developed stages 

confirming the role of this fragment in mineralisation. In bone, the NH2 terminal 

was localised in the proliferating cellular zone while the COOH terminal was 

limited to the ossified zone. Ultra-structural observations showed that the NH2 

terminal is limited to the cell membrane and the processes of the osteocytes 

compared to the COOH terminal which was localised in the nucleus of these cells. 

The full length specific antibodies localised it in different compartments of the 

bone and dentin (56). Recently, DMP-1 was shown to control mineralization 

independent of collagen and this was through the identification of DMP-1 in 

peritubular dentin, which lacks collagen, and at the same time at the dentin-

enamel border suggesting a new role for DMP-1 in the mineralisation of collagen-

free mineralised tissue (enamel) (117, 118).  

a. DMP-1 and Knock out (KO) mice experiments 

DMP-1 KO in vivo experiments (119-123) showed dental deformation in 

the form of wider pulp space and narrower dentinal thickness, wider predentin, 

less mineralised dentin structure and malformed dentinal tubules. The DMP-1 was 

also shown to be of significant importance to healthy periodontal tissues which 

was shown in KO experiments which demonstrated the destruction of alveolar 

bone and an insufficient amount of cementum increasing the susceptibility to 

periodontal diseases. At the skeletal level, DMP-1 is crucial for the maturation of 
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osteoblasts into osteocytes which are recognised by their irregular lacunae and 

lack of their processes in KO experiments. These defects were reversed by the re 

expression of DMP-1 (119, 124). A recent study showed that the DMP-1 

processing into fragments is the main reason behind the skeletal and dental 

deformations found in DMP-1 KO mice (125).       

b. DMP-1 expression and mechanism of cellular activation 

DMP-1 was not localised in dental pulp cells or in predentin using in situ 

hybridization technique (110). It was later shown to be expressed by pulp cells of 

developing teeth (126). The difference in expression of DMP-1 in reactionary 

dentin compared to primary dentin seen in aged rat molars is probably related to 

the fact that DMP-1 is not expressed by mature rooted pulp cells (127, 128). 

However, the increased expression of DMP-1 in reactionary dentin of a rat incisor 

trauma model is related to the rat’s continuously erupting incisors (127). This is in 

accordance with localising the DMP-1 in immature human teeth but not in mature 

ones (129). DMP-1 was highly expressed in osteocytes in the new bony tissue 

formed by mouse dental pulp tissue implanted in the kidney capsule (130). DMP-

1 was shown to promote cell attachment through binding sites with its RGD 

containing peptide and this activation is cell and/or tissue specific (131). Also, 

through its RGD motif it binds to cell surface integrin (αvβ3) (132) and is shown 

to bind to CD44 cell surface receptor (41). In 2008, a glucose release protein 

(GRP-78) was suggested to help the internalisation of DMP-1 via endocytosis in 

the cells MC3T3 (133). This group later showed that this internalisation is 

accompanied by calcium release from the endoplasmic reticulum that 
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phophorylates the p38 downstream pathway (134). Activation of p38 is the 

precursor of phosphorylation of Runx2, a transcriptor factor that regulates genes 

of osetoblast differentiation including osteocalcin (OCN). The p38 inhibitor (SB-

203580) inhibited the expression of both Runx2 and OCN from preosteoblast cell 

line. The inhibition of the p38 through this pharmaceutical inhibitor was more 

effective than the use of the antibody for GRP-78 in terms of prevention of Runx2 

and OCN expression (134).  

c. DMP-1 and the dental pulp 

Recombinant rat DMP-1 was shown, in an in vivo pulp capping model, to 

stimulate the production of reparative dentin by dental pulp cells which were also 

immunopositive to DMP-1 (57), suggesting the possibility that this protein works 

on pulp cells in an autocrine manner. Stable transfected mesenchymal cell lines 

with rat DMP-1 induced their differentiation into odontoblast-like cells (59). The 

odontoblastic differentiation was confirmed by the elevation in AP, OCN, OPN, 

BMP-2, BMP-4 and DSPP gene expressions. Chaussain et al. (58) used matrix 

metalloproteinase-2 to cleave the DMP-1 and evaluated the cleaved fragment in 

an in vivo model of pulp capping. They demonstrated that pulp cells expressed 

DMP-1 and DSP in response to pulp capping. Furthermore, they showed that 

using the cleaved DMP-1 in pulp capping caused a marked pulp chamber 

calcification, although with a favourable healing pattern in terms of reparative 

dentin formation. To simulate perforation repair, ex vivo human teeth were 

prepared to form discs that were implanted subcutaneously in mice after loading 

them with several scaffolds, a growth factor and combinations of cells (135). The 
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group containing the pulp stem cells impregnated with DMP-1 in a collagen 

scaffold showed the full picture of a normal vascularised pulp tissue. This finding 

highlights the possible role of DMP-1 in revascularization of the dental pulp in 

case of injury. In the context of revascularisation, FGF2, a known pro-angiogenic 

protein, induced the expression of DMP-1 in reparative dentin and cells forming it 

when used in a moderate dose (100-500 mg/ml) (136). However, when 

consistently secreted from hydrogels, the cells produced a DMP-1 positive 

osteodentin in the dentin coronal cavity prepared for the capping technique (136). 

This experiment has shown that the DMP-1 is produced in the hard tissue formed 

in response to capping with FGF-2 independent of the type of tissue i.e. whether 

reparative dentin or osteodentin. This report suggests DMP-1 as a marker of both 

tissues dentin and bone inside the dental pulp. The results of this experiment are 

supported by the fact that FGF-2 induced DMP-1 gene expression in dental pulp 

cells (137).  

The advancement of tissue engineering in endodontics demanded testing 

many conditions by which pulp cells undergo odontogenic differentiation. In this 

context, DMP-1 was successfully used as a growth factor in the presence of a 

collagen scaffold to induce dental pulp stem cell regeneration and to engineer a 

similar pulp tissue in vivo (138). Dental pulp stem cells (DPSCs) were found to 

increase expression of DMP-1, DSPP and AP after 21 days of culture in a 3D 

scaffold material for tissue engineering purposes (139). A recent experiment on 

mouse pulp cells was performed to test the effect of adding Arginine-Glycine-

Aspartate peptide (RGD), known for promoting calcification, to a polymeric 
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material, with the objective of inducing repair in the form of odontogenic 

differentiation of pulp cells (140). In this report, markers of odontogenic 

differentiation of cells included DMP-1, DSPP and VEGF. This indicates that the 

active motif of the DMP-1 stimulates its expression together with an angiogenic 

protein, like VEGF, from pulp cells. 

Removing caries through the application of laser is currently under 

research. In an in vitro model using mouse pulp cells, laser irradiation was found 

to stimulate the expression of odontogenic markers including DMP-1, VEGF and 

AP genes at 3 and 10 days of culture (141). The effect of growth factors on the 

odontogenic differentiation of pulp stem cells was measured through the 

evaluation of odontogenic markers: DMP-1 and DSPP gene expressions (137). It 

was shown that the FGF2 and transforming growth factor β (TGFβ) 

synergistically increased the AP activity and the expressions of DMP-1 and DSPP 

genes. These data represent the possible effect of growth factors available in the 

dentin matrix during caries progression towards the pulp tissue, where growth 

factors are released and diffuse into pulp cells (87, 142). In an attempt to simulate 

primary dentinogenesis in vitro, the conditioned media from tooth germs were 

used to culture DPSCs of rats and it was found to induce odontogenesis marked 

by an increase in DMP-1 and DSPP gene expressions together with DSP and 

collagen protein synthesis (143). To confirm their in vitro results, they implanted 

the conditioned cell pellet subcutaneously in rats where it produced primary 

dentin with dentinal tubules. However, the control pellet, produced a bony tissue 

indicating the osteogenic potential of the DPSCs. In the context of bone forming 
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potential, dental pulp cells were used to generate bone in vivo through stimulation 

by osteogenic medium and rhBMP2 (144). Their osteogenic characteristics were 

marked by the mRNA upregulation of DMP-1, OPN and OCN and the increase in 

AP activity.  

In a recent study, MEPE a SIBLING family member, induced the gene 

expression of DSPP, OCN, BSP and Collagen1(Col1) from dental pulp cells (53). 

This was one of the first experiments that show the effect of a recombinant 

SIBLING family member on the osteogenic matrix expression of dental pulp 

cells. This research also showed that MEPE induced the proliferation of dental 

pulp cells which makes the SIBLINGs multi-functional when expressed inside the 

dental pulp. 

From the aforementioned, it appears that the DMP-1 is used as a marker 

for tooth repair and for the development of both dentin and bone in vitro and in 

vivo.  

2. Osteopontin (OPN) and osteocalcin (OCN)  

a. OPN expression in response to pulp injury 

OPN and bone sialoprotein (BSP) were immuno-localised in the process 

of pulp repair after pulp capping with calcium hydroxide. The presence of both 

proteins appeared in the early stages of repair at day 3, while OPN expression 

persisted up to day 10 post-operation (145). OPN is present in pulp stones along 

with collagen, while OCN and ON have not been seen (146). This report clearly 

describes OPN as a marker of pulp calcification beside its involvement in the 
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early stage of repair. OPN was localised in odontoclasts and neutrophils at 10 and 

14 days post-replantation of rat molars (31). Dental pulps of rat incisors 

transplanted subcutaneously in different rats produced a calcified structure that 

expressed the mRNAs of Col1, BSP and OPN at 5 and 7 days (147). This showed 

the mineralisation potential of the dental pulp tissue when the environment 

changes together with the possible expression of OPN in obliterated pulps. These 

results were also seen after abdominal subcutaneous transplantation of the whole 

rat molar tooth demonstrating the localisation of BSP, OPN and OCN. The 

staining was strongly presented in the 3- and 4- week evaluations in the new 

bony-like tissues in the pulp chamber and in the radicular pulps. DSP staining was 

observed in the new hard tissue at the dentin border only (43). AP was also 

expressed at the mineralisation fronts after one week of transplantation. Immuno-

histochemistry results showed that OPN is expressed in reactionary dentin and 

failed to show it in primary dentin of rats at different ages (12-36 weeks old) 

(128). The expressions of OPN and OCN mRNAs were maintained higher at all 

evaluation times (3, 7, 14 and 28 days) following orthodontic teeth movement 

(148). This finding indicates the consistent expression of the two proteins in the 

repair process following trauma to the teeth. A close look at the data of this 

experiment identifies OPN and OCN mRNA expression during the early phase of 

repair when the pulp is undergoing inflammatory changes and their further 

expression in the revascularised pulps. This might suggest a role for both proteins 

in the revascularisation process following trauma to the teeth. Using GFP 

transgenic rats, the results indicated that the source of cells forming the new bone 
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was the transplant itself while the TEM examination revealed that bone-like tissue 

starts with matrix vesicles composed of necrotic cells (44). Collagenous type of 

calcification followed the deposition of matrix vesicles as evaluated by immuno-

histochemical expressions of OPN, OCN and BSP (44). In accordance with the 

previous experiment, Zhao et al. (51) showed the expression of OPN and BSP in 

the formed bone-like tissue after 14 days of rat molar replantation. They also 

showed that the expression of DSP was limited to the new dentin formed inside 

the pulp. They then showed that the source of both hard tissues formed inside the 

dental pulp was from the donor pulp cells.  

In the context of localising OPN in pulp calcification, a rat pulp cell line 

was stimulated with glucose and showed an increase in AP and OPN expressions 

compared to the control (149). Moreover, the authors used a diabetic rat model for 

the development of pulp calcification, where they demonstrated the presence of 

OPN in calcified areas of the pulp and in the odontoblast cell area under the new 

dentin formed (149). The dual function of OPN in pulp calcification following 

teeth transplantation was shown when it was expressed early in dendritic cells and 

macrophages, followed by its expression later in the osteoblast cells around the 

bony tissue formed inside the dental pulp (150). The presence of OPN positive 

immuno-competent cells at the dentin pulp border in a synchronised pattern with 

the degenerated/newly differentiated odontoblasts led the authors to suggest a role 

for OPN together with these cells, which also expressed granulocyte macrophage 

colony stimulating factor (GM-CSF), in odontoblast differentiation (150). OPN 

was also used as a marker of osteoblastic differentiation of pulp cells (151, 152). 
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The prevalence of pulp stones, known to be a form of pulp calcific 

metamorphosis, occurs many times more in decayed teeth than in healthy ones 

(153) and under  a mechanical injury to a tooth (154). The stones formed inside 

the dental pulp have been correlated to cardiovascular disease (155). OPN, a pulp 

stone forming protein (146) and a dental calculus matrix protein (156), is localised 

in atherosclerotic plaque (157), which suggests a possible function of OPN in 

inflammation. 

b. OCN expression in response to pulp injury 

OCN is a glycoprotein expressed by osteoblasts and odontoblasts. It 

resides in the extremity of odontoblast processes during teeth development, at the 

time of enamel formation where it is also present and hence considered a late 

odontoblast cell marker (158). OCN expression was compared at different ages 

inside the dental pulp, to determine the capacity of the pulp to defend itself in case 

of trauma and injury as caries. Although the number of cells per surface area 

decreased, the OCN maintained its proportional level of gene expression 

throughout life (159).     

Dental pulp stem cells (DPSCs) have the characteristics of osteoblast cells 

when cultured in osteogenic induction media. They represent a rich source for 

bone repair and tissue engineering (160, 161). OCN was used to confirm the 

differentiation of DPSCs into bone forming cells (160, 161). Vitamin D3 was 

shown to induce the expression of OCN from dental pulp cells, both at the protein 

and mRNA levels and interestingly this induction was countered by the action of 

TGFβ and was synergistically increased by the action of FGF2 (162). This study 
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indicated that both growth factors, embedded in the dentin matrix, regulate 

osteogenic matrix deposition by pulp cells and that dentin matrix is of vital 

importance in modifying the phenotype of dental pulp cells (163). OCN however, 

is not expressed by dental pulp cells of immature teeth (164). OCN expression in 

human DPSCs is accompanied by VEGFR2 expression when stimulated by 

osteogenic media (165), making DPSCs the first choice of cells when developing 

a mature vascular bone tissue. This experiment indicates that stimulation of 

angiogenesis is associated with that of calcification when pulp cells are induced to 

form bone. 

Mineralisation markers are usually expressed in late dental pulp cell 

culture (33), and this can explain why OCN was not expressed in response to 

trauma unlike a proliferative gene like proliferative cell nuclear antigen (PCNA) 

in an in vitro model of tooth slice culture (166). Under mechanical pulsating 

pressure, pulp stem cells that showed mature osteogenic phenotype were 

compared to cells which showed immature bone phenotype after implantation 

subcutaneously in mice (167). It was found that the AP and OCN genes 

expression were higher in the mature group than the immature one. This 

demonstrates that OCN is used in the literature to identify the osteogenic nature of 

pulp cells, which is normally maintained throughout the culture passages (167, 

168). In contrast, dentinogenic differentiation of pulp cells occurs usually in the 

early passages (168).  

Human dental pulp cells expressed OCN and DSPP genes when stimulated 

by a dental pulp capping material such as mineral trioxide aggregates (MTA), 
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suggesting the placement of MTA in direct contact with pulp cells (169). Using 

the same method, tricalcium silicates was evaluated for biocompatibility and 

odontogenic gene expression capacity when acting on human dental pulp cells, 

and there was an increase in the expression of DMP-1, DSPP, OCN and AP genes 

(170). In the field of tissue engineering, the use of a scaffold to hold the hard 

tissue-forming cells is accompanied by the use of growth factors to induce the 

differentiation of pulp cells. However, when the scaffold is the demineralised 

dentin matrix (containing all the dentin matrix proteins), the dentin matrix up-

regulated the odontogenic markers DMP-1, DSPP, OCN and BSP mRNAs when 

DPSCs were cultured on this scaffold. The regulation of the DMP-1 and DSPP 

mRNAs was via  ERK1/2 and p38 MAPK (171). In a recent experiment, OCN 

gene is upregulated after the stimulation of human pulp cells by a human 

SIBLING family member (MEPE) (53), suggesting possible interaction between 

OCN and other SIBLING family members like DMP-1 in the dental pulp 

especially that OCN is shown to be regulated by DMP-1-overexpressing 

mesenchmal cells.  

3. Vascular endothelial growth factor (VEGF) 

VEGF is a potent endothelial cell mitogen which also regulates endothelial 

cell migration. It was shown to increase the proliferation of human dental pulp 

cells, increase AP activity and activate pulp cells in an autocrine effect (172). It is 

believed to play a role in the angiogenesis of an injured tooth through its 

sequestration from the dentin matrix (173). Lipopolysaccharide (LPS), a gram 

negative bacterial cell wall component present in deep caries, stimulated the 
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expression of VEGF from mouse odontoblast-like cells and mouse macrophages 

(174) through toll like receptor 4 (TLR4) activation (175).  Lipoteichoic acid 

(LTA), a gram positive bacterial cell wall constituent, also induced VEGF from 

odontoblast-like cells (176). Resin bond induced the expression of VEGF from 

odontoblast-like cells and macrophages (177). In addition, proinflammatory 

cytokines, namely interleukin-1α (IL-1α) and tumour necrosis factor (TNF), 

induced the expression of VEGF from human pulp fibroblasts (178). Dental pulp 

tissue also expressed VEGF in an ex vivo model of orthodontic forces application 

(179).  

In order to investigate the role of pulp fibroblasts in inducing 

angiogenesis, human dental pulp fibroblasts were co-cultured with human 

umbilical vein endothelial cells (180). The migration potential of the latter cells to 

the fibroblasts was then observed after confirming the expression of FGF2 and 

VEGF by pulp fibroblasts and using neutralisation antibodies against the two pro-

angiogenic molecules. The observation indicated the role of pulp fibroblasts in 

promoting angiogenesis in case of injury. The same research group provided 

evidence for the expressions of VEGF and platelet derived growth factor (PDGF) 

in response to mechanical injury and in response to dental bonding material 

hydroxyethyl mathacrylate (HEMA) by human dental pulp cells (181). The 

secreted VEGF in the pulp environment may contribute to the endothelial cell 

differentiation of DPSCs. This is considered advantageous in the regeneration of 

ischemic tissues (182) and a highlight over the possible function of the VEGF 

secreted from injured pulp cells (181). Triggering the expression of VEGF to 
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promote repair in the dental pulp has been demonstrated in response to therapeutic 

ultrasound stimulation (183) and in response to bacteriogenic LTA (184). The 

latter expression was shown to be TLR2 activated (184).  

Ischemia of the dental pulp renders the dental pulp hypoxic. Changes in 

the oxygen saturation of the pulp environment are known to stimulate pulp cells to 

produce mineralisation and angiogenic markers (75, 76, 78). In terms of functions 

in ischemic tissue, VEGF expression was increased in human pulp stem cells and 

human pulp fibroblasts in hypoxic conditions which simulate the reparative 

conditions of the pulp. In the same experiment, hypoxia increased AP activity in 

dental pulp cells (75), which suggests that pulp cells respond by both angiogenesis 

and calcification at the same time. In addition, Soden et al. (184) has shown that 

the VEGF expressed from pulp fibroblasts induced the proliferation of pulp 

endothelial cells. This indicates that the autocrine expression of VEGF in injured 

teeth promotes angiogenesis and revascularisation (76). In contrast, the inhibition 

of angiogenesis was shown to inhibit the growth, strength and development of the 

continuously erupting incisors of rats when injected with VEGF and FGF 

inhibitors (185). A recently introduced drug containing an RGD peptide induced 

the VEGF expression together with reparative molecules as DMP-1, MEPE and 

DSPP indicating the importance of VEGF in revascularisation in traumatic 

injuries of the teeth, where mineralisation is enhanced by angiogenesis (140). The 

osteogenic effect of VEGF was demonstrated by D’Alimonte I. et al. (186), when 

human DPSCs were induced using osteogenic medium supplemented with VEGF 

and showed a significant enhancement in mineralised nodule formation at 14 and 
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21 days of culture. When using VEGF alone, it induced the proliferation of these 

cells at 8 days of culture. VEGF’s close relation to the odontogenic proteins 

(DSPP and OCN) was shown in a report examining the odontogenic 

differentiation of human dental pulp cells when grown over MTA (169), where 

VEGF was expressed together with these genes. The involvement of VEGF in 

pulp repair and its close association with the expression of odontoblastic proteins 

was investigated in response to the application of low-level laser therapy to 

odontoblast-like cells when the DMP-1 protein and AP activity increased in 

association with VEGF and collagen expressions (141).  

The role of VEGF in dental pulp tissue engineering is demonstrated by the 

implantation of human teeth supplemented with βFGF and/or VEGF and/or 

PDGF, which resulted in the formation of dense connective tissue closely 

resembling the dental pulp with a well structured vasculature (187). This study 

highlighted the role of angiogenic growth factors in revascularisation, 

regeneration and/or engineering of dental pulp tissue without the need for pulp 

cells.  

III.  The use of human growth factors/ proteins as pulp capping agents and 

the formation of intra-pulpal calcification 

It is suggested that the sequestered dentin matrix during caries progression 

towards the pulp induces dental pulp repair via stimulation of pulp cells to 

differentiate into odontoblast-like cells, and produces calcified material which 

varied from osteodentin to reparative dentin. Several research groups used growth 

factors embedded in the dentin matrix, with the objective to recapitulate the 
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original signalling pathways induced during primary dentin formation (188-191). 

However, the response of the pulp tissue to most of the bioactive molecules was 

irreversible (192). The continuous deposition of either the calcified nodule or the 

osteodentin was a major disadvantage since it interferes with the general concept 

of vital pulp therapy in which preservation of the vitality and the integrity of the 

pulp tissue is the main interest. It should be noted that rhFGF-2 was able to 

demonstrate favourable healing inside the dental pulp by the production of 

primary dentin-like tissue inside the cavity prepared inside the crown and a 

reparative dentin underneath it to protect the intact dental pulp (136, 193). The 

authors of these reports attributed these findings to the angiogenic effect of FGF-2 

and its continuous expression through the newly designed hydrogel carrier. 

Goldberg et al. (45) have shown that healing by hard tissue deposition using 

bioactive molecules in pulp capping procedures is preceded by inflammatory 

changes at the site of exposure. 

Since we now know that inflammation is a contributor to pulp repair (46), it 

cannot be overlooked in the development of pulp calcification.  

IV.  Dental pulp inflammation and its role in pulp calcification        

Seltzer et al. (194) analysed a group of 166 inflamed teeth histologically 

and recorded their clinical signs and symptoms data. They showed that the 

clinically obtained data do not correlate with the histological state of the inflamed 

pulp. In their results, dental pulp fibrosis and dental pulp calcification were both 

significantly increased in the inflamed group. Later, another study confirmed that 

there is no correlation between the clinical data and the histological findings of 



40 

 

the dental pulp of teeth treated with corticosteroids to eliminate pain (195). In 

some cases, slow progression of inflammation with calcification was found within 

the dental pulps after the effect of the drug on pain subsided, indicating that 

inflammation and calcification inside the pulp are coincident reactions of the pulp 

tissue. Furthermore, the progression of chronic pulpitis is usually associated with 

development of a “fibrotic pulp” followed by its calcification (196).   

The wounded area in calcium hydroxide (Ca (OH)2) capped pulps 

represents the mechanism by which the dental pulp defends itself. Initially by 

inflammatory cell migration, highlighting the role of inflammatory changes in 

wound healing inside the dental pulp by the deposition of mineralised collagenous 

type of calcification (197). In a comparative study between different pulpotomy 

materials, MTA showed good quality of tissue histology; however, the reparative 

dentin deposition was accompanied by massive macrophage accumulation in the 

dental pulp. On the other hand, formocresol induced necrosis followed by fibrosis 

and calcification of areas in the pulp giving rise to the potential role of acute 

inflammatory cells in repair and calcification (198). Human pulps capped with 

human dentin fragments healed by calcified particles and masses within the dental 

pulp, at the initial healing stage and at the site of exposure where macrophages 

were reported to initiate healing by phagocytosing the dentin fragments (199). 

Dental pulps capped with bone sialoprotein (BSP) showed inflammatory changes 

in the early stages of pulp capping before the deposition of reparative dentin 

(200). Research involving pulp capping with dental materials showed a similar 

pattern of healing where inflammatory infiltrate supported by dilation of 
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capillaries and degeneration of the odontoblasts preceded the formation of 

reparative dentin (201).  

Inflammatory exudates were recognised at the site of pulp exposure 

immediately after drilling the teeth to evaluate the effect of cavity preparation on 

the odontoblast layer derangement in rat molars (202). Inflammatory cells 

accumulated at the injured site of the dentin-pulp border due to cavity preparation 

long before the deposition of reparative dentin, indicating the involvement of 

these cells in the early phase of repair inside the dental pulp tissue (106). Those 

cells are local inhabitants of the pulp tissue from its development and until ageing 

as evaluated by the expression of macrophage-associated markers at different ages 

of rats (105). The number and distribution of macrophage cells is associated with 

the extension and depth of caries (104). Following cavity preparation, pulp 

progenitors migrate first to the affected site followed by their differentiation into 

odontoblast cells. Meanwhile, the mesenchymal cells of the pulp proliferate to 

compensate for the loss of the migrated cells (203). Odontoblasts degenerate 

following cavity preparation or tooth replantation and this process is accompanied 

by infiltration of inflammatory cells in the area before the differentiation of dental 

pulp cells into odontoblast-like cells (29, 99, 107, 204, 205). Rungvechvuttivittaya 

et al. (28) showed the reciprocating movement of macrophages within the new 

hard tissue formed in replanted rat molars. Bone-like tissue formed after 

replantation of rat molars was directly correlated with the presence of 

inflammatory cells (27).   
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The common myeloid precursors are the origin of osteoclasts and dendritic 

cells as well as macrophages. Therefore, there is always an association between 

osteoclasts and inflammatory cells, where the role of one is to resorb bones while 

the role of the others is to phagocytose microbial contamination and initiate the 

innate immune response (103). Excessive application of movement forces on the 

tooth induced the expression of IL-1β and TNF in osteoclasts in the periodontal 

ligament; these cytokines were not expressed by osteoclasts under physiologic 

conditions (100).   

Early markers of pulp inflammation induced the early change of human 

dental pulp cells phenotype by over expression of ON, OCN and AP, in an in vitro 

cell culture. This experiment closely relates the inflammatory processes inside the 

dental pulp to calcification, which happens later in the pulp. It also demonstrates 

the possible role of pro-inflammatory cytokines in pulp repair by calcified tissue 

formation (47). In addition, TNF was found to regulate bone markers in early 

cultures of human pulp cells by inducing the expression of DMP-1, OCN and 

DSP via p38 Mitogen Activated Protein kinase (MAPK) (48). In an interesting 

cell culture study by Kim et al (50), FGF2 induced the odontogenic differentiation 

of human dental pulp cells in late cell culture. However, during the early stages of 

cell culture, it significantly increased the mRNA expressions of IL-6, IL-8, 

monocyte chemotactic protein (MCP-1), macrophage inflammatory protein 1 

alpha (MIP1α) and MIP3α. It was concluded that a differentiation molecule is at 

the same time a chemokine regulator inside the dental pulp. One can conclude that 

the chemokines/cytokines expressed in the dental pulp during inflammation have 
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a role in the odontogenic differentiation of pulp cells. The effect of reparative 

molecules on the expression of pro-inflammatory cytokines was later investigated 

and showed that the DMP-1, a known reparative molecule, induced the expression 

of IL-6 and IL-8 from pulp cells and this effect was inhibited by the inhibition of 

p38 (52).   

Cellular injury by the application of heat induced the expression of IL-6 

and tumour necrosis factor (TNF)  in an odontoblast-like cell line, while their 

DSPP and collagen expression was not affected, indicating that odontoblast-like 

cells respond to heat injury by an inflammatory pattern (206). LPS induced 

odontoblastic inflammatory response via p38 activation to produce IL-6 and TNF 

(207). It can be suggested that the majority of cells in the dental pulp mediate both 

mineralisation and inflammation.  

a. IL-6 as a marker of root resorption and pulp inflammation 

IL-6 levels were increased 3000 times in inflamed pulps and almost 

8000times in periapical tissues compared to control pulps from impacted teeth 

(208). IL-6 plays a crucial role in slowing the development and progression of 

inflammatory lesions of the pulp to the periapical region. This was evaluated in an 

IL-6 knock out mice study on the development of periapical diseases in teeth after 

pulp exposure to moisture (209). Peptidoglycans, a cell wall componant of gram 

positive bacteria, induced the secretion of IL-6 from human dental pulp cells 

(210). The expression of IL-6 in response to LPS stimulation of human dental 

pulp cells was regulated by anti inflammatory cytokines IFNγ, IL-10 and IL-4 

(211).   
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Patients with coronary heart disease are reported to have a greater 

tendency for pulp calcification (212, 213). Atherosclerosis is characterised by 

calcification of the artery walls through the differentiation of cells of the arterial 

wall into osteoblastic cells. Then, it follows the normal physiologic calcifying 

masses mechanism, where IL-6 and IL-1β were found to induce AP activity in 

these cells (214). Since IL-1β induces the mineralisation of human DPSCs (215), 

therefore, it can be suggested that IL-6 might have a calcification function inside 

the inflamed dental pulps also. This is an acceptable suggestion especially that IL-

1α and TNF stimulate the expression of IL-6 in human pulp cells (216) where it 

was reported as an osteoclastic cytokine (217). IL-1α and TNF also induced the 

expression of mineralisation markers from pulp cells (47, 48). In a regression 

analysis, the expression of collagen 1α was positively correlated with IL-6, IL-8, 

TNF and IL-1β, while S100A8, expressed by neutrophils in carious teeth, was 

positively correlated to IL-6 and IL-1β (218). The amount of these cytokines was 

proportional to the extension in caries depth. Intrapulpal pressure during 

inflammation is suggested to be a factor by which IL-6 is increased, this was 

reported after showing that pressure induced IL-6 expression from human dental 

pulp cells (219).   

Neuropeptides such as substance P (SP), commonly expressed in root 

resorption cases, increased the production of IL-6 from pulp fibroblasts of 

orthodontically treated teeth (220). This finding (substance P (SP) induction of 

IL-6) was later shown on healthy human pulp cells and was mediated via p38 

MAPK signalling pathway (221).   
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IL-6, IL-1β, TNF and RANKL were increased in the gingival crevicular 

fluid of teeth undergoing orthodontic movement (222). In another experiment, 

DMP-1 and DSP increased in the gingival crevicular fluid of human teeth with 

root resorption undergoing orthodontic teeth movement (223). It can be concluded 

that the effect of teeth movement during orthodontic treatment affects the 

mineralising as well as the inflammatory proteins in what is known as remodeling. 

The increase in IL-6, TNF and IL-1β in pulp fibroblasts from orthodontically 

treated human teeth with root resorption in response to SP stimulation increased 

the maturation of osteoclasts in vitro. This suggests that these molecules together 

with SP are responsible for root resorption in orthodontically treated teeth (224). 

SP and Calcitonin gene related protein (CGRP) were both localised in replanted 

ferrets’ teeth suggesting a role for their expression in post-replantation root 

resorption (225).  

b. IL-8 as a marker of pulp inflammation 

Acute pulpitis is characterized by higher IL-8 levels than chronic pulpitis; 

IL-8 was not present in pulps of non-inflamed teeth (226). IL-8 in exudates from 

inflamed periapical tissues is associated with the presence of clinical symptoms as 

pain (227). Dental pulp fibroblasts, when stimulated by streptococcus mutans cell 

wall components, produced IL-6 and IL-8, indicative of the important role of IL-6 

and IL-8 in immuno-regulation in pulp inflammation (228). In the context of 

cariogenic products’ effects on pulp cells, IL-8 gene expression is upregulated 

when human dental pulp fibroblasts were stimulated with LPS (229). The 

expression of IL-8 from osteoblasts and dental pulp fibroblasts is increased in 
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response to bacteroids supernatants stimulation (230). The identification of a 

specific pattern recognition receptor in dental pulp inflammation was confirmed 

by the induction of IL-8 expression from human dental pulp fibroblasts (231). 

This is evidence that IL-8 expression from dental pulp fibroblasts is used as a 

model to simulate the effect of any substance/molecule in pulp inflammation. It 

should be noted that in pulp inflammation, IL-8 could be secreted by pulp 

fibroblasts under the stimulation of several inflammatory mediators like plasmin 

(232) and IL-1β (233). IL-8 was used as marker of dental pulp inflammation when 

evaluating the effect of a new therapeutic intervention on pulp fibroblasts (234). 

The secretion of IL-8 from dental pulp fibroblasts was elevated when 

induced by SP (235). These results were confirmed by the same group, and the 

production of MCP-1 due to stimulation of SP was also increased in human dental 

pulp cells (236). The authors suggested that IL-8 plays a more important role in 

mediating neurogenic dental pulp inflammation than MCP-1. It can be stated that 

SP induced both IL-6 and IL-8 secretion from dental pulp cells. SP was localised 

in replanted ferret premolars (225), and the authors concluded that the neural 

elements inside the dental pulp are very important for pulp healing. In another 

experiment by Huang et al., (237) IL-8 was immuno-localised in the cellular 

compartments and in the extracellular matrices of healthy pulp tissues activated 

by SP. The induction effect exceeded that of TNF, indicating that neurogenic 

inflammation is influential in mediating pulp inflammation via IL-8 chemokine 

expression.  
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The expression of IL-6 and IL-8 by dental pulp cells is used in vitro as a 

model for evaluating the possible involvement of any molecule and/or dental 

material in the inflammatory process (238, 239). Symptomatic pulps revealed the 

expression of IL-6 and IL-8 more than in healthy pulps and the presence of these 

mediators was positively correlated to each other and to IL-1α and IL-1β (240). 

TGFβ is an important growth factor which resides in the dentin matrix and was 

profoundly studied as a reparative molecule (87, 142, 241). It was found to induce 

the mRNA of IL-1α, IL-1β, IL-6 and IL-8 in the pulp tissue (242).        

From the aforementioned, it appears that IL-6 and IL-8 are important 

mediators of dental pulp inflammation. They also mediate root resorption by 

increasing the maturation of osteoclasts. Hence, they are involved in the 

osteoclast/ osteoblast recruitment in hard tissue deposition in replanted teeth.  

c. Mitogen activated protein kinase (MAPK) 14 (p38) signalling pathway 

The p38 Mitogen Activated Protein Kinase (p38 MAPK) is an intracellular 

signalling pathway activated by stress during inflammation, osmotic stress, 

cytokines or lipopolysaccharide (LPS) infection (243). This stress-activated 

pathway was found important in osteoblast differentiation by phosphorylation of 

transcription factors (244). DMP-1 was shown to be endocytosed through an 

endoplasmic reticulum (ER) protein (Glucose release protein 78, GRP78) causing 

ER Ca2+ depletion and inducing intracellular Ca2+ mediated stress (133). This 

Ca2+ mediated intracellular stress activates the p38 MAPK in the nucleus to 

mediate the transcription of RUNX2 (osteoblast genes transcription factor) (134). 

In this experiment, the pharmacological inhibitor of p38 MAPK (SB-203580) was 
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more efficient in inhibiting this pathway than the antagonist of Arginine-Glycine-

Aspartate (RGD) peptide indicating that this pathway is not integrin-mediated, 

and it was more efficient than the GRP78 antibody indicating its best use when 

testing the prevention of the DMP-1 effect.  

d. The p38 MAPK and the dental pulp 

The MAPK pathway family is responsible for the transduction of extracellular 

signals in response to cytokines and infection, resulting in the recruitment of 

immune cells and therefore more pro-inflammatory mediators in the early stages 

of pulp inflammation (46). This pathway was found to mediate the proliferation of 

pulp fibroblasts in response to thrombin suggesting its active role in the early 

stages of repair in the inflamed dental pulp (245). The inhibition of p38 MAPK 

down-regulated the expression of VEGF from human pulp fibroblasts and human 

pulp stem cells in response to LPS stimulation (246). The p-38 MAPkinase 

pathway was stimulated in a significant and sustainable low grade manner by 

dentin matrix proteins suggesting their importance in inflammation-mediated 

dental pulp repair (247). The p-38 inhibitor was largely used in the regulation of 

different cellular and molecular events during odontoblastic differentiation and 

reparative dentinogenesis (248, 249).      
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Project questions and experiment models 

Calcific metamorphosis is possibly mediated through a bone remodeling 

mechanism (deposition/ resorption) with evidence of the presence of 

inflammatory cells; therefore the main question outlining the thesis is whether 

there is a relation between inflammation and calcification. This relation can be 

explored by characterising the proteins involved in these two pulp conditions. 

Although, Dentin matrix protein-1 is known as a mineralisation protein, it was not 

previously demonstrated in calcific metamorphosis. The questions forming the 

base for the work done in this thesis were: Is DMP-1 involved in calcific 

metamorphosis? Is it also involved in pulp inflammation? Does it induce any 

inflammatory or calcification proteins? Are we able to prevent its calcification 

effect through prevention of its inflammatory effect? And if this is possible, are 

we able to reproduce this prevention in an in vivo model of calcifc 

metamorphosis?    

Human dental pulp fibroblasts were used as the in vitro model to test the 

inflammatory and calcification effects of DMP-1 because of their known 

contribution in pulp inflammation (45, 250, 251), pulp calcific metamorphosis 

(34, 51) and as they form the major cellular population inside the dental pulp (1, 

4, 40). 

The selection of the tested cytokines/proteins IL-6, IL-8, OPN, OCN, 

VEGF and AP enzyme was based on the facts that IL-6 and IL-8 are used in the 

literature to define pulp inflammation (52, 208, 218, 226, 240, 252). Also based 

on their pro-inflammatory, pro-fibrotic (IL-6) and chemotactic (IL-8) effects and 
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their contribution to root resorption (the second factor in the bone remodeling 

mechanism) (209, 224, 227). Bone remodeling markers include OPN, OCN and 

VEGF, which were previously identified in root resorption studies (31, 34, 253-

258), in calcific metamorphosis studies (OPN and OCN) (43, 51, 150) and dental 

pulp revascularisation in response to trauma (VEGF) (55, 85, 86). However these 

markers were not previously reported in pulp inflammation, hence it was decided 

to examine their levels in pulp inflammation before investigating their interaction 

with DMP-1. Alkaline phosphatase (AP), a membranous enzyme, was used 

because of its importance in the mineralisation process and because it was 

reported in calcific metamorphosis experiments (30, 43). 

The animal experiments were performed on ferret teeth which were found 

to be the closest to human teeth as opposed to the continuously erupting rabbit, rat 

and mouse teeth. The absence of intrapulpal fins, trabeculae and coronal lateral 

canals which interfere with the pattern of formation of calcific metamorphosis. 

The mouth opening of ferrets provides the operator with better access to the 

premolar and molar teeth which are clearly seen through the opening. This is in 

contrast to mouse teeth which are barely seen, very small and very difficult to 

operate. Ferrets are also less expensive than dogs, cats and monkeys. Thus ferrets 

represent the best candidates for in vivo experiments involving teeth. The timing 

of the extraction and the replantation experiment was determined based on the 

chronology of teeth eruption (consequently root maturation) and exfoliation in the 

ferret species (Mustela putorius furo) used in the experiments (259). 
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Hypotheses 

Replantation experiments have shown that two types of tissues are formed 

inside the dental pulp in severe traumatic injuries of immature teeth, namely 

tertiary dentin and a bone tissue. These experiments showed that pulp cells are 

responsible for their production. The presence of osteoclast/ odontoclast cells in 

replanted teeth indicates that the mechanisms for the generation of this tissue may 

be similar to those controlling bone remodeling. Neo-angiogenesis and 

revascularization is crucial for the occurrence of bone remodeling. The presence 

of inflammatory cells, especially macrophages and neutrophils during the 

deposition of hard tissue in replanted teeth indicates that dental pulp inflammation 

is involved in mediating angiogenesis and calcification. We hypothesise that 

prevention of inflammatory changes in the dental pulp may prevent both 

inflammation and calcification. To address this general hypothesis, a number of 

more specific hypotheses that will be addressed in this work were formulated.  

1- DMP-1, known as a calcification marker, is expressed in inflamed pulps 

and mediates IL-6 and IL-8 production from dental pulp cells. 

2- Osteocalcin is expressed in dental pulp inflammation and its expression is 

related to pulp calcification. 

3- Osteopontin is expressed in dental pulp inflammation and its presence is 

related to the expression of angiogenic marker/s. 

4- DMP-1 can be localised in an animal model of calcific metamorphosis.  

5- DMP-1 induces calcification and angiogenesis in vitro. 



52 

 

6- The inhibition of DMP-1-induced inflammatory and calcification changes 

can be used as a therapeutic intervention to prevent pulp calcific 

metamorphosis in vitro and in vivo. 
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Objectives 

1- To localise the DMP-1 in pulp inflammation and to demonstrate its 

induction of IL-6 and IL-8 from pulp fibroblasts. 

2- To localise OCN in dental pulp inflammation and to demonstrate its 

possible interaction with inflammatory mediators in the early and late 

stages of pulp inflammation. 

3- To demonstrate the expression of OPN in early and late pulp inflammation 

and to demonstrate its angiogenic potential on pulp fibroblasts. 

4- A three part objective: 

a. To show that DMP-1 induces calcification when capping the dental 

pulp in vivo. 

b. To demonstrate that DMP-1 has an osteogenic and angiogenic 

effect on pulp fibroblasts in vitro.  

c. To localise DMP-1 in Calcific Metamorphosis of the pulp and to 

demonstrate that inhibiting its effects can be used to prevent 

Calcific Metamorphosis in vitro and in vivo in a ferret model.     
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Dentin matrix protein-1 activates dental pulp fibroblasts 

Introduction 

During the past few decades, inflamed dental pulps have been treated by 

extirpation to avoid pulp necrosis or fibrosis and subsequent calcification (1). 

However, there is now evidence that dental pulp inflammation participates in the 

repair process (2, 3). Dentin matrix proteins (DMPs) are released from the 

sequestered dentin in response to acid softening by cariogenic bacteria and induce 

the differentiation of dental pulp cells into odontoblasts (4). DMPs also stimulate 

pulp repair in vitro presumably through an inflammatory pathway (5). Pro-

inflammatory mediators are known to promote the odontogenic differentiation of 

dental pulp cells (6, 7). Dental pulp cells secrete inflammatory cytokines during 

odontoblastic differentiation when stimulated by fibroblast growth factor-2 (FGF-

2) indicating that inflammation and repair are closely involved in the process of 

healing (8). These observations suggest that mineralization proteins present in the 

dentin matrix may participate in pulp repair through inflammatory changes. 

DMP-1 is a non-collagenous protein originally extracted from rat 

odontoblasts (9). It belongs to the small integrin binding ligand N-linked 

glycoprotein (SIBLING) family of proteins, which also includes osteopontin 

(OPN), dentin sialoprotein (DSP), bone sialoprotein (BSP) and matrix 

extracellular phosphoglycoprotein (MEPE) (10). SIBLINGs share the same 

chromosome location and the same functional unit Arginine- Glycine- Aspartate 

(RGD) in their amino acid sequence. They have been implicated in the process of 
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mineralization and have been localized in various soft tissue cancers (10, 11). 

DMP-1 regulates the mineralization of bone and dentin through the nucleation of 

hydroxyapatite crystals (12) and through high binding affinity towards collagen 

fibrils (13). It also induces the differentiation of dental pulp cells into odontoblast-

like cells in rat teeth (14). DMP-1 knock-out mice showed generalized 

hypomineralization and dental deformity in the form of broad pulp chamber space 

and defective predentin and dentin as well as alveolar bone and cementum 

breakdown (15). DMP-1 was localized in several soft tissues, including brain, 

pancreas and kidney (16), however, its precise role in these tissues is not clearly 

understood.  

Interestingly, two SIBLING family members, OPN and DSP, have been 

associated with inflammatory processes (17, 18). DMP-1 and DSP increase in the 

gingival crevice fluids of teeth with orthodontically-induced root resorption (19). 

In addition, DMP-1 was localized in the early inflammatory stage of bone fracture 

healing (20) and in areas of inflammation in response to its use as a direct pulp 

capping agent (14). Therefore, we hypothesized that DMP-1 contributes to the 

inflammatory processes inside the dental pulp.  

The objective of this study was to examine the presence of DMP-1 in 

inflamed pulps and understand its role in dental pulp inflammation. 

Materials & Methods 

Collection of pulp tissues and cell culture  

A total of 40 inflamed pulps were collected from subjects referred for 

pulpectomy to the University of Alberta endodontic clinic without any further 
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selection criteria. Samples included both reversible (Referred to the endodontic 

clinic for prosthetic purposes) and irreversible pulpitis (Glossary of endodontic 

terms, AAE, 2003) without differentiating between the two types. Necrotic pulps 

and those that received intrapulpal anesthesia or irrigation were excluded. Five 

pulps were collected from  impacted teeth (mature and immature rooted) and were 

used  as controls for the immunohistochemical study as previously demonstrated 

(21). All studies were approved by the University of Alberta Human Research 

Ethics Board.  

Twenty pulps were fixed immediately in 4% paraformaldehyde and 20 

were homogenized in tissue lysis buffer (Cell Lytic MT; Sigma®, St Louis, MO) 

supplemented with 1% protease inhibitor cocktail (Sigma®) for histological 

analysis or protein extraction, respectively.  Human impacted teeth from 8 

subjects were also collected for pulp cell isolation. Cells were obtained from 

explanted pulp tissue as previously described (22). In brief, teeth were cleaned 

with ethanol- containing gauze, the apical 2 mm were cut and teeth were 

decoronized under sterile conditions, pulps were removed, cut into 1 mm2 and 

minced properly against tissue culture plate. Cells between the third and eighth 

passages were used in the experiments. Pulp cells were identified as fibroblasts by 

their morphology, expression of vimentin and collagen α1 and lack of CD45, 

CD34 and cytokeratin immunoreactivity.  

Immuno-histochemistry and Immuno-fluorescence  

Sections from paraffin-embedded pulp tissues were de-paraffinized and 

permeabilized using 0.5% Triton 100/phosphate-buffered saline PBS. After 
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blocking non-specific binding using serum-free blocker (Protein block serum-

free; Dako Inc., Carpenteria, CA), tissues were incubated overnight at 4°C with 

3.5 µg/ml of rabbit polyclonal anti-rat DMP-1 antibody (Takarra Corp., Madison, 

WI) with demonstrated specificity against human DMP-1 (21, 23), followed by 

incubation for 1 hour with 1:160 dilution of goat anti–rabbit-alkaline phosphatase 

(AP) conjugated antibody (Sigma®). The signal was developed by using AP 

Vector® red substrate kit (Vector Laboratories, Burlingame, CA) followed by 

hematoxyline (Sigma) counter staining.  

Staining for immunofluorescence studies was performed as described 

previously (22) using goat polyclonal anti-vimentin antibody 1:25 (Chemicon 

International®, Temecula, CA) and a rabbit polyclonal anti-collagen 1a1 1:25 

(SantaCruz Biotechnology Inc., Santa Cruz, CA) followed by Texas red 

conjugated anti-goat and Alexa-fluor 647 conjugated anti rabbit secondary 

antibodies, respectively. Slides were mounted with the nuclear staining dye, DAPI 

(Slow fade® Gold Anti-fade reagent with DAPI, Invitrogen, Carlsbad, CA) and 

kept in the dark for evaluation by confocal microscopy. Goat and rabbit sera were 

used at similar concentrations to those of the primary antibodies acting as 

negative controls; all antibodies were diluted in Antibody Diluent® (Dako Inc.). 

Cells were also tested for their expression of αvβ3 integrin by using anti-human 

αvβ3 (20µg/ml Chemicon International, Inc. California, USA) and anti-human 

CD44 (2.5 ug/ml Biolegend® California, USA). Mouse IgG1and rat IgG2 

(Biolegend®) were used as isotype controls respectively. 
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Flow Cytometry analysis 

Cells (5x105 to 1x106) were fixed using 4% paraformaldehyde, followed 

by blocking non-specific antibody binding by 10% fetal bovine serum (FBS) in 

PBS, and then stained for CD45 (anti-CD45 fluorescein isothiocyanate (FITC) 

conjugated; BD Biosciences, San Jose, CA), cytokeratin (FITC conjugated anti-

pan-cytokeratin; Gene Tex, Irvine, CA) and CD34 (Anti-CD34 phycoerythrin 

(PE) conjugated; BD Biosciences) immunoreactivity for 30 minutes on ice in the 

dark.  Cells were then analyzed using BD FACS Calibur™ Flow cytometer (BD 

Biosciences). Human peripheral blood lymphocytes and A549 cells (human 

airway epithelial cell line) were used as positive controls for the various markers. 

Mouse IgG1 (FITC or PE conjugated; BD biosciences) was used as isotype 

control.  

Dental pulp fibroblast Activation  

Fibroblast cells were seeded at 2.5 x 104 cells/cm2 and cultured until they 

reached 70-80% confluence in Dulbecco modified Eagle medium (DMEM) 

supplemented with 10% FBS and 1% Antibiotic-Antimycotic (GIBCO®, 

Invitrogen) and then for an additional 24 hours in DMEM containing 1% FBS and 

1% Antibiotic-Antimycotic  (24). Cells were activated with 0.1, 1 or 10 ng/ml 

DMP-1 (R&D Systems, Minneapolis, MN) or 10 ng/ml lipopolysaccharide (LPS) 

(Sigma®) for 3, 6 and 12 hourrs. For the inhibition experiment, cells were pre-

incubated with 35 nmol/L SB203580 (Calbiochem® California, USA) for 1 hour 

before activation with DMP-1. We also used an inhibitor antibody (2.5ug/ml, 
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clone IM7; Biolegend®) to block the interaction of DMP-1 with CD44. Rat IgG2b 

(Biolegend®) was used at a similar concentration as the antibody control. All 

experiments were performed in duplicates and repeated with at least three 

different primary cell cultures.  

Enzyme-Linked Immunosorbent Assay  

Human IL-6 and IL-8 enzyme-linked immunosorbent assay (ELISA) kits 

(BD Biosciences) were used according to the manufacturer’s protocol. The 

reaction was read using Power wave XS™ (Bio-Tec Inc., Virginia Beach, VA) 

plate reader.  

Statistical Analyses 

A Student’s t-test was used to compare homogenized inflamed and normal 

pulp tissues and a paired t-test to compare culture supernatants using GraphPad 

Prism 4 ® (La Jolla, CA) analyses software. A p value of >0.05 was considered 

non-significant. 
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Results 

DMP-1 localization & inflammatory cytokines expression in inflamed human 

dental pulps 

As previously reported (21), DMP-1 was not expressed in the normal pulp 

cells of impacted mature teeth (Figure 2.1 A-C) but was expressed in immature 

impacted teeth pulp cells (Figure 2.1 D-F). DMP-1 was present in all inflamed 

dental pulps tested and localized in both the sub-odontoblastic cell layer in the 

periphery (Figure 2.1 G-I) and the center of the pulp tissue (Figure 2.1 J-L). In 

both cases, DMP-1 was detected in the cellular compartments and the 

extracellular matrix areas. There was also intense DMP-1 staining in areas of 

fibrosis and calcification (Figure 2.1 M-O).  

To further define pulp inflammation in terms of cytokine expression, we 

measured IL-6 and IL-8 in inflamed pulps and in pulps of non-inflamed impacted 

teeth by using ELISA. IL-6 (Figure 2.1 P) and IL-8 (Figure 2.1 Q) were 

significantly higher in inflamed pulps versus non-inflamed pulps from impacted 

teeth.  
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Figure 2.1. Localization of DMP-1 and the expression of IL-6 and IL-8 in dental pulp . H&E 
staining of dental pulp tissue showed pulp cells of normal mature root pulp (a), normal immature 
root pulp (d), and infiltration of inflammatory cells at the periphery (g) and the center of the pulp 
tissues (j). Inflamed Pulp tissues also showed areas of fibrosis and calcification (X) (m) within the 
areas of inflammation. DMP-1 (red) was not localized in the cells of the normal mature root pulps 
(c) but existed in some immature root pulp cells (f). DMP-1 staining (red) can be identified at both 
the periphery (i) and the center of the pulp tissues (l), at both the cellular compartment of the pulp 
tissues (arrows) and the extracellular matrix areas (asterisk). DMP-1 is also present in areas of 
fibrosis (asterisk) and calcification (arrow head) (o). Isotype control (b, e, h, k, n) staining in all 
cases was negative. Pictures were taken using Nikon coolpix 4500® camera attached to Zeiss ® 
light microscope at (X600) magnification. IL-6 (p) and IL-8 (q) levels in inflamed versus normal 
pulps using ELISA. Pulp tissues from impacted teeth (n=5 for IL-6 and n=8 for IL-8) and from 
inflamed pulps (n=20 for IL-8 and n=12 for IL-6) were collected from the endodontic clinic and 
homogenized. IL-6 and IL-8 in homogenized tissues were measured by ELISA. Data are shown as 
mean ±SEM and represent pg IL-6 and IL-8/ µg total protein. p<0.05 is considered significant. 
(300 X 300 DPI) 

 

Effect of DMP-1 on inflammatory mediator release from dental pulp 

fibroblasts  

DMP-1 was localized by Immuno-histochemistry in inflamed pulps. 

Because inflamed pulps showed increased IL-6 and IL-8 levels compared with 

normal pulps, we hypothesized that DMP-1 localized in the dental pulp might be 
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responsible for the release of IL-6 and IL-8 from dental pulp cells. To test this 

hypothesis, we activated dental pulp fibroblasts with different concentrations of 

DMP-1 and measured IL-6 and IL-8 release.  Primary pulp fibroblasts were 

isolated and cultured as described previously (22). These cells were positive by 

immunofluorescence for vimentin (Figure 2.2 A and B) and collagen 1a1 (Figure 

2.2 C and D) indicating a mesenchymal origin. They were also negative by flow 

cytometry for CD45, CD34 and cytokeratin (Figure 2.2 E-G), indicating lack of 

contamination with haematopoeitic or epithelial cells. Because DMP-1 binds to 

cell surface αvβ3 (25) and CD44 (26), cells were tested for the expression of these 

receptors expression. Pulp fibroblasts did not express αvβ3 integrin (Chemicon 

Int. Inc.) (Figure 2.2 H) when compared to A549 cell line (human airway 

epithelial cells) used as positive control (Figure 2.2 I), but expressed CD44 

(Biolegend®) (Figure 2.2 J and K). 

Activation with DMP-1 for 6 hours significantly increased IL-6 release 

from dental pulp fibroblasts in a dose dependent fashion (Figure 2.3 A). A 

concentration of 10 ng/mL DMP-1 significantly induced IL-8 release after 6 hours 

of incubation when compared to the control group of resting cells (Figure 2.3 A). 

This concentration was used in all our subsequent experiments. Activation with 

10 ng/mL DMP-1 for 3 and 6 hours significantly induced IL-8 release from dental 

pulp fibroblasts (Figure 2.3 B) when compared with resting cells. This difference 

was not evident after 12 hours. 
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Figure 2.2 Characterization of dental pulp fibroblasts: Confocal microscopy pictures showing 
immuno-fluorescence of pulp fibroblasts to vimentin and collagen1a1 as demonstrated by the 
negative staining to goat serum (a), positive staining to anti-vimentin antibody (b), negative 
staining to rabbit serum (c), and positive staining to anti-collagen1a1 antibody (d). Each Cell 
stained with the nuclear staining DAPI (blue) is stained with vimentin and/or collagen1a1, 
indicating their expression by all the cells in culture. Images (b) and (d) were adjusted by 
subtracting the background signal (a) and (c) respectively. (X40 magnifications) Flow cytometry 
analysis of pulp fibroblasts showed no CD45, cytokeratin and CD34 as demonstrated by the lack 
of a right shift of fluorescence intensity in histograms e, f and g respectively. The black colour 
represents the unstained cells; the green represents the isotype control while the red represents the 
antibody staining. (600 X 600 DPI) 

 

Effect of LPS on dental pulp fibroblasts 

The data presented so far suggest that DMP-1 in inflamed pulps might increase 

the release of proinflammatory mediators responsible for recruiting inflammatory 
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cells. In cases of pulp inflammation due to caries, bacterial products are also 

present in the dentin. Among these products, LPS is known for its pro-

inflammatory effects. Pulp fibroblasts were activated for 6 hours with DMP-1 (10 

ng/mL), LPS (10 ng/mL) (27) or the two stimuli simultaneously. Addition of LPS 

alone to pulp fibroblasts induced significant IL-6 (Figure 2.3 C) and IL-8 (Figure 

2.3 D) release. DMP-1 and LPS had additive effects on IL-6 (Figure 2.3 C) and 

IL-8 (Figure 2.3 D) release from pulp fibroblasts. This additive effect was 

significantly different from each condition (DMP-1 or LPS) separately. 

Inhibition of IL-6 and IL-8 release 

DMP-1 has been shown to activate cells through its interaction with many 

receptors (25, 26), including αvβ3, which is not expressed by our cells, and CD44. 

An inhibitor antibody (2.5ug/ml, clone IM7; Biolegend®) was used to block the 

interaction of DMP-1 with CD44. This antibody did not affect DMP-1- induced 

IL-6 (50.1 pg/ml) and IL-8 (320.3 pg/ml) when compared to its isotype control 

(50.9 pg/ml for IL6 and 328.5 pg/ml for IL-8). We next studied the signaling 

pathway mediating IL-8 and IL-6 release by DMP-1.  Pre-incubation of pulp 

fibroblasts with the p38 mitogen activated protein (MAP) kinase inhibitor SB 

203580 (35 nmol/L) significantly abolished DMP-1-induced IL-6 (Figure 2.3 E) 

and IL-8 (Figure 2.3 F) release from pulp fibroblasts when compared with cells 

conditioned with DMP-1 alone without inhibitor. The use of this inhibitor 

returned the level of IL-6 and IL-8 secretion from pulp fibroblasts to normal 

(resting) (Figure 2.3 E and F). 
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Figure 2.3  DMP-1 effects on pulp fibroblast release of IL-6 and IL-8. (a) IL-6 in dental pulp 
fibroblasts culture supernatants activated for 6 hrs with different concentrations of DMP-1. Results 
are from 3 independent experiments and shown as mean ± SEM (*p<0.05). (b) IL-8 level in 
culture supernatants after 3, 6 and 12 hrs of stimulation with 10ng/ml DMP-1. Data presented is 
from 3-4 independent experiments and shown as mean ± SEM (*p<0.05). IL-6 (n=3) (c) and IL-8 
(n=4) (d) levels in culture supernatants of dental pulp fibroblasts after 6hrs of incubation with 
DMP-1, LPS, DMP-1 added to the LPS and resting unstimulated cells as control. Data are shown 
as mean ±SEM. IL-6 (e) and IL-8 (f) levels in culture supernatants of dental pulp fibroblasts after 
pre-incubation for 1hr with the p38 MAP kinase inhibitor SB 203580 and subsequent activation 
with DMP-1 for 6hrs. Data are shown as mean ±SEM. p<0.05 is considered significant. (600 x 600 
DPI).  

 

In summary, DMP-1 at 10ng/ml significantly induced the secretion of IL-6 

and IL-8 from dental pulp fibroblasts when compared with resting unstimulated 

cells in all of our experiments. When LPS was added to the cells, similar 

significant results were obtained. After adding DMP-1 to LPS, the secretion of 
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both IL-6 and IL-8 was significantly increased than when each was used alone 

and was more significant than the resting cells indicating the additive pattern of 

stimulation. Pre-incubation of the cells with the CD44 inhibitor antibody followed 

by the addition of DMP-1 (Anti-CD44+ DMP-1) did not have a significant 

difference than the control group (Antibody isotype control+ DMP-1). In contrast, 

pre-incubation with the inhibitor of p38 pathway followed by the addition of 

DMP-1 significantly decreased the IL-6 and IL-8 secretion from pulp fibroblasts 

when compared to the DMP-1 addition alone. 

Discussion 

In this study, DMP-1 was shown to be expressed in inflamed pulps, but 

not in normal pulps from impacted molars with fully developed roots. We also 

showed that inflamed pulps contained high levels of IL-6 and IL-8. Previous 

studies have also shown that IL-6 and IL-8 levels are increased in inflamed pulps 

(27, 28). The expression of DMP-1 at the periphery of the dental pulp suggests its 

active involvement in the dentinal repair process. This agrees with previous work 

(14) that localized DMP-1 in association with dental pulp cell odontogenic 

differentiation.  The localization of DMP-1 in areas of fibrosis and calcification 

suggests that it might have a role in the initiation of calcification inside the 

fibrotic areas of the dental pulp. To the best of our knowledge, this is the first 

study to localize DMP-1 in inflamed human dental pulps; earlier work (21) did 

not localize DMP-1 in mature teeth pulps. This, therefore, proposes a potential 

role for DMP-1 in the inflammatory process. As such, we tested whether DMP-1 
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stimulates the production of pro-inflammatory cytokines and/or chemokines from 

dental pulp cells. 

DMP-1-mediated pulp cell activation induced IL-6 and IL-8 release. IL-8 

is recognized for its ability to recruit neutrophils to inflamed tissues, which, in 

turn mediate an inflammatory response targeting pathogens and acting as a 

secondary source of cytokines in early phases of inflammation (29). Cytokines 

were shown to induce mineralization changes in dental pulp cells in short-term 

cultures (6, 7). Therefore, we speculate that DMP-1 might be involved in 

neutrophil recruitment via IL-8 production from dental pulp fibroblasts. 

Interestingly, another SIBLING family member, DSP, was shown to recruit 

neutrophils in an intra-peritoneal model of inflammation indirectly via tumour 

necrosis factor and IL-1β (17). Further in vivo experiments are needed to test the 

ability of DMP-1 to recruit neutrophils. IL-6 is a profibrotic cytokine that 

stimulates the proliferation of fibroblasts and production of extracellular matrix 

proteins and was correlated to soft tissue fibrosis and wound healing (30). The 

increase in IL-6 suggests its possible contribution to dental pulp calcification via 

fibrosis. This is supported by the finding that both IL-6 and IL-8 levels are 

correlated with collagen 1a1 expression from the inflamed pulps in response to 

carious lesions (28).  

LPS is a cell wall component of gram-negative bacteria that participates in 

the initiation and promotion of the inflammatory processes within the dental pulp 

(31). Previous studies (27, 32) showed that LPS induced an increase in IL-6 and 

IL-8 levels from dental pulp fibroblasts, which is consistent with our findings. 
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LPS and DMP-1 together had an additive effect on the production of IL-6 and IL-

8 from the activated cells compared to when used separately indicating a possible 

contribution of DMP-1 in the early stages of repair. 

The MAP kinase pathway family is responsible for the transduction of 

extracellular signals in response to cytokines and infection, resulting in the 

recruitment of immune cells and therefore more pro-inflammatory mediators in 

the early stages of pulp inflammation (2). This pathway was found to mediate 

pulp fibroblast proliferation in response to thrombin, suggesting its active role in 

the early stages of repair in the inflamed dental pulp (33). The p-38 MAP kinase 

pathway was stimulated in a significant and sustainable low-grade manner by 

dentin matrix proteins suggesting their importance in inflammation-mediated 

dental pulp repair (5). Accordingly, we have used SB203580, a specific p38 MAP 

kinase inhibitor, to abolish the DMP-1 proinflammatory effect on pulp fibroblasts. 

This inhibitor was largely used in the regulation of different cellular and 

molecular events during odontoblastic differentiation and reparative 

dentinogenesis (34, 35). DMP-1 was found to induce healing after capping the 

dental pulp by calcified tissue formation in the pulp chamber (14), unlike FGF2 

which showed normal healing pattern -in terms of primary dentin deposition- 

without any pulp chamber calcification (36). If this inhibitor can prevent the 

DMP-1 calcification effect as well, it would pave the way for a new therapeutic 

approach to treat dental pulp inflammation and simultaneously prevent pulp 

calcification. 
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DMP-1 was shown to activate several cell surface receptors in several cell 

surface receptors (25, 26, 37, 38). However our cells did not express avβ3, which 

did not allow us to identify the relevant DMP-1 receptor in pulp fibroblasts. 

Nevertheless, our study indicates that DMP-1 may participate in the development 

of inflammatory changes in the pulp via the production of IL-6 and IL-8. Such an 

effect would explain the presence of DMP-1 in non mineralized (16) and cancer 

tissues (39). However, the role of DMP-1 in dental pulp repair might not be 

limited to the inflammatory changes, particularly because DMPs are angiogenic 

factors (40). Full elucidation of the role of DMP-1 in tissue repair and 

angiogenesis as well as its possible interaction with other SIBLING family 

members might identify a new therapeutic target that could prevent superfluous 

pulpal calcification and simultaneously allow favorable healing.    

 

 

 

A version of this chapter has been published. Abd-Elmeguid et al., J Endod 
2012;38:75-80). Reproduced with permission from Journal of Endodontics. 

Copyright © American Association of Endodontists. 
 
 

*Detailed methodological protocols can be found in Appendices A-H.
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The expression of osteocalcin in pulp inflammation. 

Introduction 

Pulpal repair in response to tooth injury caused by caries, trauma or cavity 

preparation is a complex process that includes matricellular interactions involving 

inflammation (1, 2). Cariogenic bacteria soften the dentin as it proceeds towards 

the dental pulp allowing the leaching out of dentinal matrix composed of many 

reparative proteins. As caries progresses towards the dental pulp, inflammatory 

cells increase in number and secrete cytokines/chemokines (3, 4). At the same 

time reparative molecules are secreted to compensate for the loss in dentinal 

structure forming reactionary or reparative dentin depending on the presence or 

absence of odontoblasts (5). Many inflammatory mediators were reported inside 

the inflamed dental pulp (1, 4, 6-9). However, little is known regarding the 

relation of these mediators to the reparative molecules involved in reparative/ 

reactionary dentinogenesis.  

Osteocalcin (OCN) is one of the reparative molecules commonly 

expressed in response to injury of the dental pulp. Its gene was upregulated in 

acute dental traumatic injury (10). OCN is an osteoblast marker, and is considered 

to be a late differentiation marker of odontoblasts (11, 12). OCN is also expressed 

in response to dental injury during cavity preparation where it is associated with 

collagen fibers and is found embedded inside the tertiary dentin (13). It was also 

shown to regulate energy metabolism in a hormone-like fashion (14) explaining 

its expression in highly differentiated cells like odontoblasts (15). OCN is also 
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expressed in cementum in addition to bone and dentin (16). Its role in 

mineralization is not very clear. However, it is suggested to play an important role 

in mediating osteoclastic differentiation (17-19).  

OCN was found to be related to macrophage protein such as granulocyte 

macrophage colony stimulating factor (GM-CSF) in bone forming cells (20, 21). 

Macrophages express OCN in their terminal differentiation to osteoblasts (19). 

Macrophages are the dominant inflammatory cells in pulp inflammation (22). Is 

OCN related to the inflammatory changes inside the dental pulp? When OCN 

administered to orthodontically treated teeth, a condition known for its 

inflammatory nature, it enhanced teeth movement (23) while OCN mRNA 

expression was increased inside the dental pulp of these teeth (24).  

Goldberg et al. (2) and Cooper et al. (1) discussed the inflammatory 

changes inside the dental pulp as a vital part of dental pulp repair in response to 

injury. In addition, reparative molecules are involved in the inflammatory process 

of the pulp (25, 26). It was also shown that fibrosis and calcification are increased 

in inflamed pulps compared to  non inflamed ones (27). Therefore, the objectives 

of this study were to localize OCN in inflamed pulps, to distinguish the different 

levels of OCN in two stages of pulp inflammation, and to suggest possible 

interactions of OCN in pulpal inflammation. 

Materials and Methods 

Collection of samples and histological examination  

A total of 35 inflamed pulps were collected from the Endodontic Clinic at 

the University of Alberta according to the protocol approved by the University of 
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Alberta Human Research Ethics Board. As described previously (7), cases with 

reversible pulpitis referred to the endodontic clinic for prosthetic purposes were 

classified as samples with early stages of pulp inflammation. Pulps with 

irreversible pulpitis, referred to the same clinic, were classified as samples with 

the late form of pulp inflammation. Clinically, teeth with reversible pulpitis are 

sensitive to cold, not to hot, and have no spontaneous, lingering pain. While teeth 

with irreversible pulpitis, are clinically sensitive to hot with spontaneous lingering 

pain. Thirty pulps from impacted caries-free teeth were collected, considered as 

normal pulps and used as controls. The pulps used for histological examination 

were collected in 4% paraformaldehyde, processed for paraffin embedding and 5µ 

sections were stained with haematoxylin and eosin (H&E) and Gomori’s 

trichrome. H&E stained tissues were examined under light microscope; cells of 

the dental pulp tissue were counted under the same magnification (x 400) in 3 

different sections and 3 different high power fields (HPF) per section. If the tissue 

had more than one piece per slide (i.e. torn), three different locations per piece of 

tissue were used for the examination and the average of the three counts was 

calculated and tabulated for statistical analysis.  

Tissues were also examined for calcification areas. When present, images 

of these areas were taken then were transferred to ImageJ analysis software to 

calculate the surface area of calcification (in mm). The percentages of these areas 

to the whole area of the tissue in the image were then calculated. The steps 

performed were previously described in a previous report (28). The trichrome 

stain stains collagen fibers (fibrosis) green preventing the light from being 
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reflected and decreasing its intensity under the microscope. In the presence of 

denser fibers, the light intensity was measured using the ImageJ analysis software. 

The intensity was tabulated and submitted for statistical analysis. All histological 

evaluation and tabulation were performed blindly to eliminate bias. 

Analysis of inflammatory and remodeling cytokines/chemokines using a 

multiplex assay 

Tissues were collected in tissue lysis buffer (Cellytic T©, Sigma®, St 

Louis, MO) supplemented with 1% protease inhibitor cocktail (Sigma®), 

homogenized and centrifuged at 14000g for 15min at 2ºC, followed by collection 

of the supernatant. The protein concentration was measured by Pierce® BCA 

protein assay kit (Thermo-scientific® Pierce® Biotechnology, Rockford, IL) and a 

similar amount of proteins in each sample was sent to Evetechnologies  (Calgary, 

AB) for human multiplex assay analysis as described previously (29). The 

protocol and the 42 analytes measured are listed at the company’s website 

(www.Evetechnologies.com).  

Immuno-histochemical localization of OCN and OCN measurement in pulp 

tissues      

Samples collected, as previously explained, were examined for the 

presence of OCN by immuno-histochemical  staining as performed previously 

(26). After de-paraffinisation using serial dilutions of ethanol and xylene, tissues 

were washed with PBS twice for 5 min each, followed by permeabilisation using 

0.5% Triton100 in PBS for 5min and then blocking unspecific protein binding by 

serum free blocking solution (Dako Canada Inc. ON, Canada) for 10 min at room 
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temperature. Tissues were then incubated overnight at 4ºC with monoclonal 

mouse anti human OCN antibody (10µg/ml) (R&D systems, Inc. MN, USA), or 

incubated with mouse IgG1 (10µg/ml) (Biolegend®, California, USA) as isotype 

controls. Tissue slides were washed 4x in PBS (5 minutes each) to eliminate any 

unspecific binding and then were incubated with alkaline phosphatase (AP) 

conjugated anti-mouse secondary antibody (1:100) (Sigma®) in a humid chamber 

for 1 hour at room temperature followed by washing in PBS. The signal was 

developed using AP Vector® red substrate kit (Vector Laboratories Inc., 

Berlingame, CA). Counterstaining with haematoxylin was performed next, and 

slides were kept overnight in the dark. Tissue slides were then examined for OCN 

staining under light microscope. All antibodies and controls were diluted in 

antibody diluents with background reducing component (Dako Inc.).   

Samples collected for the plex assay were treated as previously described and sent 

to Evetechnologies. Data from the plex analysis (OCN) were used together with 

data from the multiplex analysis (inflammatory cytokines/ chemokines) for the 

same tissues to correlate between the level of OCN and that of other inflammatory 

mediators.  

Statistical analysis 

Student t test was used to compare samples of early and late pulpitis in 

terms of percentage of calcification areas. The analysis of variances test was used 

to compare cell counts in pulp tissues and collagen amounts as shown by light 

intensity measured by using ImageJ software. The same test also was used to 

compare each of the inflammatory mediators’ expression and OCN expression by 
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human plex assay in normal, early and late pulpitis. Samples of the multiplex 

assay that were extrapolated beyond the standard range were not assigned a value. 

A statistical value of p<0.05 was considered significant. Pearson correlation was 

used to correlate OCN expression with each mediator expression in inflamed 

(early and late pulpitis) pulps, a scale of -1:1 and a p-value <0.05 was considered 

significant for either a positive or negative correlation.        

Results 

Presence of inflammatory cells and calcification in pulpitis 

Dental pulp cells were counted blindly in slides stained with H&E. 

Representative pictures of control pulp (Figure 3.1 A), and pulps with early 

(Figure 3.1 B) and late pulpitis (Figure 3.1 C) are shown. The control group and 

late pulpitis group had lower cell counts compared to the early pulpitis group. 

There was no significant difference between the late stage of pulp inflammation 

and the non inflamed group (control) (Figure 3.1 D).  

  Since fibrosis is a marker of pulp inflammation (27), trichrome staining 

was used to evaluate the degree of fibrosis in our samples. Quantitation of fibrosis 

showed that the control group (Figure 3.1 E) was the lowest in collagen staining 

compared to the early (Figure 3.1 F) and late (Figure 3.1 G) stages of pulp 

inflammation and these differences were significant (p<0.0001)(Figure 3.1 H).  
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Figure 3.1: Cell number and fibrosis of early and late pulpitis. H&E staining of pulp of an 
impacted molar (control) showing a decreased cell count (A), the cell (arrows) number is 
profoundly increased in early stages of pulpitis (B), and then tends to decrease again in late stages 
of pulpitis (C). Pictures show representative samples for the cell count under the same field 
microscope magnification (X400) which is statistically significant when comparing the cell 
number of early pulpitis to the control(normal) and that of early pulpitis to late ones, although the 
total cell count in late pulpitis was higher than the control, it was not statistically significant (D).  
Gomori’s trichrome staining of the pulp from impacted tooth (control) (E), the degree of green 
(asterisks) (collagen) increased in early stages of pulpitis (F), and the late stages of pulpitis (G). 
Data collected using Image G analysis software showed that the light intensity masked by the 
green in the samples decreased significantly in early and late pulpitis than the control (H). Pulp 
tissues from impacted teeth (n=15) showed no areas of calcification (letter X) (I), while early 
(n=11) (J), and late (n=7) (K) pulpitis developed calcification areas which were significant than 
the control and each other with the early stages having a higher percentage of calcification areas 
(L). Data were considered significant at P-value <0.05.   

 

Pulps from impacted teeth had no evidence of calcification in contrast to 78% of 

the total number of tissues with early pulpitis and 66% of the total number of 
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tissues with late pulpitis. The percentage of calcification areas in tissues with 

early pulpitis was significantly higher than that in late pulpitis (Figure 3.1 I- L). 

Presence of inflammatory mediators in the pulp tissue 

Understanding the range of molecules expressed in pulp tissue during 

inflammation is crucial to better understand tooth injury and repair. It is key for 

the development of targeted strategies to treat these conditions. A human 

multiplex assay analysis was performed to identify the presence of different 

inflammatory and remodeling mediators in pulp tissue and measure their levels. 

The mean expression in pg/mg protein in normal, early and late pulpitis for each 

inflammatory mediator and the statistical analysis are shown in Table 3.1. 

Inflammatory mediators commonly expressed in the inflamed dental pulp like 

interleukin-1α (IL-1α), IL-1β, IL-1rα, IL-4, IL-6, IL-8/CXCL8, tumor necrosis 

factor (TNF) and other inflammatory mediators like monocyte chemoattractant 

protein-1 (MCP-1/CCL2), MCP-3/CCL7, monocyte derived chemokine (MDC), 

macrophage inflammatory protein -1α (MIP-1α/CCL3), MIP-1β/CCL4, GM-CSF 

and growth-regulated protein (GRO) not previously reported in the inflamed pulp, 

showed a significant increase in early as well as in late stages of pulp 

inflammation when compared to the control (Panel A, Table 3.1). Another set of 

inflammatory mediators like IL-7, Interferon-α (IFN-α), transforming growth 

factor-α (TGF-α), Granulocyte-colony stimulating factor (G-CSF) and IL-13  

showed a decrease in both early and late pulpitis when compared to the control 

(Panel B, Table 3.1).  
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Table 3.1: Expression of inflammatory and remodeling mediators in early and late 
pulpitis. 
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Some mediators like interferon-gamma induced protein-10 (IP-

10/CXCL10), IL-15, soluble interleukin2 receptor α (sIL-2rα), cluster of 

differentiation 40 ligand (CD40 L/CD154) and TNFβ showed a significant 

increase only in early pulpitis than the control (Panel C, table 1 Mediators 

including some angiogenic factors like vascular endothelial growth factor 

(VEGF), fibroblast growth factor (FGF), platelet derived growth factor (PDGF 

AA/AB) and regulated upon activation normal T cell expressed and secreted 

(RANTES/CCL5) showed a marked increase in early pulpitis compared to the 

control but late pulpitis samples had levels similar to the levels in the control 

tissues (Panel D, Table 3.1). Fractalkine/CX3CL1 and flt3ligand expression did 

not follow any of the previous panels and instead only decreased in late pulpitis as 

well as eotaxin/CCL11 which only increased in late pulpitis (Panel E, Table 3.1). 

OCN expression in pulp tissue 

Pulps from impacted teeth did not show evidence of OCN expression by 

immuno-histochemical (Figure 3.2 A- C). In the inflamed samples, areas of 

calcification as determined by the dark haematoxylin staining did not show any 

OCN staining; however OCN was intensely localized in cells and matrix around 

these areas (Figure 3.2 D- I). All inflamed pulps with areas of fibrosis were OCN 

positive (Figure 3.2 J- L). Where present, cells in the peripheries of the inflamed 

tissues showed OCN positive staining as well as cells around the blood vessels 

(Figure 3.2 N- O). Blood vessels walls in the inflamed tissues were also OCN 

immunopositive (Figure 3.2 O).  The presence of OCN in pulp tissue was also 

measured using a plex asay (Evetechnologies). Early and late pulpitis tissues had 
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higher OCN levels compared to the control tissues (Figure 3.3).  OCN levels were 

higher in early pulpitis compared to late pulpitis. 

 
Figure 3.2: Immunohistochemical localization of osteocalcin (OCN) in inflamed dental pulps. 
Representative photographs of H&E staining of pulp tissue from impacted molars (control) (A), 
and tissue sections when stained with mIgG1 (isotype control) (B), or mouse anti human OCN (C) 
showing the absence of OCN staining in normal pulps . D, E and F are representative photographs 
from inflamed human dental pulp stained with H&E (D), mIgG (E) and anti-OCN (F). 
Calcification areas are seen in H&E. Intense OCN staining is seen at the borders of calcification 
areas (arrow head) (X40 magnification) (F). G, H and I  are pictures of higher magnification of the 
squared areas in D, E and F. OCN (red) staining was absent in calcification area (X) while intense 
in extracellular matrix (ECM) and in cells surrounding this area (arrow) (I). Inflamed pulp tissue 
with areas of fibrosis when stained with H&E (J), followed by the negative staining in the isotype 
control picture (K)  and the positive staining of fibers to OCN antibody (arrow head) and in the 
matrix surrounding the fibers (asterisk) (L) . Another inflamed dental pulp showing blood vessels 
and pericytes stained with H&E (M) , the isotype control showing negative staining to any part of 
the tissue (N). OCN staining is present in the blood vessel wall (arrow), cells around the 
vasculature (arrow) and the ECM (asterisk) of the tissue borders (O).   
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Figure 3.3: The expression of osteocalcin in early and late pulpitis. Values of osteocalcin 
expression in pg/ mg protein (dots) are presented in control pulps from impacted teeth (normal 
pulp, n=12) and in early (n=11) and late (n=6) pulpitis. The line between the dots represents the 
mean and *p<0.05 was considered significant. 

Correlation between OCN expression and other inflammatory mediators  

To improve our understanding of the pathophysiology of pulpitis we 

examined the correlation between the levels of OCN and other inflammatory 

mediators in pulp tissue. There was no correlation between these measurements in 

normal pulps. The correlation analyses in the early stages of pulp inflammation 

demonstrated the presence of a positive correlation between OCN and FGF 

(Figure 3.4 A), VEGF, MCP-1, MDC, MIP-1β and sIL-2rα. It was also found that 

OCN is negatively correlated to IL-1β (Figure 3.4 B), IL-8, IL-1α, and MIP-1α. 

Only MIP-1β (Figure 3.4 C) and sIL-2rα maintained their positive correlation to 

OCN in the late stages of pulp inflammation. IL-1α (Figure 3.4 D) and IL-1β 

continued to negatively correlate to OCN in late stages of pulp inflammation. 

Samples of early pulpitis were added to those of late pulpitis to compare between 

the expression of OCN and the inflammatory mediators in both stages of pulp 

inflammation together (generalized pulp inflammation). In addition to those 

proteins that showed positive correlation in early pulpitis, CD40L was found to be 
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positively associated to OCN in generalized pulp inflammation; however, GM-

CSF and IL-1rα were negatively correlated to OCN expression. 

  

 
 
Figure 3.4: Representative graphs of the correlation experiment between the expression of 
osteocalcin (OCN) and the expression of inflammatory cytokines in the inflamed dental pulp. 
A positive correlation exists between the expression of OCN and the expression of FGF (A) in 
early pulpitis. A negative correlation exists between the expression of OCN and the expression of 
IL-1β (B) in early pulpitis. A positive correlation exists between the expression of OCN and the 
expression of MIP-1β (C) and a negative correlation exists between the expression of OCN and 
that of IL-1α (D) in late pulpitis. The values are in pg cytokine/ mg total protein in the sample. A 
p-value less than 0.05 (p<0.05) was considered significant.  
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Discussion 

The current study has shown that OCN expression increased in inflamed 

pulps compared to normal pulps. The data of the present study regarding OCN 

expression in fibrotic areas are in line with what was previously shown in a rat 

model of tooth injury (13). Our data indicates that OCN is expressed in early 

(reversible) more than in late pulpitis (irreversible) and pulp calcification in early 

pulpitis is more pronounced than in late pulpitis. This would confirm the 

importance of OCN in mineralization (30), and is consistent with a previous 

report regarding the development of pulp fibrosis and calcification in chronic 

pulpitis without irreversible changes (31).  

OCN was expressed in the pulp cells related to calcification areas but was 

not expressed in these areas. This is in agreement with Ninomya et al (32) who 

did not localize OCN in human pulp stones. OCN localization in cells around 

calcification areas can be explained by the fact that it is considered a marker of 

osteoblast differentiation (33). OCN was also expressed by human pulp cells 

following the use of osteogenic induction medium (11). In response to injury, 

pulp cells migrate, proliferate and differentiate into odontoblast-like cells to lay 

down new reparative dentin (5). The mechanism of pulp cells response to injury 

explains the immuno-localization of OCN at the peripheries of inflamed pulp 

tissues as OCN is considered one of the late differentiation markers of 

odontoblasts (34). The extraction of pulp tissues in our experiment was performed 

by a size #10 K file which removed the pulp tissues without the odontoblastic cell 

layer, hence the lack of immuno-localization of OCN in the control group. 
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However, there was a minimal expression of OCN in normal pulps from impacted 

teeth in the human plex assay; this is probably related to the difference in 

sensitivity between the two assays. This assay helped identify the difference 

between OCN expression in early versus late stages of pulp inflammation which 

may be explained by the difference in cell number between both stages (i.e. fewer 

cells are present to produce OCN in late stages of pulp inflammation). It can be 

speculated that a specific cell which increases in number in inflamed pulps is 

expressing OCN. This speculation is based on the fact that macrophage cells are 

dominant in pulp inflammation (22) and express OCN in their trans-

differentiation to osteoblasts (19). Further in vitro experiments are needed to 

support such speculation. In a pulp capping model of pulp repair, the amount of 

dentinal bridge formation in the severe type of pulp inflammation is negligible 

when compared to mild, moderate or no pulp inflammation (35) which questions 

the presence of OCN in the late stage of pulp inflammation. In an attempt to 

identify a possible role for OCN in pulp inflammation, the inflammatory 

mediators inside the same inflamed pulps were measured to be able to correlate 

between their presence and the presence of OCN.   

The human multiplex assay analyses revealed the expression of 

inflammatory mediators corresponding to pulp inflammation. Some of these 

mediatorshave been previously described in dental pulp inflammation (1, 4, 6-9, 

26, 36-39). The expression of inflammatory mediators was discussed in reports, 

which depended on the caries level in dentin or whether the pulp comes from a 

carious diseased or non-diseased tooth. We believe that evaluating a large panel of 
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inflammatory mediators in a clinically determined stage of pulp inflammation 

would provide a better understanding of what is happening at the molecular level 

in clinically diagnosed pulpitis. Further clinical correlation experiments between 

the detailed clinical diagnostic criterion and the expression of these mediators of 

inflammation would potentially help in the identification of pulp inflammatory 

markers and accordingly, the development of a new therapeutic intervention at a 

specific clinical stage of pulp inflammation.    

In the current study, markers of angiogenesis (VEGF, PDGF and FGF) 

have shown an increase in early stages of dental pulp inflammation and this 

increase was positively correlated to the expression of OCN. VEGF and FGF are 

crucial elements for dental pulp repair in response to injury (40). In an in vivo 

model of angiogenesis, OCN induced a similar pattern of healing to that of FGF 

(41). Interestingly, FGF and VEGF were shown to induce OCN gene expression 

in pre-osteoblast cells (42, 43). OCN was also expressed in early pulpitis 

corresponding to the expression of the pro-inflammatory mediators MCP-1, MIP-

1β, sIL-2rα and MDC. OCN expression in early pulpitis was found to be inversely 

proportional to the expression of IL-1α, IL-1β, IL-8 and MIP-1α and this negative 

correlation continued with the progression of pulpal inflammation in late pulpitis 

together with the expression of IL-1α and IL-1β. These data are supported by the 

finding that MCP-1 is positively correlated to OCN in the human serum of lean 

individuals (44) and by reports (45-47) that showed the inhibition of OCN 

production from osteoblast-like cells after their stimulation with IL-1α or IL-1β, 

and from bone marrow stromal cells after their stimulation with MIP-1α (48). 



123 

 

Considering these facts collectively, it can be speculated that OCN in early 

pulpitis plays a role in regulating dental pulp repair. This role is decreased with 

the progression of inflammation and the expression of catabolic molecules like 

IL-1α and IL-1β. However, further ex vivo experiments are needed to confirm this 

speculation. 

In conclusion, the expression of OCN was demonstrated inside the 

inflamed dental pulp and inflammatory mediators were found related to this 

expression especially in the early stages of pulpal inflammation. OCN is 

positively correlated to angiogenic markers such as FGF and VEGF and is 

negatively correlated to catabolic molecules frequently expressed in deep carious 

lesions such as IL-1. A clearer understanding of how these reparative molecules 

act inside the inflamed dental pulp and questions regarding cell-matrix, cell-cell 

and molecular interactions need to be addressed before the clinical use of these 

reparative molecules.  

 

Detailed methodological protocols and recipes can be found in Appendices 

E-G and I- J. 
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Osteopontin expression in pulp inflammation is related to angiogenesis 

Introduction 

The recent focus on pulp regeneration has generated an interest in the 

changes that develop in the pulp tissue during inflammation. One of the crucial 

elements in regeneration is the cellular-molecular interaction. Dental caries has 

been treated for a long time by excavation followed by replacement of the 

decayed tooth structure with a restorative material. Excavation may expose the 

inflamed pulp which is then covered by restorative material, such as calcium 

hydroxide. This procedure is known as pulp capping. Pulp capping whether direct 

or indirect is associated with the differentiation of pulp cells into odontoblast-like 

cells which lay down the reparative dentin. Although capping material may help 

the pulp soft tissue to repair itself by stimulating the differentiation of the cells 

that lay down reparative dentin at the site of injury, they may also lead to 

development of a calcified pulp chamber which is irreversible. A calcified pulp 

limits therapeutic options (1) and may complicate endodontic treatment (2). 

Research to identify the best approach to repair the dental pulp, maintain pulp 

vitality and regenerate new dentin at the site of cavity preparation without 

affecting soft tissue integrity is a priority (3). To pursue this objective, we need an 

understanding of the interactions between inflammation and repair (4). 

Mineralization is a phenomenon in which the mineral crystals deposited inside the 

collagen fibers are linked together by non-collagenous extracellular matrix 

proteins (5).  Osteopontin is a glycoprotein implicated in the mineralization of 

bone, dentin and cementum (6-8). It is a member of the small integrin binding 
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ligand N-linked glycoprotein (SIBLING) family of proteins which also includes 

bone sialoprotein (BSP), dentin sialophosphoprotein (DSPP), dentin matrix 

protein-1 (DMP-1) and matrix extracellular phosphoglycoprotein (MEPE). 

SIBLINGs share a common chromosomal location and a characteristic arginine 

glycine aspartate (RGD) motif which possibly facilitates their cellular interaction 

via integrin cell surface receptors (9, 10). The OPN gene is upregulated in pulp 

cells under carious lesions, however this increase does not reflect the presence of 

OPN protein in the pulp matrix (11). OPN mRNA was expressed in the early 

remodeling phase of bone fracture healing together with DMP-1 (12). OPN gene 

expression increased in cases of longitudinal root fracture (13) and in response to 

orthodontic tooth movement (14). Furthermore, OPN was extensively investigated 

for its relation to several inflammatory diseases (15) and in several forms of pulp 

calcification (16, 17). Inflammatory mediators increase OPN expression in human 

pulp cell cultures (18). Interestingly, OPN gene expression is regulated by toll like 

receptor 4 (TLR4) in cemetoblasts cell line (19). However, the role of OPN in 

pulp inflammation is still not clear. In the current study, the expression of OPN in 

inflamed pulps is investigated and its correlation with the inflammatory mediators 

in pulp inflammation is demonstrated.   
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Materials and methods 

Tissue collection and human OPN plex assay analysis 

Collection of all tissues was performed after the approval of the Human 

Research Ethics board (HREB) at the University of Alberta. Human inflamed 

dental pulps were collected from the Endodontic clinic at the School of Dentistry, 

at the University of Alberta. The pulps of teeth diagnosed with pulpitis due to 

various reasons such as impact trauma, deep caries (irreversible or acute) or pre-

restoration unexposed carious lesions (reversible or chronic) were collected. A 

total of seventeen inflamed pulp tissues and ten pulps from impacted teeth 

(control) were collected in tissue lysis buffer (CelLytic® MT, Sigma®, St Louis, 

MO) supplemented with 1% protease inhibitor cocktail (Sigma®). Tissues were 

homogenised and centrifuged at 140000 g for 15 minutes at 2° C. Supernatants 

were collected and the total protein amount was determined using Pierce® BCA 

protein assay kit (Pierce Biotechnology®, Rockford, IL). The same samples 

previously demonstrated (20) of equal protein amount were sent to 

Evetechnologies (Evetechnologies, Calgary, AB), as previously described (21), 

for OPN plex expression. Description and protocol of the human OPN plex assay 

can be found at the company’s website (www.evetechnologies.com). 

Western Blot 

Supernatants of inflamed and normal homogenised pulp tissues were 

analyzed for OPN expression by western blot. A total of 25 ug protein from 

inflamed and normal pulps were loaded on 15% SDS gels. rhOPN (Sigma®) was 

loaded in other wells as the positive control. Proteins were transferred to a 
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nitrocellulose membrane, blocked with Odyssey® blocking medium (LI-COR®, 

Lincoln, NB) for 1 hour at room temperature followed by overnight incubation 

with 1µg/ml polyclonal rabbit anti human OPN antibody (Sigma®) in Odyssey® 

buffer  at 4°C. Washing the membrane with 0.05% Tween 20/PBS 4 times for 5 

minutes each, followed by 1:15000 goat anti rabbit secondary antibody IRDye® 

conjugated (800 cw, LI-COR®) in Odyssey® buffer. Rabbit serum at the same 

concentration as the primary antibody was used as negative control replacing the 

primary antibody for another membrane which was run under the same 

conditions. As assay control, experimental membrane was incubated with 1:1000 

monoclonal mouse anti human GAPDH (R&D Systems®, Mineapolis, MN) in 

Odyssey® buffer. For the control membrane, mouse IgG1 (Sigma®) was used to 

replace the primary antibody and to act as the negative control. Signal 

development was performed using 1:15000 Goat anti mouse secondary antibody 

IRDye® conjugated (700 cw, LI-COR®). Signal detection was done using 

Odyssey system and scanner in the two channels as green for the 800 and red for 

the 700 ones.     

Correlation between OPN expression and inflammatory mediators in the 

inflamed dental pulp 

The expression of OPN in pulp tissues was correlated to the expression of 

a panel of inflammatory mediators, previously described in another article (20), in 

the same tissues. Pearson correlation coefficient at a scale of -1: 1 was used to 

determine the statistical relation between the expression of these mediators and 

the expression of OPN. 
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Pulp cell isolation and culture 

Human pulp cells were isolated using the explants method as described 

previously (22). In brief, pulp tissue was removed from sectioned impacted teeth, 

cut into 1 mm2 pieces and minced against tissue culture plate. Cells were left to 

grow out of the explants for 10 days and then sub-cultured into larger vessels once 

confluent. Cells from P4-P6 were used in the experiments. Dental pulp cells at 

25000 cells/cm were cultured until they were 70-80% confluent, then incubated in 

1% FBS and 1% antibiotic/ antimycotic (GIBCO®, Life technologies®) in DMEM 

(GIBCO®, Life technologies®) for 24 hours to deplete chemokine expression (23). 

Cells were cultured in the same media, with or without rhOPN (Sigma®) at 

different concentrations (10, 100 and 1000 ng/ml), for 24 hours followed by a 

time course experiment where cells were cultured with or without OPN 

(100ng/ml) for 6, 12 and 24 hours. Supernatants were collected from the 

experimental group (OPN) and the control group (without OPN), centrifuged at 

14000g for 10 min at 4°C followed by freezing the samples at -80°C until further 

ELISA evaluation. Time course and dose response experiments were repeated at 

least 3 times with cells from two different subjects and each experiment was run 

in duplicates. Cells were then cultured for 24 hours with or without 100 ng/ml 

rhOPN two more times. 

Enzyme Linked Immunosorbent Assay (ELISA) 

Cell culture supernatants of at least three independent experiments were 

tested for the expression of VEGF using ELISA (US Biological®, Swampscott, 

MA). Supernatants of cells cultured at 24 hours with or without 100 ng/ml rhOPN 
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were then tested for the expression of IL-8 and IL-6 (BD Biosciences®, San Jose, 

CA) according to the manufacturer’s protocols.  

Results 

OPN expression in pulp inflammation 

Inflamed pulp tissue was compared to pulp tissue from impacted teeth 

(control) for OPN expression using western blot analysis. OPN expression is 

increased in inflamed pulp compared to non inflamed pulp. Identification of the 

OPN band at the molecular weight (~48 kDa) was according to the manufacturer’s 

recommendation and by the help of the recommended positive control (rhOPN). 

More evidence was needed to find quantitative differences between inflamed and 

non inflamed groups. As additional evidence, human plex assay analysis revealed 

that the OPN is significantly increased in pulp inflammation when compared to 

pulps from impacted teeth used as controls (Figure 4.1 B). There was no 

difference in OPN levels between tissues with reversible and irreversible pulpitis. 

Both groups expressed higher OPN levels than the control group (Figure 1, 

Appendix L).  

Correlation of OPN to OCN and inflammatory mediators    

Inflammatory mediators and OCN expression from our previous study 

(20) were tested for their correlation with OPN expression in normal and inflamed 

dental pulps. In normal pulp there was no correlation between OPN and OCN 

expression or between the expression of OPN and any of the inflammatory 

mediators. A significant strong positive correlation was found between the 

expression of OPN and OCN (Figure 4.2 A) in inflamed pulps. OPN was 
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positively correlated with the expression of FGF, VEGF (Figure 4.2 B and C), 

MCP-1, MDC, MIP-1β and sIL-2ra in pulpitis. OPN expression was negatively 

correlated with the expression of IL-1α, IL-1β, IL-1rα (Figure 4.2 D-F), GM-CSF, 

GRO, IL-6, IL-8 and MIP1α in pulpitis.                                                    

 

 
Figure 4.1: The expression of osteopontin in dental pulp inflammation. Western blot 

membrane showing the expression of OPN in inflamed pulp (lane2) and lesser expression of OPN 
in non inflamed normal pulp from an impacted tooth (lane 1 as control) (A). OPN detection at 
~48kDa is consistent with the antibody manufacturer who recommended the rhOPN as positive 
control (lane 3). The assay is controlled by staining against a house keeping protein (GAPDH 
38kDa). It showed the expression of both tested and control groups equally, indicating an equal 
amount of samples. The expression of OPN in pg/mg protein was calculated in pulp tissue 
homogenised samples using human plex assay analysis (B) which showed the significant 
difference between the inflamed (n=17) and the normal group (n=10). Bars represent the mean and 
*p<0.05 was considered significant. **p<0.01 
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Figure 4.2: Correlation experiment between the expression of osteopontin and those 
of inflammatory mediators. The expression of OPN in pulp inflammation is positively correlated 
to the expression of OCN (A) (20), VEGF and FGF (B and C). Data are only representative of the 
correlation experiment. OPN expression was also found negatively correlated to the expression IL-
1β, IL-1α and IL-1rα (D, E and F). *p-value<0.05 was considered significant using Pearson 
correlation test (n=16-17). 

The effect of OPN on VEGF, IL-6 and IL-8 

The expression of VEGF in response to the stimulation of dental pulp cells 

by OPN was tested. OPN at 10, 100 and 1000 ng/ml induced the expression of 

VEGF from dental pulp cells (Figure 4.3 A). Activation with 100 ng/ml OPN for 

24hrs significantly induced VEGF release from dental pulp cells (Figure 4.3 B) 

when compared with resting cells. This difference was not evident after 6 and 12 

hours. This concentration/time was used in the subsequent experiments. 

Accordingly, OPN activation of dental pulp cells was tested in terms of IL-6 and 
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IL-8 expressions. OPN significantly reduced the expression of IL-8 (Figure 4.3 

C), however it significantly induced the expression of IL-6 (Figure 4.3 D). 

 
 

Figure 4.3: OPN-induced cytokines regulation from dental pulp fibroblasts. Dental 
pulp fibroblasts cultured with OPN significantly increased the expression of VEGF in a dose 
dependent response when compared to the control group (without OPN) at 24hrs (A). Time course 
experiment showed that the expression of VEGF from both groups decreased with time and was 
significant between the OPN group and the control at 24hrs (B). OPN (100ng/ml) at 24hours 
significantly decreased the production of IL-8 (C) and significantly induced the expression of IL-6 
from dental pulp fibroblasts (D). ANOVA and paired student t-test were considered significant 
when *p-value was <0.05. Data are from at least three independent experiments. 
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Discussion 

 OPN expression is increased in inflamed dental pulps. To our knowledge, 

this is the first study to show the increase of OPN protein in dental pulp 

inflammation. The increase of OPN was consistent in early (reversible) and late 

(irreversible) pulpitis suggesting its involvement in the inflammatory changes 

occurring inside the dental pulp throughout the whole inflammatory process. OPN 

is expressed by inflammatory cells as well as hard tissue forming cells (24-28) 

which explains the high expression values in pulpitis. OPN is involved in multiple 

inflammatory conditions (15, 29, 30). This is in agreement with other SIBLING 

family members such as DMP-1 (22) and BSP which were also increased in 

diseased pulps (11). In an attempt to demonstrate the possible interactions of OPN 

in inflamed pulps, OPN was found to be strongly correlated to the expression of 

OCN. Accordingly, cytokines/chemokines, previously tested in the inflamed pulps 

(20), have been correlated to the presence of OPN. It was found that OPN is 

positively correlated to the expression of VEGF. This was consistent with other 

reports which showed that OPN and VEGF, were expressed together in the 

inflammatory stages of mandibular distraction study (31) and in different types of 

malignant tumours (32-34). Accordingly, OPN may promote angiogenesis inside 

the dental pulp and consequently affect healing (35). To confirm this hypothesis, 

dental pulp fibroblasts (DPF), the major cellular population (5, 36), were used to 

test the VEGF expression in response to OPN stimulation. DPF are known to 

contribute to the expression of VEGF inside the dental pulp (37). OPN increased 

the expression of VEGF from dental pulp fibroblasts. OPN was found to induce 
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VEGF in endothelial cells (38) and to promote  angiogenesis via the expression of 

IL-6 (39). We have also shown that OPN induced the expression of IL-6 from 

dental pulp fibroblasts. Since IL-6 was positively correlated with collagen 

synthesis in diseased dental pulps (40), it can be speculated that OPN helps in the 

mineralisation of inflamed dental pulps through  the indirect stimulation of 

collagen production (41). The hypothesis that OPN is considered pro-fibrotic is 

supported by evidence of its involvement in many fibrotic tissues (42-44).  

 Since OPN is important in the initiation of mineralisation (6) and is 

localised in different forms of pulp calcification (16, 17, 45), it may reasonably be 

suggested that OPN in pulpitis enhances the calcification of the diseased dental 

pulp (46). Further experiments are needed to confirm the roles of OPN in fibrosis 

and the consequent calcification of the dental pulp. Pulp calcification was 

correlated to cardiovascular diseases (CVD) (47) and OPN was also localised in 

atherosclerotic plaque (44). Our data indicates that OPN expressed in inflamed 

pulp is directly associated with the expression of sIL-2ra –an inducer of IL-2- 

which is found to be related to the development of CVD in patients with 

periapical infection (48). Hence OPN could be a useful marker in predicting the 

susceptibility of patients to CVD. Further clinical data may support this 

hypothesis. IL-8 is a neutrophil chemo-attractant and is considered also an 

angiogenic protein (49). OPN decreased IL-8 production from pulp fibroblasts. 

Accordingly, OPN reduces the progression of acute disease by indirectly 

decreasing neutrophil attraction to the injury site. In addition, the negative 

correlation of OPN expression to that of other pro-inflammatory mediators in 
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pulpitis favors OPN as a possible pulp capping agent (50). It is understandable 

that a model that describes the inflamed pulps in cultures with the OPN would 

provide a better confirmation for the correlation experiment, especially since OPN 

was co-localised with granulocyte macrophage colony stimulating factor (GM-

CSF) (51) in pulp healing and both were found to be negatively correlated in the 

current study. In addition, OPN stimulated the expression of IL-6, although it is 

negatively correlated to its expression. Within this limitation our experiment is 

able to update the knowledge and information regarding pulp inflammation. 

Limited information is available on the molecular weight detected for 

OPN on western blots. The polyclonal antibody used against human OPN in the 

current experiment, showed a molecular weight of ~50 kDa for human OPN of 

inflamed pulps and this is consistent with the data described by the manufacturer 

(Sigma®). Tissue purified OPN is not yet available in the research market, 

consequently we have used the rhOPN produced from mouse carcinoma cell line. 

The positivity of our samples to OPN indicates the possible use of inflamed pulps 

as controls for tissue specific identification of OPN in future research involving 

the expression of tissue OPN. This was confirmed by additional evidence which 

quantified the expression of OPN and hence confirmed the data of the Western 

blot. 

 In conclusion, OPN increased VEGF expression and decreased that of IL-

8 from pulp fibroblasts which suggests OPN a highly possible pulp capping 

bioactive molecule. However, the expression of OPN in pulpitis might be a factor 

in the development of a fibrotic pulp with subsequent calcification (52). Our 
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future research will be directed towards the development of a new treatment 

strategy by which dental pulp inflammation and calcification pathways are 

inhibited. 

 

Detailed methodological protocols and recipes can be found in Appendices F-

H and K-M. 
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DMP-1 expression in calcified replanted immature ferret teeth and the 

potential of p38 MAPK inhibitor (SB-203580) for the prevention of pulp 

calcification 

Introduction 

Pulp obliteration is a common consequence of replanting avulsed 

immature teeth. It is usually associated with tooth discoloration and inability to 

test the vitality of the tooth. If root canal treatment is indicated, the challenges the 

clinician meets render the tooth highly difficult, if not impossible to treat. 

Therefore, understanding the mechanisms involved in pulp calcification and 

obliteration may allow us to design approaches to prevent it. Hard tissue 

deposition in replanted immature teeth is usually composed of bony and dentin-

like tissues but the mechanism of deposition of these mineralised tissues is not 

clearly understood. It has been suggested that the mechanisms of pulp obliteration 

are similar to those of bone remodelling with the presence of both 

osteoclasts/odontoclasts and osteoblast/odontoblast –like cells (1). Markers of 

bone and dentin were previously reported in these teeth with evidence of the 

involvement of pulp cells in the deposition of these two tissues (2, 3). These 

markers previously localised in the two mineralised tissues are either dentin 

specific, such as dentin sialoprotein (DSP) (4) or bone specific, as osteopontin 

(OPN) and bone sialoprotein (BSP) (5, 6). These proteins are members of the 

SIBLINGs (Small Integrin Binding Ligand N linked Glycoprotein) family of 

proteins which are involved in the process of calcification via their multiple 
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phosphorylated sites and their common arginine glycine aspartate (RGD) motifs 

(7). DMP-1 is also a member of the same protein family and was first extracted 

from odontoblasts (8) and then was found in bone (9). In bone, however, its 

concentration is slightly less than that of dentin (10) . It has a significant role in 

the mineralisation process through its high binding potential to collagen fibers 

(11). Although most studies localised DMP-1 in hard tissues, it was also localised 

in soft tissues (12). Dental pulp cells of mature rooted teeth do not express DMP-1 

(13) which is expressed in immature developing teeth (13). When used as capping 

agent (14), DMP-1 is expressed in reparative dentin and in reactionary dentin in a 

rat incisor model of trauma (15). Resorption of roots in orthodontic teeth 

movement is accompanied by an increase in DMP-1 secretion in the gingival 

crevicular fluid (16). Recently, dental pulp inflammation, an early finding after 

replantation of avulsed teeth (17), was found to trigger DMP-1 expression (18). 

DMP-1 induced the expression of IL-6 and IL-8 from pulp cells and this was 

abolished using the p38 MAPK inhibitor (SB-203580) (18). Both IL-6 and IL-8 

are important in mediating pulp inflammation, where macrophages and 

neutrophils dominate (19, 20) and are present in replanted rat teeth (17, 21). It is 

now known that inflammation precedes repair inside the dental pulp (22, 23). 

From the aforementioned, the objective of the current report is to demonstrate the 

expression of DMP-1 in an in vivo model of pulp calcification and to test the 

effect of using the p38 MAPK inhibitor (SB-203580) on the prevention of DMP-

1-induced calcification in vitro and in vivo.   
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Materials and methods 

Cell culture 

Cells explanted from pulp tissues of impacted molars were used in the 

experiments as previously described (18). They were cultured in DMEM 

supplemented with 10% FBS and 1% Antibiotic/Antimycotic (GIBCO®
, 

Invitrogen. Carlsbad, CA) in a 24- well plate, with a density of 10000 cells/cm for 

48 hours followed by changing the media supplemented with or without DMP-1 

(10 ng/ml) (R&D Systems. Minneapolis, MN) (18) then again every 4 days. In 

another experiment to study the role of p38, cells were pre-incubated for 1 hour in 

media containing 35 nmol/L p38 MAPK inhibitor (SB-203580). It was then 

substituted with media containing DMP-1 (10ng/ml) in addition to the previously 

mentioned group of DMP-1 alone. This pre-incubation was repeated at every 

change of media. Cells and supernatants were collected after 3, 7, 14 and 21 days 

for both experiments. Experiments were each performed twice on cells from 2 

different subjects and in duplicates. 

Alkaline phosphatase (AP) assay 

Cells were collected in cell lysis buffer (CelLytic®, Sigma®), centrifuged 

at 14000 g for 15 minutes at 2°C. Supernatants were collected and protein content 

was measured using Pierce® BCA protein assay kit (Pierce Biotechnology®, IL, 

USA), 10 µl of supernatant and diluents (1:5) were placed per well in a 96-well 

ELISA plate and incubated with 90 µl p-nitrophenyl phosphate (pNPP) AP 

(Sigma®) for 30 minutes at 37°C and the optical density (OD) was measured at 

405 nm. AP enzyme (Sigma®) was used to develop a standard curve to quantitate 
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AP content (ng/ml) of the test samples. AP content was normalised to the amount 

of protein in the samples. Samples were run in duplicates.  

CellTiter 96® proliferation assay 

Cells were cultured at 9000 cells/cm in the media previously described, 

supplemented with or without DMP-1. The assay was performed in triplicates of a 

96-well plate per group. Addition of 10 % MTS solution (Promega®, Madison, 

WI)  to the culture media at 1, 3, 5 and 7 days then followed by plate incubation at 

37°C and 5 % CO2 for 1 hour. Basic fibroblast growth factor (bFGF, Sigma®) at   

1 ng/ ml was used as positive control (24). The optical density was reported at 490 

nm using Power wave XS ® (Bio-Tec Inc., Virginia Beach, VA) plate reader. 

Human plex assay analysis 

Cell culture media were collected and centrifuged at 14000 g for 10 

minutes. A similar amount from each experimental group and control was sent to 

Evetechnologies Inc. as previously described (25) for plex assay expression of 

OPN and osteocalcin (OCN) in the media. The detailed protocol and the method 

can be found at the company’s web site (www.evetechnologies.com).   

Enzyme Linked Immunosorbent Assay ELISA 

Cell culture media of 3, 7, 14 and 21 days were tested for the expression of 

VEGF using ELISA (US Biological®, Swampscott, MA) according to the 

manufacturer’s protocol.  

Animal experimental and surgical procedure  

Eight ferrets were used in the experiments. Eight canines in two ferrets 

were used to confirm that pulp healing in response to human DMP-1 is 
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accompanied by calcification of the pulp chamber as previously demonstrated (14, 

26). Animals were pre-medicated with Atropine (0.04 mg/kg), Rompun (1 mg/kg) 

and Ketamine (10 mg/kg). Isoflurane in conjunction with O2 was used for 

inhalational anesthesia and vital signs were monitored during the operation. The 

experiment was performed as previously described (27). In brief, the pulps of 4 

canines were exposed using a sterile round bur (Mani® burs size 1) and with the 

help of sterile saline as irrigant. Sterile compressed sponges, Gelfoam® (Pfizer 

Inc., New York, NY) soaked in 100 µg/ml DMP-1 overnight at 4°C were placed 

over three of the exposed pulps while one canine pulp per animal was covered 

with a sponge soaked in PBS as a control. Animals were treated with morphine 

(0.5 mg/ kg) once, Metacam (0.1 mg/kg) once daily for 3 days and ampicillin    

(20 mg/ kg) twice daily for 7 days after surgery. Ferrets were euthanized 2 and 6 

weeks after the experiment using euthansol (0.3 ml/ kg). Two of the ferrets 

experienced fracture of the teeth and roots and tissue laceration during the 

operation, accordingly it was decided to euthanize them at 3 days post-

replantation. No animal experienced pain or distress at any time following the 

procedure as per the records. The protocol and the standard operating procedure 

were revised and approved by the Health Sciences Animal Care and Use 

Committee at the University of Alberta. All the experiments and follow up, 

including administration of anaesthesia and euthanasia, were performed under the 

supervision and with the assistance of the Health Sciences Laboratory Animal 

Staff (HSLAS) at the University of Alberta. 
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The premolars of 10 week old ferrets were used for the replantation experiment. 

The second (P2) and third (P3) mandibular right premolars were extracted using a 

small forceps and returned to their sockets within one minutes, however those of 

the left side were placed in 35 nmol/L p38 inhibitor (SB-203580) for one minute 

before returning them back to their socket. The second premolar, when extracted, 

was placed in the solvent of the inhibitor as the experimental control. Animals 

were euthanized at 2 and 6 weeks postoperative and cardiac perfusion with 250 ml 

4% paraformaldehyde was performed immediately following euthanasia. 

Mandibles were extracted and divided in the middle into two parts (right and left). 

The two parts were kept in 4% paraformaldehyde for two days at 4°C and then, 

were decalcified in 10% formic acid supplemented with 10% formaldehyde 

(Thermo Fisher scientific®, Waltham, MA) for two days followed by three nights 

in hydrochloric acid (Shandon TBD-1 decalcifier, Thermo Fisher scientific®) (28). 

Tissue histology and Immuno-histochemistry 

Mandibular tissues were processed and embedded in paraffin wax. 

Sections of 3 µ were stained with H&E until the optimal section was reached, 

which showed the tooth embedded in its socket, the pulp tissues enclosed by the 

dentin and surrounded by the alveolar bone. Comparison of the pulp tissue 

calcification by measuring the calcification area and calculating its percentage to 

the  whole pulp space was performed using ImageJ® analysis software, as 

described previously (29). 

For immuno-histochemistry, tissues were subsequently deparaffinised 

using xylene and dehydrated using serial dilutions of ethanol. Sections were 
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treated with 0.5% Triton 100 in PBS for 5 minutes and then washed with PBS for 

4 times for 5 minutes each. To block non specific binding, a serum free block 

solution (DAKO Inc. Carpenteria, CA) was used for 10 minutes followed by 

washing with PBS. Tissues were incubated overnight with 5 µg/ml polyclonal 

rabbit anti-rat DMP-1 (Takarra Corp. Madison, Wisconsin) or with rabbit serum 

as negative control. Tissues were then washed with PBS 4 times for           5 

minutes each and incubated in a humid chamber for 1 hour at room temperature in 

1:100 goat anti rabbit AP conjugated secondary antibody (Sigma®), followed by 

washing with PBS 4 times for 5 minutes each. Exposing the stained tissue areas 

was performed using AP substrate red kit (Vector Laboratories. Burlingame, CA) 

according to the manufacturer’s recommendations and then slides were submitted 

for microscopic evaluation and photography. All antibodies were diluted with 

serum free background reducing antibody diluents (Dako Inc.). Sections with 

alveolar bone only were used as a positive control for the presence of DMP-1 and 

for optimisation of antibody. 

Micro CT evaluation 

Immediately after fixation with 4 % paraformaldehyde and before any 

attempt of separating mandibles and decalcification, mandibles of 6 week ferrets 

were submitted to the micro CT unit at the University of Alberta for 16 µ cuts. 

Samples were scanned axially in a Skyscan 1076 Micro-CT imager using the 

vendor-supplied imaging control software (Version 2.6.0; Skyscan N.V., Kontich, 

Belgium). Raw Images were reconstructed using NRecon software Version 1.4.4 

(SKYSCAN, Kartulzersweg 3B 2990 Kentich, Belgium) and analysed for the 
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presence or absence of intrapulpal calcification areas using Sidexis® software 

(Sirona®, Bensheim, Germany) to quantitate the mineralisation density (radio-

opacity). The first premolar and the molar teeth were used as standard controls. 

Data collection and statistical analysis 

Paired student-t test was used to compare between the data of the in vitro 

experiments, however unpaired student-t test was used for the analyses of the in 

vivo experiments using Graph Pad Prism® software. 

Results 

• DMP-1 as an inducer of calcification in vivo and in vitro. 

Ferret canines were evaluated for the presence of intact temporary filling 

followed by euthanasia and cardiac perfusion with 4 % paraformaldehyde, for in 

situ tissue fixation (Figure 5.1 A and B), at 2 and 6 weeks postoperative. Tissue 

histology of samples at 2 weeks revealed initial reparative bridge formation in all 

tested samples, with its complete lack in the control tooth. At 6 weeks 

postoperative, all tested samples were positive for the development of a well 

organised fibrous reparative bridge under the DMP-1 Gelfoam® and the 

development of well structured calcifying foci/ nodules under this bridge 

occluding the entire pulp chamber. As for the control group with PBS Gelfoam®, 

disorganised calcific crystals and foci were developed in the pulp chamber 

without the presence of any bridge formation (Figure 5.1 C - F).  

After seeing the development of calcification in teeth capped with DMP-1, we 

studied the ability of DMP-1 to induce calcific markers in pulp cells in vitro. 
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Consequently, it was decided to test the effect of DMP-1 on the production of 

calcific markers in vitro. Dental pulp fibroblasts cultured for 21 days with DMP-1 

showed a significant increase of AP reactivity when compared to un-stimulated 

cells (Figure 5.1 G). They did not show any difference at 3, 7 and 14 days. 

Culture media of cells stimulated with DMP-1 for 3, 7, 14 and 21 days were also 

tested for the presence of secreted calcification markers as OPN and OCN. The 

expression of both OPN and OCN at 3 and 21 days was significantly greater than 

their expression in media of cells cultured without DMP-1 (un-stimulated control) 

(Figure 5.1 H and I). DMP-1 induced an increase in OCN expression at 3 days of 

cell culture; however it decreased its expression at 14 days of cell culture. The 

OPN expression also was decreased in response to DMP-1 stimulation at 7 and 14 

days of cell culture. Since VEGF enhanced the osteogenic differentiation of dental 

pulp cells (30) with a pivotal role in promoting angiogenesis in severed pulps 

(31), its expression was tested in the media of our tissue culture. DMP-1 induced 

the expression of VEGF in the culture media of dental pulp cells at 3 and 21 days 

of culture (Figure 5.1 J). 
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Figure 5.1: DMP-1 as calcification inducer in vivo and in vitro. The day of euthanasia, the 
temporary filling was evaluated for integrity by checking its intactness (A), followed by 
euthanasia and in situ fixation of tissues through cardiac perfusion with 4% paraformaldehyde (B). 
Absence of dentinal bridge formation in the control teeth (PBS soaked gel foam) and the presence 
of scattered areas of calcifications in the pulp chamber (C). The formation of a well developed 
tissue barrier in pulps capped with the rhDMP-1 which is followed by the formation of well 
structured calcification foci in the pulp chamber (D). A similar pattern is demonstrated using 
Gomori’s trichrome staining in which the areas of calcification are stained in green without the 
presence of dentinal bridge (E). Gomori’s trichrome staining of the DMP-1 group showed well 
structured calcification areas (green) under the well developed fibrous (red) dentinal bridge (F). 
Human dental pulp cells stimulated with rhDMP-1 showed a significant increase in AP (ng/ µg 
protein) reactivity when compared to control cells (un-stimulated) (G). Secreted OPN, OCN and 
VEGF increased in response to DMP-1 stimulation of dental pulp cells at 3 and 21days of cell 
culture (H, I, J). In contrast, OPN expression is decreased at 7 and 14 days (H) and that of OCN at 
14 days of cell culture (I) . Data presented are from at least three independent experiments from the 
cells of three different subjects and columns represent mean ± SEM where *p-value <0.05 was 
considered significant. g= gel foam, db= dentinal bridge, cf= calcification foci, d=dentin and ** p-
value < 0.01.  
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• DMP-1 stimulates proliferation of dental pulp cells 

Dental pulp fibroblasts cultured for 1, 3, 5 and 7 days were tested for their 

proliferation with and without DMP-1. The absorbance of MTS® compound was 

recorded in the form of optical density and showed that cells stimulated with 

DMP-1 showed no significant increase than the un-stimulated control cells after 1 

and 3 days of culture. After 5 and 7 days of culture, the DMP-1 significantly 

increased the proliferation rate of dental pulp cells when compared to the un-

stimulated ones (Figure 5.2). 

 
Figure 5.2: DMP-1 stimulates the proliferation of human dental pulp cells. The absorbance of 
MTS molecule of the colorimetric proliferation assay (Promega®) was reported in the form of 
optical density at 405nm. The higher optical density represents a higher proliferation rate which 
was significantly increased in the case of rhDMP-1 stimulation of cells at 5 and 7 days of cell 
culture. Data presented are the means of three independent experiments from the cells of three 
different subjects and the assays ran in triplicates. The differences were considered significant 
when *p-value was < 0.05.  
 

• The localisation of DMP-1 in calcific metamorphosis of replanted 

teeth in ferrets. 

The development of calcific metamorphosis in replanted ferret premolars at 6 

weeks was tested using micro CT and tissue histology. The development of 

calcification inside the dental pulp was marked by the presence of radio-opaque 
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particles inside the dental pulp which is normally radiolucent. Sidexis® software 

was used to quantitate the intensity of radioopacity inside the experimental 

premolars, and the molars acting as controls. The dental pulp of the replanted 

teeth showed a significant increase in radioopacity when compared to the control 

at the coronal part of the pulp (Figure 5.3 A and B). The amount of radio-opacity 

in the middle part of the pulp was also significantly higher in replanted teeth when 

compared to the control (Figure 5.3 C and D). The significant increase in the 

calcification of the pulp is consistent in the apical part of the root canal (Figure 

5.3 E and F). It was also observed that the degree of calcification in the root canal 

is increased in an apical to coronal direction.  

In order to localise DMP-1 in calcific metamorphosis, anti-rat DMP-1 

antibody was optimised using mandibular alveolar bone of the ferrets as positive 

tissue control (Figure 1 A-D in Appendix Q). To confirm the antibody reactivity 

against ferrets’ DMP-1, control tooth (non- replanted with mature root) was used 

to localise DMP-1 in the odontoblast cell layer. The odontoblasts were positive to 

the antibody used without any staining to the pulp tissue (Figure 5.3 G- 5.3 I). In 

replanted teeth, DMP-1 was found in the matrix of the dental pulp 3 days after 

replantation as well as in the predentin and dentin (Figure 1 E and F in Appendix 

Q). Two types of hard tissues were identified at 2 and 6 weeks after replantation; 

bone tissue in the center of the pulp tissue and hard tissue resembling tertiary 

dentin at the borders of the dental pulp, attached to the dentin.    
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Figure 5.3: Calcific metamorphosis and DMP-1 localisation in replanted ferret’s teeth. Micro 
CT evaluation of replanted premolars of ferrets showed the calcification in the coronal pulp (A) to 
be significantly increased than the normal pulps (non extracted molars) (B). The amount of 
calcification tends to increase towards the apical parts with consistent significant increase than the 
control (C, D, E and F). A non extracted tooth was used to evaluate the reactivity of the antibody 
towards odontoblastic DMP-1. The control tooth when stained with H&E showed the odontoblast 
layer adjacent to the dentin of the tooth and normal histological pulp tissue (G), this tooth showed 
negative staining to the isotype assay control (H). In contrast, odontobast cells were 
immunopositive to the DMP-1 antibody (I) . The pulp chamber of replanted premolars at 6 weeks 
showed combined calcification with a few soft tissue areas (J), these areas were negative to the 
isotype control (K) and were immuno-positive to DMP-1 antibody which was dominant in the 
mineralisation fronts (arrow), osteocytes and matrix (asterisk) of the bony tissue developed inside 
the dental pulp (L) . The middle part of the root canals showed similar histological findings in 
terms of bone and tertiary dentin production with less proportional of soft tissue (M) and a similar 
DMP-1 localisation with new tertiary dentin matrix staining (arrow) continuous with the bony one 
(asterisk) (O). At the apical part of the root canal, the soft tissue parts of the pulp almost 
disappeared with the prevalence of the bony matrix (P). The negative control was absent from any 
unspecific binding (Q) and the DMP-1 was present in all bony (asterisk) and new tertiary dentin 
but not in the root dentin, the cement and the periodontal area was also positively stained against 
DMP-1 (R). A p-value <0.05 is considered significant and d=dentin and b=bone.   
 

DMP-1 was localised in the pulp chamber after 2 and 6 weeks of replantation 

and was related to the new hard tissues formed (Figure 5.3 J- L and Figure 1G and 

H in Appendix Q). This localisation was consistent at the middle and apical parts 

of the root canals at 2 and 6 weeks after replantation (Figure 5.3 M- R). The 
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DMP-1 was localized in the mineralisation fronts and in osteocytes in their 

lacunae and was less abundant in the matrix of the newly formed bony tissue 

inside the dental pulp. In the tertiary dentin, DMP-1 was localized in the matrix of 

this tissue at all levels of the pulp borders or root canal walls; however, it was less 

intense and not clearly visualized in the root dentin (Figure 5.3 R). Tissues stained 

with isotype control showed no reactivity. 

 

• The p38 MAPK inhibitor prevents pulp calcific metamorphosis 

Dental pulp cells cultured for 3, 7, 14 and 21 days in the presence of DMP-1 

and after pre-incubation with p38 inhibitor (p38i) were tested for the expression 

of the mineralisation markers previously demonstrated. Pre-incubation with p38i 

did not affect the OPN expression in response to DMP-1 at 3 days of cell culture; 

however OCN and VEGF expressions were significantly reduced (Figure 5.4 A- 

C). OPN and OCN expressions were markedly increased at 14 days of cell culture 

when pre-incubating the cells with p-38i before DMP-1 induction (Figure 5.4 A 

and B). The pre-incubation with p38i significantly decreased the OPN, VEGF and 

AP reactivity at 21 days when compared to the use of DMP-1 alone without 

inhibitor (Figure 5.4 A, 5.4 C and D). In contrast, the decrease in OCN expression 

at 21 days after pre-incubation with p38i was not significant than the control 

(Figure 5.4 B).   
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Figure 5.4: p38 MAP kinase inhibitor as potential preventive agent of DMP-1 induced pulp 
calcification in vitro and in vivo. Human dental pulp cells cultured for 3, 7, 14 and 21 days in the 
presence of DMP-1, showed a significant increase and a significant decrease in the expression of 
secreted OPN when cultured at 14 and 21 days respectively when pre-incubated with p-38i (A). In 
contrast, OCN is decreased after 3 days and increased after 14 days (B). VEGF expression is 
decreased when cells are pre-incubated with p-38i and this decrease is significant at 3 and 21 days 
(C). AP reactivity decreased at 21 days of cell culture with DMP-1 when pre-incubated with p-38i 
(D). This effect was translated in vivo in a replantation experiment of premolars in ferrets where 
premolars of the tested group were immersed in p38i and control premolars were immersed in 
DMSO to act as controls. At 2 weeks after replantation, the pulp soft tissue had islands of bony 
like tissue in the control group (E), however none of these islands existed when the p38i was used 
(F). A micro CT evaluation showed less abundant calcification (arrows) in the p38i group relative 
to the control at the coronal, middle and apical parts of the root canal (G-L) . Another evidence 
was the histological findings which showed a marked reduction in the amount of calcification 
(arrows) in all the root canal segments (coronal, middle and apical parts) (M-R) in relation to the 
remaining soft tissue (asterisks). It was also evident in all the samples tested the presence of 
calcification foci at the terminal or apical part of the experimental group (arrow) (R). 
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In an attempt to translate this effect in vivo, extracted teeth were soaked in 

SB203580 before they were replanted in their socket. Histological sections 

revealed less calcification at 2 weeks post-replantation when p38i was used 

(Figure 5.4 E and F). At 6 weeks, an observed reduction in the production of hard 

tissues inside the dental pulp was observed using a µCT and histological staining. 

At the pulp chamber a decrease in radio-opacity was observed while the middle 

and apical parts of the root canal had less radiopaque areas than the control teeth 

(Figure 5.4 G- L). These findings were represented by the histological H&E 

staining of teeth sections. The majority of the pulp space is composed of soft un-

mineralised connective tissue with the exception of the walls of the root canals 

where tertiary dentin is still observed (Figure 5.4 M and N). Whenever the root 

canal was totally obstructed by hard tissue deposition in the control group, new 

hard tissue was only limited to the pulp borders with the deposition of tertiary 

dentin (Figure 5.4 O and P). The apical part of the root canal is characterised by 

complete obliteration in the control group, while it was evident that some 

calcification foci developed in all the samples treated with the p38 MAPK 

inhibitor (Figure 5.4 Q and R). The total calcified area was measured and the 

percentage of these areas to the total area of pulp tissues was calculated. The 

degree of calcification in the p38i group was significantly reduced at both the 2 

and 6 weeks samples than the control group (Figure 5.5). Also, the calcification 

areas in both groups increased with time (Figure 5.5). 
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Figure 5.5: The percentage of calcification areas to the whole pulp tissue area in the 
experimental and control animal groups. The amount of calcification is significantly decreased 
when the root was soaked in p-38i before replantation and when compared to the control. This 
decrease is evident at the 2 and 6 weeks post-replantation. Data presented are from 4 different 
ferrets and three different tissue cuts. A p-value <0.05 is considered significant and ***p<0.001. 

Discussion 

An effective pulp capping agent produces a layer of reparative dentin 

replacing the previously diseased primary dentin at the site of injury while 

maintaining the vitality of the pulp tissue (32). The current report showed a 

similar effect in response to the application of DMP-1 over the exposed dental 

pulps of ferrets. This is in agreement with previous reports which showed the 

favourable pulp healing in response to capping with DMP-1 (14, 26). Although 

the formation of reparative dentin deems the pulp capping procedure successful, 

the application of DMP-1 produced calcification foci in the pulp chamber (26). 

Also in our experiment, DMP-1 application over the exposed pulps of ferrets 

produced a homogenous and consistent reparative barrier although it increased the 

production of calcification inside the pulp chamber. This fact renders the DMP-1 
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a calcification inducer and a possible promoter of calcification since it was 

localised in pulp cells in response to its use as a pulp capping agent (14, 26). This 

finding highlighted the importance of DMP-1 in pulp calcific metamorphosis 

where the dental pulp is totally obliterated by bony/dentinal masses. To test this 

finding in vitro, human dental pulp fibroblasts were cultured for 21 days in the 

presence of DMP-1. DMP-1 induced a mineralisation phenotype from dental pulp 

cells in the form of increased AP reactivity and increased secretion of OPN, OCN 

and VEGF in cell culture media which confirms the in vivo data regarding 

induction of mineralisation. Dental pulp fibroblasts are known for their osteogenic 

potential (33). They represent the main cell source producing calcification in the 

pulps of replanted teeth (2). Mesenchymal cells of the dental pulp tissue have the 

capacity to differentiate into odontogenic or osteogenic lineages (34) and this is 

evident during the transplantation of teeth (35). AP, OPN, OCN and VEGF all 

have a role in the development of pulp calcification in replanted and transplanted 

teeth (1, 2, 31, 36). It can be speculated that the DMP-1 applied to the dental pulp 

changed the cell phenotype into a mineralising one and produced mineralisation 

markers that occluded the pulp chamber. Proliferation of pulp cells is important 

for pulp repair by calcified tissue in replanted and transplanted teeth (17, 35, 37-

39). Accordingly, we have shown that the proliferation rate of human pulp cells is 

increased in response to DMP-1. In addition, DMP-1 is involved in pulp 

inflammation (18), a pre requisite for dental pulp repair (22). It can be concluded 

that DMP-1 has multifunctional roles in the induction of pulp repair. Interestingly, 

MEPE, another member of SIBLINGs, also induced the proliferation of dental 
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pulp cells (40) and upregulated the gene expression of OCN as well as that of 

other SIBLING members.        

DMP-1 is expressed in dental pulp cells of immature teeth (13). It is also 

expressed by pulp cells in response to bacterial infection and caries (18, 41), 

capping agents (42), bioengineered materials (43), mechanical stress (44) and in 

hypoxia (45). Hypoxia is a considerable factor in trauma cases where the blood 

supply of the tooth is strangulated or totally cut as in avulsion. It can be 

hypothesized that the DMP-1 is increased in case of trauma in an autocrine 

manner, and that other mineralisation markers are also increased accordingly. 

However, DMP-1 has not been localised in pulp calcific metamorphosis to date. 

Ferret teeth are the closest to those of humans in terms of root forms without the 

presence of canaliculi or fins and divisions like those of mice and rats (46) and at 

the same time were used successfully as an animal model of tooth replantation 

(47). The success of this animal model lies in the production of calcification 

inside the immature replanted teeth which was verified using micro CT and 

histology at 6 weeks post replantation. Tissue sections at 2 and 6 weeks post-

replantation confirmed that the bone development occurs in an apical to coronal 

direction. This is in accordance with human studies evaluating the growth of hard 

tissue inside the dental pulp radiographically (48). In contrast, all experiments 

performed on rats showed an opposite pattern of pulp calcification which is 

probably due to the presence of canaliculi connecting the pulp to the periodontium 

at the pulp chamber level. A human pattern of pulp calcification, in an apico-

coronal direction, was shown in replanted mice teeth (17), but mice teeth are too 
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small and inaccessible rendering them difficult to use. These experiments have 

demonstrated the validity of using ferrets as an animal model of pulp calcific 

metamorphosis and would suggest its possible use in regenerative endodontics 

research. However, the lack of reagents specific to ferrets was a challenge 

especially in determining the best antibody for DMP-1 detection.   

At 2 and 6 weeks, two patterns of hard tissue were recognised inside the 

dental pulp, a well organised trabeculated bone tissue with osteocytes in their 

lacunae at the centre of the pulp and another tertiary dentin-like tissue which is 

attached to the borders of the dental pulp and in its proximity. DMP-1 is localised 

in the mineralisation front and in the osteocytes indicating and confirming that it 

is an inducer and promoter of calcification (8, 49). The expression of DMP-1 in 

osteocytes in response to mechanical stress and in response to teeth movements 

was previously reported (50-52). Labelling the donor cells with GFP and 

ROSA26 showed that the source of hard tissue deposition in replanted or 

transplanted teeth is the pulp cells (2, 37). From the aforementioned and in line 

with what we have shown in vitro, it can be concluded  that the DMP-1 expressed 

by the pulp cells and/or odontoblasts in response to trauma (15), activates the pulp 

cells to lay down mineralisation proteins like AP, OPN, OCN and VEGF which 

start the calcification inside the dental pulp ending by its complete obliteration.  

In an attempt to identify the mechanism behind calcific metamorphosis 

and to present a new therapeutic strategy to treat dental pulp inflammation and 

calcification at the same time, the authors of this report have tested and shown 

that the effect of DMP-1 on the production of calcification markers –with the 
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exception of OCN- from pulp fibroblasts was abolished using the p38 inhibitor. It 

can be concluded that this inhibitor can be used to prevent both DMP-1-induced 

mineralisation and inflammation (18). Accordingly, using micro CT and 

histological sections, we have shown that the p38 inhibitor was able to partially 

block the mineralisation effect of DMP-1 in replanted premolars since the 

presence of tertiary dentin is reported in the p38 inhibitor group. The p38 inhibitor 

regulates the OPN expression by pulp cells in response to DMP-1. This OPN is 

present in bone more than in dentin in a 1:70 ratio (5) and also it was less in the 

new dentin- like tissue compared to the bone-like tissue in replanted rat molars 

(2). In addition, OPN and AP are crucial to the initiation of calcification but not 

OCN (53). This explains why the OCN presence after p38 inhibitor in vitro did 

not affect the reduction of bone matrix in the pulp in vivo. This inhibitor might 

have prevented an important transcription factor in the mineralisation of bone, 

like Runx2 from expression by the pulp cells. Runx2 was previously localised in 

the bone forming cells and not in the dentin forming cells of replanted teeth (2). If 

this inhibitor blocked the expression of Runx2, the odontoblast-enabled 

differentiation is not interrupted and possible odontoblast-osteoblast trans-

differentiation is prevented (54). This is based on the fact that Runx2 gene is 

regulated by DMP-1 through p38 MAPK phosphorylation and that this inhibitor 

(SB-203580) stopped this process (55). The presence of new apical hard tissue in 

the p38 MAPK inhibitor group suggests the insufficiency of the time or the dose 

of this inhibitor during application. More time and dose optimisation experiments 

are needed to confirm these results. Although angiogenesis is crucial to repair by 
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calcified tissue in traumatized teeth (31), maintaining the homeostasis of the pulp 

soft tissue after trauma is our prime concern. In this context, the effect of this 

inhibitor on resorptive markers should also be tested especially that OCN in bone 

matrix was related to the induction of osteoclastogenesis (53). Consequently, it 

could be argued that the p38 MAPK inhibitor could affect the homeostasis of the 

bone tissue especially at the periapical level. A suggestion could be the use of 

both the inhibitor of p38 MAPK and the DMP-1 in a combined treatment strategy. 

At this time and if this inhibitor shows promising results, the strategy of its 

application to the severed pulps should change into a continuous release manner 

whether from a coronal direction (56) or from the apex of the avulsed tooth (31). 

Within these limitations, our data suggests a novel therapeutic approach to 

prevent pulp calcification especially after trauma of immature teeth and also 

suggests a new research era in the field of regenerative endodontics.  

 

Detailed methodological protocols and recipes can be found in Appendices 

M-Q 
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Discussion and conclusions 

DISCUSSION 

This thesis has studied the effects of dentin matrix protein-1 (DMP-1) on 

pulp fibroblasts in terms of expression of angiogenic and calcification markers. 

DMP-1 has the ability to induce proliferation of dental pulp fibroblasts. In vivo 

data showed that DMP-1 can be used as an effective pulp capping agent that will 

likely fill the entire root canal with hard tissue, rendering the canal totally 

obliterated. Researchers are currently using regenerative materials to induce total 

pulp obliteration (1, 2). However, obliterating the dental pulp with vital hard 

tissue has many disadvantages and complications:  

• The tooth –filled with hard tissue- is still liable to infection and the 

development of pathology within the hard tissue inside the dental pulp. 

• Through the translucent enamel, the tooth will appear discolored due to 

the fact that the pulp root canal underlying and refracting the yellow 

dentin has been replaced by hard tissue intensifying both the yellow 

appearance of dentin and the opacity of the tooth. 

• The possibility of fusion of the pulpal bony tissue with the surrounding 

alveolar bone increases and would result in ankylosis of the tooth. 

Ankylosis is a problem when extraction is indicated since bone or tooth 

fracture are expected complications. The complication extends even 

further if an implant is suggested. 
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Accordingly, it was decided to work on preserving the integrity of the dental 

pulp as a vital soft tissue by preventing unnecessary calcification. In order to 

achieve this, simulating trauma to immature teeth and studying the events that 

followed was found to be the most appropriate model to study pulpal calcification. 

At the research level, it is difficult to simulate a concussion or luxation injury. 

Although a recent report described a model in incisor rats (3), the selection of rat 

teeth as a model to study trauma was unsuitable since these teeth are continuously 

erupting. In the current research, replantation of immature teeth was selected as 

the model since it showed consistency in the development of pulp calcification. 

Many calcification markers were reported in the literature associated with 

replantation or transplantation (4-8). Markers of pulp calcification in replanted 

teeth are either dentin specific or bone specific. The hard tissue formed inside the 

dental pulp is composed of dentin- and bone-like tissue. Therefore, a common 

marker for both tissues, which is expressed almost equally in both, was selected, 

namely DMP-1 (9). 

Calcification of the dental pulp is a multicellular process that involves the 

heterogeneous cellular population in the pulp, including odontoblast cells (10), 

mesenchymal cells (10, 11), endothelial cells (12) as well as inflammatory cells. 

Inflammatory changes inside the dental pulp are actively engaged in the process 

of healing by calcification following trauma with evidence of the involvement of 

macrophages, dendritic cells and neutrophils (7, 13-15). Accordingly, the 

expression of certain proteins during pulp inflammation was the criterion for the 

selection of the candidate proteins. DMP-1, a known mineralisation type of 
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protein (16), is localised in human inflamed dental pulps which suggests its 

possible involvement in mediating inflammation.  

Pulp cells are reported as the source of hard tissue deposition in replanted 

teeth (4, 17). The progenitor and osteogenic nature of fibroblasts (18, 19), makes 

them the best model to understand the effect of matrix proteins in developing pulp 

calcific metamorphosis. Dental pulp fibroblasts represent the main cellular 

population inside the dental pulp (20) with an important role in mediating 

inflammation (21) and angiogenesis (22).  

DMP-1 increases fibroblast proliferation and induces pro-inflammatory 

mediators 

In the current report, DMP-1 induces pulp fibroblasts to secrete IL-6 and 

IL-8. This effect was enhanced in the presence of lipopolysaccharides (LPS), a 

cariogenic bacterial cell wall componant, suggesting that the DMP-1 may mediate 

dental pulp inflammation. Macrophages and neutrophils are the main 

inflammatory cells in the inflamed dental pulp (23, 24) and in replanted teeth (7, 

14). In the latter cases, they are localised preceding hard tissue obliteration of the 

dental pulp. Therefore, the inhibition of their chemo-attractants may reduce the 

deposition of calcified material. In the current report, dental pulp calcification is 

significantly increased in early pulpitis compared to late pulpitis and this was in 

line with the IL-6 expression which was increased in early compared to late 

pulpitis. In addition, pulp calcification is absent in normal pulps, and only traces 

of IL-6 and IL-8 are present. It should be noted that DMP-1 was localised in areas 

of fibrosis in inflamed pulps. In fibrotic inflamed dental pulps, collagen fibres 
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were dominant and increased significantly more than in normal pulps. Since IL-6 

and IL-8 are positively correlated to collagen1a in diseased teeth (24) and 

calcification and fibrosis are markers of diseased pulps (25), it can be suggested 

that inhibition of IL-6 and IL-8 would reduce the pulp soft tissue calcification. In 

the current research, the p38 MAPK inhibitor (p38i) (SB-203580) prevented the 

expression of IL-6 and IL-8 in response to DMP-1 stimulation of dental pulp 

fibroblasts. It can also be suggested that DMP-1 involvement in pulp repair 

partially occurs via its pro-inflammatory effect. At this point, treatment of both 

pulp inflammation and calcification could be performed simultaneously, however, 

little is known about the calcification proteins expressed in response to DMP-1.  

The expression of mineralization markers in pulp inflammation 

DMP-1 was localized in areas of calcification and areas of fibrosis in 

inflamed dental pulps. Our data shows that pulp calcification increases in pulp 

inflammation, therefore mineralization markers tested should be related to both 

pulp inflammation and calcification. Osteopontin (OPN) and osteocalcin (OCN) 

were checked for their expression in inflamed human pulps by western blot and 

immuno-histochemistry respectively. OPN and OCN expression in the early 

stages of pulp inflammation was positively associated with the expression of the 

vascular endothelial growth factor (VEGF), a known angiogenic marker. 

Angiogenesis is an important factor in the healing in replanted immature teeth 

possibly by promoting revascularisation of the severed pulp (26). VEGF 

specifically helps in the production of calcification by pulp cells (12). VEGF 

expression in response to OPN stimulation of pulp fibroblasts was therefore 
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tested. OPN was found to stimulate the expression of VEGF and IL-6 from pulp 

fibroblasts but it inhibited IL-8. Since OPN was localised in replanted rat teeth 

(4), therefore the IL-6 secreted from pulp cells in response to DMP-1 could be 

implemented in the process of calcification. In addition, neurotrophins, common 

markers of symptomatic pulpitis and neurogenic inflammation, were found to 

increase AP and OPN mRNA expression from human pulp cells (27). This is in 

line with our finding of OPN expression in pulpitis. At that point, it was 

hypothesized that DMP-1 induced calcification through the expression of AP, 

OCN, OPN and VEGF. 

DMP-1 induces the expression of mineralization markers from pulp 

fibroblasts  

Calcification is a long term process which should be tested in long term 

cell culture. During this process, media and cells were checked for the expression 

of calcification and/or remodeling markers at 3, 7, 14 and 21 days of culture. OPN 

and OCN expression decreased under the effect of DMP-1 at 7 and 14 days of cell 

culture. This was preceded and succeeded by a significant increase in the 

expression of both proteins in culture media at 3 and 21 days respectively. The 

pattern of remodeling and deposition of calcified matrix is a characteristic of 

osteoblast differentiation (28). This pattern specifically characterizes OPN as the 

earliest and the latest marker expressed in osteoblast differentiation (29).  

After 21 days of pulp cell culture with or without DMP-1, the DMP-1 

induced the expression of OCN and OPN and interestingly increased the 

expression of VEGF. It also increased alkaline phosphatase reactivity in pulp 



186 

 

cells. AP is increased in response to trauma (30). Our data showed that VEGF is 

increased in early pulpitis (31) and is important in healing after trauma (26). 

Human dental pulp fibroblasts reach confluence after 15 days of culture (32) and 

at this time there was no increase in VEGF nor in OPN. It is possible that the 

OPN secreted in response to DMP-1 has activated the expression of VEGF in an 

autocrine manner. These previous findings are supported by the development of a 

reparative barrier at 2 weeks and a calcified pulp chamber with a consistent 

reparative barrier at 6 weeks after using DMP-1 as a pulp capping material (33, 

34). OPN, OCN and AP gene expression were upregulated in mesenchymal cell 

lines overexpressing DMP-1 (35). The same research group localised DMP-1 in 

the nucleus of the pre-osteoblast cell line, and they suggested that it acts as a 

transcription factor for the expression of calcification genes like OCN (36). They 

have demonstrated their data in terms of gene expression whereas the current 

report demonstrates the expression of these proteins at the post-transcriptional 

level. The protein level of expression indicates the actual phenotype of the cells 

being osteoblast progenitors (28). OPN, OCN and VEGF expressed in the culture 

media in response to DMP-1 stimulation in vitro have bone remodeling 

properties. This is supported by the fact that OPN was localised in root resorption 

sites of replanted rat molars (37) and in bone remodeling through osteoclast 

adhesion (29). OCN is suggested to have an osteoclastic chemo-attraction 

property (38) and was reported in resorption sites of orthodontically treated teeth 

(39). VEGF, a marker of bone remodeling (40, 41), increased the osteoclastic 

effect on root resorption. It facilitated teeth movement and significantly increased 
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the tendency of these teeth to relapse following the end of orthodontic treatment 

(42). From the aforementioned, it appears that blocking the expression of OPN, 

OCN and VEGF would interfere with the bone remodeling mechanism  

previously suggested to control calcific metamorphosis (8). Our in vitro data 

demonstrated an increased proliferation rate of fibroblast cells in response to 

DMP-1. The DMP-1 concentration used (10 ng/ml) was the same concentration 

which showed pro-inflammatory changes in pulp cells. DMP-1 is therefore 

considered a key modulator of pulp calcific metamorphosis through pro-

inflammation, proliferation of pulp cells and the expression of bone remodeling 

markers from pulp fibroblasts.  

Inflammatory mediators and cells and their role in dental pulp calcification 

Samples of cases of pulpitis in the current research indicate that the dental 

pulp secretes inflammatory mediators  capable of inducing root/bone resorption 

such as IL-1β, IL-1α and TNF (43). These inflammatory cytokines are localised in 

the macrophages, fibroblasts and osteoclast cells (44). Characterisation of 

inflammatory cells revealed that the macrophages are the dominant cells available 

in pulpitis (23). The inflamed pulp tissues express high amounts of OPN and 

OCN, which suggests their role in the inflamed pulp tissues. The correlation 

experiments showed that OPN and OCN are negatively correlated to the bone 

resorption markers IL-1α and IL-1β. OPN and OCN were positively correlated to 

VEGF which was implicated in both osteoblast and osteoclast differentiation (40, 

42, 45). These results indicate the presence of a reciprocal yet opposing action 

between the normally existing inflammatory cells of the pulp and the dental pulp 
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cells in terms of calcification and resorption. Our data (Table 3.1) showed that 

angiogenic markers are expressed in inflamed pulps, however they were also 

expressed in normal pulps. These angiogenic markers (FGF, VEGF, PDGF and 

RANTES) are also expressed in bone remodeling situations (39, 46, 47) which 

suggests a role in maintaining pulp homeostasis. 

Targeting either resorption or calcification alone may disrupt the 

homeostasis created by the two mechanisms. This is evident in a report that used 

dexamethasone therapy on teeth before replantation in order to prevent resorption. 

There was a significant decrease in inflammatory cells and inflammation, but the 

case resulted in bone ankylosis (48).  In the current study, although root resorption 

was not a factor, it is wiser to use both the p38i and the DMP-1 simultaneously  in 

order to maintain pulpal homeostasis. This treatment strategy might be useful in 

cases of root resorption where the root and alveolar bone are in need for a 

calcifying protein without the inflammatory effects it may cause.    

DMP-1 in a ferret model of pulp calcific metamorphosis. 

To date there is no evidence that the DMP-1 is involved in pulp calcific 

metamorphosis. Consequently, the expression of DMP-1 was studied  in a ferret 

model of CM. Ferrets have been used in pulp capping  (49), gene therapy (50) and  

replantation experiments (51). Ferret model is advantaged over rat models as they 

have teeth with no trabeculated pulp chamber and no communication between the 

pulp chamber and the periodontium, which resemble their human counterparts 

more closely. Ferret teeth are of operable size and location compared to mouse 

teeth that have extremely difficult accessibility and are very small. Compared to 
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dogs, the use of ferrets is easier since they are smaller and the cost of experiments 

is lower (52). Ferrets have been proven a useful and successful model  as 

evidenced by the progression of pulp calcification from the apical to the coronal 

direction thus mimicking the human calcification process (53). The premolars 

were characterised by being double rooted which may have complicated the 

extraction process leading to fracture.  

In the current research we were able to localise DMP-1 in areas of 

calcification, in osteocytes and in osteoblast cells. Being localised at the 

mineralisation fronts and in the matrix of the new dentin-associated hard tissue 

confirms its important function in cacific metamorphosis. This is in line with 

DMP-1 KO mice experiments  which show the importance of DMP-1 in skeletal 

form and function (54). 

p38 Mitogen activated protein kinase pathway and DMP-1 

Mitogen activated protein kinases are intracellular signalling pathways 

that regulate most of the inflammatory interactions inside the dental pulp (55). 

Among these pathways was MAP kinase 14 which is also named p38. Dentin 

matrix proteins are known to activate the p38 pathway (56). DMP-1 was shown to 

activate p38 pathway through its phosporylation when applied on a pre 

osteoblastic cell line (57). This downstream pathway regulates most of the 

molecular interactions of DMP-1 including AP, OCN and Runx2. Runx2 

regulates most of the extracellular matrix expression by pre-osteoblasts during 

their early osteoblastic differentiation (58) and was also expressed early in 

replanted rat teeth (4). Inhibition of p38 by using its specific inhibitor (SB-
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203580) completely abolished the DMP-1 regulation of these genes (57). We have 

shown here that DMP-1-mediated IL-6 and IL-8 expression from pulp cells is 

inhibited by using the same p38 inhibitor (59). The p38 pathway inhibitor (SB-

203580) was previously implicated in the regulation of inflammatory and 

calcification changes in pulp cells (60, 61). This inhibitor was then used for the 

prevention of DMP-1-induced calcification in vitro and in vivo. DMP-1 was 

suggested to activate the cells through its phosphorylated sites and then regulate 

mineralisation genes like Runx2, OCN and AP (36, 57). In our experiments, the 

p38 inhibitor did not prevent the expression of OCN from pulp cells at 21 days of 

cell culture. This can be explained by the fact that phosphate ions stimulate the 

FGF pathway to induce the expression of OPN and OCN from pulp cells (62). 

Further experiments are needed to test the relation of DMP-1 with an important 

pathway like FGF and FGF molecule. It should be noted that the DMP-1 protein 

stimulates the phosphorylation of ERK pathway in osteoblast cell line through its 

RGD motif (63). This also explains why the p38i did not affect the expression of 

OCN at 21 days of cell culture in response to DMP-1. 

The p38 inhibitor was able to abolish the DMP-1 effect on cells at all 

evaluation periods through an antagonistic action. This effect makes this inhibitor 

a drug which works specifically against the DMP-1 and accordingly paves the 

way for the development of new pulp therapy treatment options. Our in vivo data 

suggests positive results in terms of prevention of calcific metamorphosis using 

the p38i. However, the optimal dose, time and technique of application of this 

agent are yet to be explored.  
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Dentin matrix proteins induced the differentiation of dental pulp cells (64), 

however, limited information is known when applied over the pulp during 

inflammation. OPN, OCN, VEGF and DMP-1 are all embedded in the dentin 

matrix, but specific knowledge about each component is mandatory to develop the 

ultimate therapy for reversible and irreversible pulpitis. It also helps to better 

understand the specific molecular interactions of each dentin matrix component 

with the aim of providing the dental clinic with the best regenerative bioactive 

material. Figure 6.1 represents a summary of the data generated from the in vitro 

experiments and their clinical implications on the prevention of calcific 

metamorphosis based on the in vivo findings. 
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Figure 6.1: Diagramatic illustration summarising the suggested mechanism by which DMP-1 
induced calcific metamorphosis is prevented. DMP-1 expressed in case of trauma (1), induces 
the expression of IL-6 and IL-8 from pulp fibroblasts (2). This expression is inhibited by p38 
inhibitor. Those mediators recruits more inflammatory cells, previously reported in trauma models 
of calcification, to the region while at the same time IL-6 helps in the fibrosis and recruitment of 
osteoclasts. DMP-1 induces the expression of OPN, OCN and VEGF in short term cell culture (3). 
OPN expressed in response to DMP-1 is suggested to increase IL-6 (4) and VEGF (5) from pulp 
fibroblasts. Later, DMP-1 induces the expression of OCN, OPN, VEGF and AP in long term cell 
culture (6) represented by calcification induction in vivo. This induction is blocked by 
p38inhibitor. Blocking the inflammatory and the bone remodelling pathways induced by DMP-1 
using the same inhibitor prevented the dental pulp from being calcified after trauma. (OD: 
Odontoblasts, DOD: Degenerated Odontoblasts, ICs: Inflammatory cells, OC: Osteoclasts, PCs: 
Pulp cells, p38i: p38MAPK inhibitor).  
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Conclusions 

1- DMP-1 is involved in the inflammatory process inside the dental pulp, 

possibly through the induction of IL-6 and IL-8 secretion from dental pulp 

fibroblasts. This suggests that the mechanism by which DMP-1 induces 

pulp calcification involves inflammation. The findings confirm previous 

literature which showed that repair inside the dental pulp starts with 

inflammatory changes. 

2- Dentin matrix proteins are present in the dental pulp in both reversible and 

irreversible inflammatory processes.  

3- OCN as one of the dentin matrix proteins is expressed in early and late 

pulpitis. OCN expression is positively correlated to the presence of high 

levels of angiogenesis markers such as VEGF and FGF. This suggests that 

it may be involved in vasculogenesis in the dental pulp as has been 

suggested before (65). OCN is also negatively correlated to the presence 

of some detrimental molecules to the dental pulp including IL-1β and IL-

1α which recommends further research to test the possibility of using this 

protein in regenerative endodontics. 

4- OPN was positively associated with VEGF in inflamed dental pulps. It 

also stimulates VEGF release from pulp fibroblasts. This angiogenic effect 

is accompanied by a decrease in the expression of IL-8.  

5- DMP-1 induces OPN, OCN, AP and VEGF from pulp fibroblasts after 

long term culture (21 days). These proteins/ enzyme are implicated in 

calcific metamorphosis. It can be concluded that DMP-1 has an important 
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function in calcific metamorphosis by stimulating pulp cells to secrete 

important mineralisation proteins. It is also concluded from the 

localisation of DMP-1 in both 2 weeks and 6 week samples that DMP-1 is 

of vital importance to the process of calcific metamorphosis which is 

usually preceded by inflammatory changes and/or the presence of 

inflammatory cells.  

6- The inflammatory changes in the form of IL-6 and IL-8 secretion from 

pulp cells predispose pulp cells for the expression of OPN, AP and VEGF 

in long term cell culture. It can be argued that this conclusion is premature 

from the presented data. However, the same conclusion was drawn by Kim 

et al (66) when a similar pattern of function for FGF on pulp cells was 

shown. 

7- The p38 inhibitor SB-203580 blocked the DMP-1 inflammatory effect on 

pulp cells and also blocked the long term (6 weeks) calcification effect on 

pulp cells in an in vivo model of pulp calcific metamorphosis. This drug 

can be used for the prevention of calcific metamorphosis, however further 

research is needed to optimise the dose, time and the clinical technique of 

its application.  

8- From our in vivo data, it can be concluded that the application of SB-

203580 immediately before the replantation partially blocked the long 

term calcification of the dental pulp. It appears that our findings are 

complimentary to each other where blocking the inflammatory pathway 
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led to the blocking of the calcification pathway when the target is a 

calcifying protein like the DMP-1.   

Future directions 

1- The effect of DMP-1, OPN and OCN on angiogenesis inside the inflamed 

dental pulp needs further verification. 

2- Some calcification islands developed at the apical third after the 

application of p38 inhibitor (SB203580). In vivo experiments to optimise 

the concentration, the method and the time of application of this drug on 

the dental pulp are indicated. 
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Appendix A:  Dental pulp fibroblasts isolation and culture using tissue 

explants method 

i. Collection of tissues 

a- Impacted teeth were collected in 50 ml tubes filled with culture media 

(DMEM) supplemented with 1% antibiotic/ antimycotic (100X GIBCO® 

Invitrogen, CA, USA) and 10% FBS. 

ii. Extraction of pulp tissue and its culture 

a- Clean sterile instruments should be ready in the biosafety hood so that the 

transfer and the opening of the teeth does not exceed 30min. 

b- Clean teeth are from the outside using gauze soaked in ethanol followed 

by sawing the apical 2mm to avoid any contamination with periapical 

cells. 

c- Separate the crown of the tooth from the root at the neck of the tooth using 

a disc mounted onto a micro-motor and under cooling with sterile saline to 

avoid overheating the tooth. 

d- Use a plier to cut the tooth into two sections form the weak groove created 

by the disc. 

e- Use size 10 file to dissect the pulp tissue from the root dentin and with the 

help of fine tweezers pull the whole pulp tissue out of the dentin walls. 

f- Immediately soak the pulp tissue in sterile PBS in a sterile tissue culture 

plate. 
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g- Use a scalpel size 10 to cut the tissues in finr pieces (around 1mm3) and 

then place each piece in a 6-well tissue culture plate. Tissues should be 

properly minced against the plate. 

h- Add tissue culture media into the wells to cover the entire minced tissues 

and incubate at 37°C and 5% CO2 incubator for 7-10 days. Change the 

culture media every 4 days. 

i- Cells should show an explanted form of the tissue after 5-10 days, 

continue changing the media until cells are confluent in the wells. They 

are then split into a larger vessel (75 cm flask) and this step is considered 

P1. The number of cells counted should allow for subculture at 10000 

cells/ cm. This step is called “Trypsinisation method”  where 0.25% 

trypsin/EDTA is used to detach the cells. Add a suitable amount of trypsin 

(~1ml each well of a 6-well plate) and gently shake it to distribute the 

trypsin over all the cells. Incubate the plate at the incubator for 5min. 

Verify the detachment of cells under the microscope and quickly stop the 

reaction of trypsin by adding double its amount culture media. Centrifuge 

the trypsin/ cells/ media complex for 5 min at 200 g at room temperature. 

Aspirate the media out and be careful not to dislodge the pellet and to get 

rid of the trypsin, centrifuge it again one more time at the same conditions. 

Count the cells using trypan blue dye on a hemocytometer and subculture 

them accordingly. NB: do not forget to calculate the dilution of the dye 

and cells you have used (i.e if using 2X dye, then multiply the count by 2 

and if the cells were in 10 ml media, then multiply your count X10)     
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j- Culturing cells at this density should be for two weeks until further 

subculture is needed with continuous change of media every 4 days. 
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Appendix B: Flow cytometry protocol 

i. Cell surface antigen staining:  

a- Aliquot the cells 1*106 c/tube [each cell type is aliquoted into an unstained 

cell tube (without primary antibody) is used; the monoclonal Ab tube and 

the Isotype control for the antibody (preferably the same as the antibody 

used in terms of stain labeling FITC=FITC for example)] 

b- Wash with 200 µl wash buffer [PBS /FACS (0.5% BSA, 0.1% Sodium 

azide, 3% FBS)] for 5 minutes at 4 degrees at 300g. This step is performed 

twice. 

c- Re-suspend the cells in 500 µl Blocking Buffer (5% skimmed milk/wash 

buffer) or 10% FBS/PBS for 15 minutes on ice at room temperature (RT).   

d- Add 500 µl wash buffer and wash the cells as previously described. 

e- Addition of 100 µl Blocking buffer to all the washed cells (including the 

unstained ones) 

f- Re-suspend the cells in 100 µl blocking buffer + primary labeled antibody 

for 30 minutes in ice, in the dark at 4 degrees celsius. 

g- Wash again with wash buffer by spinning as described previously in step 

2. 

h- Re-suspend in 200 µl wash buffer. Keep in cold room for up to the next 

day evaluation or take them immediately for FACS analysis.  

This protocol had consistent results with the following antibodies:  

• CD45 FITC BD-Bioscience company Cat#347463  

Recommended as 20µl/ test (the test is 100µl blocking buffer) 
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Mouse monoclonal (25µg/ml), Isotype: Mouse IgG1  

• CD 34 PE BD-Bioscience Cat#348057 

Recommended as 20µl/test (test= 100µl blocking buffer) 

Mouse monoclonal (25µg/ml), Isotype: Mouse IgG1   

NB: The primary control and the isotype control should be treated the same in 

everything, concentrations and labeling dye. 

ii. Intracellular staining: 

a- Aliquot the cells as previously described 

b- Wash the cells as previously demonstrated above in step 2 

c- Fix the cells using 500µl 4% paraformaldehyde/PBS for 15min at 4 

degrees while the tube embedded in ice. 

d- Add 500 µl wash buffer and spin and treat as shown previously. 

e- Permeabilize the cells with 0.1% Triton X-100/PBS for 5-10 min in ice. 

f- Wash as previously. 

g- Block with 5% skim milk/wash buffer or 10% FBS/PBS as demonstrated 

above and continue following the same steps as performed previously.  

This protocol had consistent results with the following antibody:  

• Mouse monoclonal FITC Pan Cytokeratin Gene Tex, Inc 

Cat#GTX11212 (1.5mg/ml) used in 3µg/ml conc. With Mouse IgG1as 

isotype control.  

� Human peripheral T cells were used as a positive control for CD45. 

� A549 epithelial cell line was used as a positive control for Cytokeratin 

staining. 
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� Cells are seeded preferably at 1 million cells but the protocol was valid at 

500.000 cells as well. 
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Appendix C: Immunofluorescence Protocol (Vimentin, collagen1α1, 

CD44 and αvβ3) 

i. Preparation of cells 

a- Cells were cultured at 100.000 cells/ well in a 6-well plate on sterile glass 

cover slips for 48 hours in DMEM supplemented with 10% FBS and 1% 

antibiotic/ antimycotic (GIBCO®) were washed twice with sterile and 

filtered PBS. 

b- Fixation of cells using 3.7% formaldehyde for 15 min.  

ii. Immunoflurescence protocol 

a- Aspiration of the fixative was followed by the application of 0.5% Triton 

X100/ PBS for 5min at room temperature to permeabilise the cells.  

b- To prevent auto-fluorescence, sodium  borate was used for 5 min at room 

temperature. 

c- Washing twice with PBS for 5 min each was followed by blocking 

unspecific binding using 10% FBS/PBS for 30 min at room temperature 

followed by the application of goat anti-human vimentin (Cat# AB1620, 

Millipore Corp., CA, USA) diluted 1:40 in 0.5% BSA/PBS for 1hour at 

37°C in a humid chamber. Goat serum was used as a negative control. 

d- Cells were then washed twice with PBS, for 5 min each, then incubated for 

1hour at 37°C with donkey anti-goat Texas red conjugated secondary 

antibody, diluted 1:100 in 0.5% BSA/ PBS.   

e- The cells were washed twice with PBS for 5 min then rinsed 3 times for 

5min each with distilled water. The cover slips were mounted using DAPI 



212 

 

(Invitrogen®). Slides were left in the dark overnight until evaluated using 

confocal microscope. 

• This protocol was repeated using polyclonal rabbit anti human 

collagen1α1 (Cat# sc-28657, Santa Cruz Biotechnology, Inc., CA, USA) 

in 1:25 in the same diluents as previously mentioned for vimentin. Rabbit 

serum was used as a negative control. The use of 5µg/ml anti rabbit Ig 

(Santa Cruz Inc.) alexafluor 647 conjugated as secondary antibody. 

• This protocol was used for the expression of CD44 using 2.5 µg/ml rat anti 

human CD44 (Cat# 103013, Biolegend, CA, USA) and rat IgG2b (Cat# 

400637, Biolegend®, CA, USA) as the negative control. Alexafluor 

conjugated anti-rat was used as a secondary antibody. 

• This protocol was used to test the expression of αvβ3 using 40 µg/ml 

mouse monoclonal anti human αvβ3 (Cat# MAB 1976, Millipore Corp.) 

and mouse IgG1 (Cat# 400153, Biolegend®, CA, USA) as the negative 

control and anti mouse Ig alexafluor 488 conjugated (Santa Cruz Inc.) as 

secondary antibody. After obtaining negative results, this experiment was 

repeated using 60 µg/ml primary antibody to confirm the absence of αvβ3 

in cultured pulp cells. Also it should be noted that the fixation method 

(please see in the animal fixation method) was changed to confirm the 

absence of αvβ3 in the cultured pulp cells.  
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Appendix D: Immuno-histochemistry for DMP-1 expression 

i. Deparaffinization of the tissue  

a- The tissue is placed in Xylene for 3times, 2 min each time, at room 

temperature under the fume hood. 

b- Followed by serial dilution of ethanol 100% 2 times, for 2 min each 

followed by 90% once for 2 min then 70% once for 2 min.  

c- Fast drying around the tissue with a cotton ear swab to mark the tissue 

with slide tissue marker (Dako North America Inc, CA, USA). Note: this 

step should be made without drying out the tissue itself.  

ii. Immunohistochemistry: 

a- PBS wash for 5 min, aspirate using air suction. Add 0.5% Triton X100/ 

PBS for permeabilisation, then aspirate. 

b- Wash twice for 5 min each with PBS then add protein block serum free 

solution (Cat# X0909, Dako Inc.) for 10 min at room temperature.     

c- Aspirate the blocking solution then wash with PBS twice for 5 min each. 

d- Incubation overnight in the cold room (2-4 °C) with the polyclonal rabbit 

anti-rat DMP-1 primary antibody in 3.5µg/ml (Cat# M176, Takara Inc., 

WI, USA) diluted with background reducing antibody diluent (Cat# 

S0809, Dako Inc.), while the isotype control is the rabbit serum at 3.5 

µg/ml diluted with the same diluent over the control tissue.  

e- Wash 4 times, for 5 min each with PBS. 
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f- Incubation of the tissue and the control for 1 hour at room temperature 

with Goat anti-rabbit Ig Alkaline-phosphatase (AP) conjugated secondary 

antibody (1:100 in antibody diluents) (Sigma®). 

g- Wash 4 times, for 5 min each with PBS. 

h- Adding the AP substrate to the tissues following the instructions of the 

manufacturer of Vector® red AP substrate kit I (Cat# SK5100, Vector® 

laboratories, CA, USA): 

• One drop of Levamesole (Cat# SK5000, Vector® laboratories) is added to 

5 ml of buffer (100mM Tris HCL pH 8.2) to avoid any unspecific binding 

to endogenous AP. Two drops from each reagent are placed with vortex 

between each reagent to confirm proper mixing. Add 0.1% Tween 20/ 

PBS to increase the sensitivity of staining. Incubate for 30 min in the dark, 

followed by 5 min wash using the substrate buffer, then 5min using water 

followed by 100% ethanol to intensify the staining.  

• In case AP red fluorescence is tested using confocal microscopy, all the 

reagents/ solutions including PBS and AP substrate buffer must be filtered 

to avoid any impurities/ dust in the slides.  

• This protocol was later tested using mouse monoclonal anti DMP1 (Cat# 

Sc-73633, Santa Cruz®, CA, USA) at 4ug/ml diluted in antibody diluent 

(Dako Inc.). Mouse IgG1 (Cat# 400124, Biolegend®, CA, USA) was used 

as isotype control. Goat anti mouse IgG AP conjugated (Cat# A 1682, 

Sigma®) at 1:100 in antibody diluents (Dako Inc.) was used as secondary 

antibody. 
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iii.  Haematoxylin counterstaining 

a- Tissue slides were then embedded in haematoxylin (Sigma®) (diluted 1:5 

in 95% ethanol) for 30 seconds (sec) followed by 30 sec in bluing agent 

(0.5% LiCo3). This process is repeated around 5 times then the tissues are 

dehydrated using 95% for 2 min and 100% ethanol for 5 min and finally 

cleared in xylene for 2 min.  

Note: immediate evaluation after mounting is mandatory in case of using 

xylene to clear the slides as it interacts with the red AP dye and dissolves 

it after a few weeks.  

 

 

 

 

 

 

 

 

 

 

 

 



216 

 

Appendix E: Haematoxylin and eosin (H&E) tissue staining protocol 

(According to the Department of Dentistry pathology laboratory 

protocols, University of Alberta, Edmonton, Alberta, Canada) 

a- De-paraffinisation using xylene 3 times for 2 min each followed by serial 

dehydration with ethanol, absolute (ABS or 100%) 2 times for 2 min each, 

2 min in 95% ethanol and 2 min in 70% followed by rinsing in distilled 

water for 2 min. 

b- Staining with haematoxylin (Sigma®) for 5 min followed by washing 

under tap water until water runs clear. 

c- Placement in a clarifier (5% acetic acid) 1-3 sec followed by a bluing 

agent (Li C03) for 10-15 sec and then washing in tap water followed by 

distilled water.  

d- Staining in Eosin Y (Protocol Inc.) for 60 sec.  

e- Serial dehydration with 95% 2 times and 4 times with ABS changes for 10 

sec each. 

f- Clearing the slides with Xylene twice for 2 min each. This is followed by 

mounting using Xylene based resin mounting medium (Protocol Inc.).  
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Appendix F: Pulp tissue homogenisation 

a- Pulp tissues were collected directly from the root canals into CelLytic® 

MT (Sigma®) tissue lysis reagent supplied by 1% protease inhibitor 

cocktail (Sigma®), then transferred on ice for tissue homogenisation using 

glass homogeniser and centrifuged at 14000g for 15 min at 2°C. 

b- Collection of the supernatants, disposal of the pellet and preservation at -

80°C until future protein concentration testing using Pierce® BCA protein 

assay. 

c- Similar steps for the control pulp tissues were followed after decapitation 

of the crown and removal of the pulp tissue (see the protocol for extraction 

of pulp cells from impacted teeth). All the samples were tested for their 

total protein concentration at the same time to avoid any differences in 

freezing/ thawing cycles between experimental samples and the control or 

between different experimental samples.  
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Appendix G: Protein quantitation using Pierce® BCA protein assay 

kit (Cat # 23225, Pierce Biotechnology® IL, USA)  

i. Preparation of Standards and Working Reagent  

a- Preparation of Diluted Albumin (BSA) standards into different 

concentrations starting by 2, 1.5, 1 mg/ml followed by 750, 500, 250, 125, 

25 and ending by a blank control or 0 µg/ml. The preparation of the 

standards is based on the below table copied from the brochure of Pierce® 

BCA protein assay kit (Cat#23227, Pierce Biotechnology®) using the 

diluents of the samples which is usually PBS. The kit supplies the 1ml 

ampule of BSA containing 2mg protein. 

    Preparation of Diluted Albumin (BSA) Standards 

Dilution Scheme for Standard Test Tube Protocol and Microplate Procedure (Working Range = 20–2,000 µg/ml)  

Vial  Volume of Diluent  Volume and Source of BSA  Final BSA Concentration  

A  0  300 µl of Stock 2,000 µg/ml 

B  125 µl  375 µl of Stock 1,500 µg/ml 

C  325 µl  325 µl of Stock 1,000 µg/ml 

D  175 µl  175 µl of vial B dilution 750 µg/ml 

E  325 µl  325 µl of vial C dilution 500 µg/ml 

F  325 µl  325 µl of vial E dilution 250 µg/ml 

G  325 µl  325 µl of vial F dilution 125 µg/ml 

H  400 µl  100 µl of vial G dilution 25 µg/ml 

I  400 µl  0  0 µg/ml = Blank 

 

b-  Preparation of the BCA Working Reagent (WR); 200µl of WR are 

required per sample and standard, for a complete 96 well plate, 200µl 

X100= 20ml. It is always better to add a few wells in the calculations. The 

WR is prepared according to the manufacturer through adding to reagent B 
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50x from reagent A. For 20ml, 400µl of reagent B for 19.6ml reagent A. A 

clear green solution is the end of the mixing of reagent B to reagent A.   

ii. Microplate Procedure (Sample to WR ratio = 1:8) 

a- 25µl from each sample and standard are placed inside the wells of a 96-

well plate. Please note that the orientation of samples should be reported in 

the laboratory notebook.  

b- Add 200 µl of the WR to each well and mix the contents of the plate 

thoroughly on a plate shaker for 30 seconds.  

c- Using an aluminum foil, cover the plate and incubate it at 37°C for 30 

minutes.  

d- Remove the plate from the incubator and leave it at room temperature to 

cool (around 5min).  

e- Measure the absorbance at 562 nm on a plate reader.  

f- Draw a standard curve on an excel sheet to calculate the concentration of 

protein in each sample accordingly. Note: remember to calculate the 

dilution of your samples compared to the standard. For example samples 

of pulp tissues were added in 2µl/ sample while samples of pulp cells were 

added in 5µl/ sample and at the same time the diluents used to top these 

samples to 25µl to be similar to the standards’ preparation. In the case of 

pulp tissues, values are corrected by multiplying them by 12.5 while in the 

case of pulp cells values are corrected by multiplying by 5. 
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Appendix H:  ELISA assays for IL-6 and IL-8 (Cat# 555220, 555244, 
BD Biosciences®, CA, USA) 

i. Day one: 

a- Coating the plates according to the number of samples with 100µl/ well 

(each in duplicates) with coating buffer supplemented with capture 

antibody (1:250 in coating buffers) overnight in the cold room. Seal the 

plate with a plate sealer, which also could be used for labelling of the 

orientation of samples in the second day. 

b- Coating buffer recipe is 0.1M sodium Carbonate, pH9.5, 7.13g NaHCO3, 

1.59g Na2CO3 to 1.0L distilled water pH to 9.5 

ii. Day two: 

a- Wash wells 3 times with wash buffer (use a pad of napkins to tap the plate 

on to ensure proper wash. (Wash buffer 0.05% Tween-20/ PBS maintained 

at 4°C) 

b- Block the plates with 200µl/ well diluents assay (10% FBS/PBS filtered 

and freshly prepared) at room temperature over the shaker for 1hr. 

c- Wash as previously described 3 times. 

d- Standard preparation in serial dilutions with assay diluents (from 300pg/ml 

to 4.7 pg/ml for IL-6, and from 250pg/ml to 3.9pg/ml for IL-8) and 

optimised samples (usually 1:10 for IL-6 and 1:20 from IL-8 for 

supernatants from dental pulp cell culture, however for dental pulp tissues 

it was 1:25 and 1:50 for IL-6 an IL-8 respectively, all diluted in assay 

diluent). Add 100µl from each standard and sample in each well, seal the 
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plate with a plate sealer and incubate the plate at room temperature on a 

shaker for 2hrs. 

e- Wash as previously described but for a total of 5 times. 

f- 100µl per well is added from the working detector (detection antibody+ 

streptavidin-horseradish peroxidise conjugate) which is 1:250 + 1:250 in 

assay diluents for IL-6 and 1:500 and 1:250 for IL-8. Seal the plate and 

incubate for 1hr on a shaker at room temperature. 

g- Wash as previously described but for 7 times, but after each wash keep the 

wash buffer in the wells for 30sec-1min. 

h- Add 100µl per well from substrate solution which is prepared as 50:50 

reagent A and reagent B and incubate at room temperature in the dark for 

30 min without plate sealer. 

i- Add 50µl of 2N H2SO4 to stop the reaction and read absorbance at 450nm 

and 570nm and subtract that of 570 from the 450 readings, calculate the 

concentrations of IL-6 and IL-8 in the samples after drawing the standard 

curve and make necessary correction in terms of sample dilution.  
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Appendix I:  Gomori’s Trichrome staining protocol (According to 

Gomori’s One-step Trichrome stain, modified by LE, June 21/ 2010, 

histology core facility, Alberta diabetes institute laboratory, 

University of Alberta, Edmonton, Alberta, Canada) 

a- Heat Bouin’s solution (commercially available and prepared) to 60°C. 

Wash the slides with the tissues under tap water, and then place the tissue 

slides in the oven in the heated Bouin’s solution for 30 min. 

b- Leave the slides inside the solution for another 30 min at  room 

temperature 

c- Wash slides under running water (warm) until water runs clear. 

d- Place Trichrome (filtered) (commercially available and prepared) over the 

tissue slides for 20 min. 

e- Wash the solution using tap water then place the tissues in 0.5% acetic 

water (0.5ml Glacial acetic acid + 100 ml distilled water) for 2 min. 

Embed them in 100% ethanol 2 times for 10 sec each. All the slides are 

then being automatically rehydrated without water using the autostainer 

device. 

f- Collagen staining will appear green while muscle and background will 

appear red. 

g- Mouse skin was used as the staining control. 
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Appendix J: Osteocalcin expression by immunohistochemistry 

A similar method was used previously to detect DMP-1 in inflamed pulp 

tissues (please see the protocol for immunolocalisation of DMP-1 in pulp 

tissues) with the exception that the antibodies used changed as follows: 

• Monoclonal mouse anti human osteocalcin (Cat# MAB 1419, R&D 

systems®) at 10µg/ml diluted in antibody diluents (DAKO Inc.).  

• Mouse IgG1 (Cat# 400153, Biolegend®) was used as the negative control. 

• Goat anti mouse Ig AP conjugated (Sigma®) as secondary antibody. 

• It should be noted that tissue sections were quickly examined under the 

microscope for their positive reactions before counter staining with 

hematoxylin. This step was added to the protocol to avoid masking the 

hematoxylin (stains purple) to the calcified areas (if positive stains red) 

since osteocalcin did not show a reaction inside the calcification areas.  
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Appendix K:  Osteopontin expression by western blot 

i. Gel preparation: 

a- 15% SDS gel was prepared according to the recipe provided by Dr. 

Redwan Moqbel’s lab protocols which is: 

Resolving Gel recipes for 30% Acrylamide 

 7.5% 10% 12.5% 15% 17.5% 

SDW 5 4.2 3.3 2.5 1.7 

1.5M Tris pH 8.8 + 0.4% 

SDS 

2.5 2.5 2.5 2.5 2.5 

30% Acrylamide 2.5 3.3 4.2 5 5.8 

10% APS 50 µl 50 µl 50 µl 50 µl 50 µl 

TEMED 15 µl 15 µl 15 µl 15 µl 15 µl 

TOTAL 10 ml 10 ml 10 ml 10 ml 10 ml 

 

b- 7ml from the 15% mix above was immediately loaded in a gel glass frame 

former and locked with a plastic glass frame holder in an upright position. 

Loading of the liquid should be done gently without the interruption of 

any air bubble. Polymerisation starts immediately once the liquid is mixed, 

and the process should last around 15-20 min for gelation. Once the gel is 

formed –as evaluated from the gelation of the remaining 3ml outside in the 

50 ml tube- ensure there is no liquid on the gel surface and to remove any 

air bubble with a long loading plastic pipette tip. 

c- Start preparing the upper gel (stacking gel) using the recipe below.   
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Stacking recipe for 30% Acrylamide 

 5% 

SDW 5.8 

1.5M Tris pH 8.8 + 0.4% SDS 2.5 

30% Acrylamide 1.7 

10% APS 50 µl 

TEMED 15 µl 

TOTAL 10 ml 

d- Load around 5ml over the already set lower gel (resolving gel) and watch 

the remaining 5ml until gelation occurs (which should be around 15 min) 

e- Make sure that the ingredients used are not old or distorted, for example 

the 30% acrylamide is a light sensitive liquid which is placed inside a dark 

container, so make sure the container is always closed and kept at 4°C. 

Also, it should be noted that the 10% APS (ammonium persulfate) is 

always prepared at the time of gel preparation (fresh). 

f- Disassemble the plastic holder and place the glass frame –with the gel 

embedded- in the locked holder of an electrophoresis container. 

g- Remove the plastic inserts forming the lanes and load running buffer 

inside the plastic container to the level just filling the lanes with running 

buffer which is according to the following recipe 

10x SDS RB (Running Buffer) – will be pH 8.3 at end.  

30.3 g Tris  

144 g Glycine  

10 g SDS  

1 L 
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ii. Samples preparation: 

a- Thawing of tissue supernatant on ice at room temperature. Note: Dental 

pulp tissues collected in tissue lysis/ extraction reagent (CelLytic® MT, 

Cat# C 3228, Sigma®, MI, USA ) containing 1% protease inhibitor 

cocktail (Protease inhibitor cocktail for mammalian tissue, Cat# P8340, 

Sigma®) were homogenised and centrifuged at 14000 rvg at 2°C. Their 

supernatants were collected and frozen at -80°C until further investigation. 

Their protein concentration is first measured using BCA protein assay kit 

(protein concentration protocol). 

b- Place equal amount of proteins (25µg) from each sample in a 1.5ml 

eppendorf tube and label your sample according to its lane number. (Note: 

Remember to name the samples in your laboratory notebook). 

c- Top up the amount of proteins using the tissue solvent used previously to 

dissolve the tissue (Cell lytic® MT lysis) in order that all samples have a 

similar volume (in this case 15µl each sample). 

d- Add a similar amount (15µl) from 2X sample buffer to each sample 

according to the following recipe: 
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2x SDS SB (Sample Buffer)   

0.125M Tris pH 6.8 

20% w/v glycerol 

10% v/v β-ME 

4.6% w/v SDS 

 

* 0.1% Bromophenol 

blue 

0.756 g Tris 

10 ml glycerol 

5 ml β-ME 

2.3 g SDS 

 

SDW to 50 ml 

25ml 1M Tris pH 6.8 

40 ml glycerol 100% 

20 ml β-ME 

46 ml 20% SDS 

 

SDW to 200 ml 

 

e- Load the samples (30µl each) starting from lane 2 in their assigned lanes 

using a long tipped pipette tip. Note: the control tissue lane is #2 

• The tested inflamed pulp tissue is in lane #3 

• The rhOPN (Recombinant human osteopontin, Cat # O4264, Sigma®) 

(100ng +equalising with lysis buffer + similar sample buffer as samples) 

in lane #4 

f- Load 20 µl standard ladder (Biorad®) in lane #1.  

g- Cover the container and turn on the electrophoresis device to 98 volts at 

room temperature for two hours or until the proteins are completely run 

through the entire gel, whichever is earlier. 

iii.  Transfer of proteins to a membrane: 

a- Once the proteins run to the bottom of the gel (as evaluated by their blue 

line, that of the sample buffer stain), turn the device off and retrieve the 

glass frame with the gel inside from the container. 
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b- Gently separate the glass frame from the gel, and hold the gel gently using 

your gloved fingers and place it over a nitrocellulose membrane (Trans-

Blot, Transfer medium, Cat# 162-0115, Biorad®, CA, USA) -soaked first 

in PBS- cut at an equal size to the gel. Note: the membrane should be 

soaked first in PBS then placed on a sponge moistened with transfer 

buffer. 

10XPBS Phosphate buffered saline pH 7.4 NaoH 

Na2HPO4 (sodium phosphate fisherScientific®)                                         10.9 g 

NaH2PO4 (Sodium phosphate monobasic)                                                    3.2 g 

Nacl                                                                                                                  90 g 

                                                                                                                     ------------ 

DDW  Double Distilled water   1L                                                              in 1000ml 

 

 

10x Transfer buffer ( 1 L ) 

144 g Glycine 

30 g Tris 

-for 1x add 20% Methanol, 10% 10x transfer buffer, 70% water 

 

c- Place another sponge over the gel part and place the entire sandwich of 

membrane and gel in the transfer container with the membrane side 

directed to the anode (movement of proteins is from the negative pole to 

the positive one) of the electrophoresis device. Note: the plastic frame, 

where the sandwich of the membrane and gel is present, is usually of two 
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colors to differentiate between the gel and membrane sides without any 

confusion. 

d- Run the whole transfer device at 100volts for one hour at 2-4°C. 

iv. Staining the membrane: 

a- The proteins are now transferred to the membrane (as evaluated by the 

standard ladder on the membrane). Wash the membrane from the transfer 

buffer in PBS on a shaker in a plastic box for 30 min at 2-4°C. 

b- Separate the two membranes (experimental and control) using scissors 

where indicated by the standard ladder separating the two sections and 

place each membrane in a dark plastic box filled with Odyssey® blocking 

buffer (Cat# N2311, Licor®, NB,USA). Note: Confirm that the blocking 

buffer is enough for the membrane to be soaked inside. Leave the 

membrane in the buffer for 1hr at room temperature on a shaker. 

c- Replace the blocking buffer with another one supplemented with 

polyclonal rabbit anti human OPN (1µg/ml) (Cat# O7264 Sigma®) for one 

membrane and the same concentration of rabbit serum as control to the 

antibody for the other membrane. Incubate the membrane with the 

antibodies overnight at 2-4°C. 

d-  Remove the buffer with the antibody and wash the membrane for 4 times 

for 5 min each with 0.05% Tween 20/ PBS on a shaker at room 

temperature. 
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e- Add odyssey buffer supplemented with 1:15000 polyclonal goat anti rabbit 

(IRDye® conjugated 800CW, Cat# 926-32211, Licor®, Ca, USA) for both 

membranes for 1hr at room temperature over a shaker. 

f- Wash the membrane 4 times for 5 min each with 0.05% Tween 20/ PBS 

and then assess the membrane for staining using the Odyssey® scanner. 

g- Clean the scanner promptly using the DDSW and Kim wipes. Place the 

two membranes beside each other and report the scanner grids to the 

computer. Scan for both available channels at 700 and 800 (it is always 

better to scan the membrane at both channels to exclude any unspecific 

binding). At the end, the experimental membrane should be showing 

bands in the 800 channel (similar to the secondary antibody) at ~48kDa 

and the negative control should not be showing any bands. 

h- The same procedure was repeated using mouse monoclonal anti human 

GAPDH antibody (R&D systems®, MN, USA) diluted 1:1000 in 

Odyssey® buffer) and mouse IgG1 (Sigma®) to replace the antibody as the 

negative control. After overnight incubation, washing is done as 

previously demonstrated and Goat polyclonal anti mouse secondary 

antibody (IRDye® 700cw) was used in a1:15000 dilutions in Odyssey® 

buffer. Human GAPDH was detected at ~38 kDa in the 700 channel (red). 
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Appendix L:  OPN expression in early and late pulpitis 

 

 

 

 

 

Figure 1, Appendix L: Graphical presentation of OPN expression in early and late 
pulpitits 
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Appendix M:  ELISA assay for human Vascular Endothelial Growth 

Factor (VEGF) (Cat# V2110-15, US Biological®, CA, USA) 

i. First day 

a- Incubate the sealed plate with capture antibody 0.5µg/ml in PBS (100µl/ 

well) overnight at room temperature. 

ii. Second day 

a- Wash the plate thoroughly 4 times with 300 µl/ well with wash buffer 

(0.05% Tween-20é PBS), tapping the plate each time against paper towels. 

b- Add 300µl/ well block buffer (1% BSA in PBS sterile filtered) for 1hr on a 

shaker at room temperature. 

c- Wash plate with wash buffer 4 times as previously described. 

d- Incubate the standard (human recombinant VEGF) from 1ng̸ ml down to 

zero diluted with diluents (0.05% Tween-20, 0.1% BSA in PBS sterile 

filtered) and samples (usually diluted 1:2 in diluents for the expression of 

VEGF in culture supernatants of dental pulp cells) at RT for 2hrs on a 

shaker 

e- Wash 4 times as previously described, use the detection antibody at a 

concentration 0.25µg̸ ml  in diluents to add 100µl per/well and incubate 

for 2hrs at RT. 

f- Aspirate and wash 4 times as previously described, the enzyme avidin 

peroxidise diluted at 1:2000 in diluents is added in 100µl per well and the 

plate incubated at RT for 30min. 
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g- Wash as previously described 4 times and add 100µl of substrate (ABTS 

Cat# A0030) to each well and incubate at RT in the dark for 30min. 

h- Read absorbance at 405 and 650nm and subtract the latter from the former 

and record the readings on an excel sheet to draw and calculate the 

standard curve and consequently the corrected concentrations of VEGF.  
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Appendix N: CellTiter 96® AQueous One Solution cell proliferation 

assay (Cat# TB245, Promega®, WI, USA) 

i. Culture of cells 

a- Cells cultured at 9000cells/ cm in triplicates of a 96-well plate per group. 

b- MTS assay was performed at 1, 3, 5 and 7 days and media were changed 

on the fourth day for all groups. 

ii. CellTiter 96® MTS assay 

a- The MTS solution (prepared by the manufacturer) is directly placed over 

the culture media in a 10% concentration (20µl/ 200µl media). Gently 

pipette the solution inside the cell culture medium to avoid the formation 

of any air bubble. 

b- Incubate the plate again in the CO2 incubator for 30-60min (1hr readings 

were found optimal) and report the absorbance at 490nm.  
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Appendix O: Alkaline Phosphatase (AP) assay and collection of cells 

i. Collection of cells 

a- After removal of the culture media, cells were rinsed using Dulbecco’s 

PBS (Cat# D8537, Sigma®) for 2 times.  

b- Add 120µl CelLytic® M (Cat# C2978, Sigma®) per well, in a 24 well plate 

supplemented with 1% protease inhibitor cocktail (Cat# p8340, Sigma®). 

Incubate in the cold room over the shaker for 15min followed by the use 

of a cell scraper to enhance the quantity of protein collected. 

c- Centrifuge the whole amount at 14000g for 15min to pellet the cell debris. 

Collect the supernatant, label the eppendorf tube and preserve it at -80°C. 

ii. Alkaline phosphatase (AP) reactivity 

a- Samples are tested first for their protein concentrations using the protein 

assay kit previously described and accordingly the determination of the 

dilution needed for each samples. Usually samples are diluted to 5 to 10 

times the standard. 

b- Standard preparation included the preparation of the AP control enzyme 

(Cat# C9361, Sigma®) using serial dilution method (8 concentrations) 

from 8µg/ml to 0µg/ml in PBS, which is used also as diluents for the 

samples. 

c- 10µl from the diluted standard and samples were placed in duplicates of an 

ELISA plate followed by the addition of 100µl AP substrate pNPP (Cat# 

N7653, Sigma®). 
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d- Incubate the plate at 37°C and AP reactivity was reported every 5min to 

develop the best standard curve which was recorded at 30 min. At this 

time, 50µl/ well of 3M NaoH were added to stop the reaction.  

e- Absorbance was read at 405nm and data recorded on an excel sheet where 

a standard curve was drawn and the concentration of AP in the samples 

was calculated. 
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Appendix P: Preparation of 4% para-formaldehyde in cytoskeletal 

buffer for cardial perfusion 

a- Preparation of solution according to the recipe (Dr. Ramses Ilerraza, 

Adamko’s lab, Pulmonary research group, university of Alberta) 

 150ml 300ml 

Mcs 

Nacl 

EGTA (o.5M) 

Mgcl2 

Glucose 

0.2925 gm 

1.314 gm 

1.5ml 

0.75 gm 

0.135 gm 

0.585 gm 

2.628 gm 

3 ml 

1.5 gm 

0.27 gm 

 

b- Adjust pH 6.1 with NaOH 1N 

c- Heat it and while heating add PFA 6gm/ 150 ml buffer = 4% 

d- Add NaOH 5M until it dissolves (clear) and then cool it down and adjust 

pH again 6.1 with Hcl. 

e- Inject PBS at a similar amount to that of the fixer prior to fix with para-

formaldehyde and make sure that all solutions are filtered using Millipore 

filters size 0.2- 0.45µm. 

 

 

 



238 

 

Appendix Q: Immuno-histochemical optimisation and localisation of 

DMP-1 in 3 days and 2 weeks post-replantation of ferrets’ teeth 

 

Figure 1,  Appendix Q: Immuno-histochemical optimisation and localisation 
of DMP-1 in 3 days and 2 weeks. 
 

 

 

 

 

 

 

 

 


