

  applsci-11-10395




applsci-11-10395







Appl. Sci. 2021, 11(21), 10395; doi:10.3390/app112110395




Article



Biochemical Mapping of the Inflamed Human Dental Pulp



Konstantina Kritikou 1, Marina Imre 2, Mihaela Tanase 3, Arina Vinereanu 3, Alexandra Ripszky Totan 1,*[image: Orcid], Tudor-Claudiu Spinu 4,*, Radu Ilinca 5, Daniela Miricescu 1, Iulia-Ioana Stanescu-Spinu 1 and Maria Greabu 1





1



Department of Biochemistry, Faculty of Dental Medicine, Carol Davila University of Medicine and Pharmacy, 8 Eroilor Sanitari Blvd, Sector 5, 050474 Bucharest, Romania






2



Department of Complete Denture, Faculty of Dental Medicine, Carol Davila University of Medicine and Pharmacy, 17–21 Calea Plevnei Street, Sector 1, 010221 Bucharest, Romania






3



Department of Pedodontics, Faculty of Dental Medicine, Carol Davila University of Medicine and Pharmacy, 17–21 Calea Plevnei Street, Sector 1, 010221 Bucharest, Romania






4



Department of Fixed Prosthodontics and Occlusion, Faculty of Dental Medicine, Carol Davila University of Medicine and Pharmacy, 17–21 Calea Plevnei Street, Sector 1, 010221 Bucharest, Romania






5



Department of Biophysics, Faculty of Dental Medicine, Carol Davila University of Medicine and Pharmacy, 17–21 Calea Plevnei Street, Sector 1, 010221 Bucharest, Romania









*



Correspondence: alexandra.totan@umfcd.ro (A.R.T.); tudor.spinu@umfcd.ro (T.-C.S.)







Academic Editors: Paola Gandini and Andrea Scribante



Received: 14 October 2021 / Accepted: 3 November 2021 / Published: 5 November 2021



Abstract

:

Dental pulp inflammation, caused by the evolution of caries, involves numerous interrelated activities at a cellular and molecular level. Cytokines, proteases, growth factors, and other biomarkers of the host response may take part in dental pulp’s immune defense. The aim of this pilot study was to determine the levels of inflammation, oxidative stress, and extracellular matrix degradation biomarkers in healthy and symptomatic irreversibly inflamed dental pulp samples from children and adolescents. Twenty-three dental pulp samples were collected from permanent teeth with irreversible inflammation, while nineteen healthy dental pulp samples were obtained from teeth extracted for orthodontic reasons. Pulp lysates were obtained and the levels of IL-2, IL-17, TNF-α, SOD3, TGF-β1, catalase, osteocalcin, MMP-7, and MMP-9 were determined using the enzyme-linked immunosorbent assay (ELISA) technique. We detected significantly higher levels (p < 0.001) of IL-2, IL-17, TNF-α, SOD3, osteocalcin, and TGF-β1 in pulp samples with irreversible inflammation than in controls. Catalase and MMP-7 showed higher levels in the experimental group, while MMP-9 showed slightly increased levels in the control group, but none of these differences were statistically significant (p = 0.064/p = 0.061/p = 0.625). Inflamed dental pulp samples showed an up-regulation of IL-2, IL-17, TNF-α, SOD3, osteocalcin, and TGF-β1. These biomarkers appear to have a powerful role in the inflammation process of human dental pulp.
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1. Introduction


Approximately 500 million children suffer from tooth decay in their primary dentition, while Global Burden of Disease (2017) reports that untreated tooth decay in permanent teeth is the most common health condition [1]. Dental caries is a chronic infectious disease and the most common cause of pulpal pathology, such as pulp inflammation (or pulpitis) [2]. Dental pulp inflammation can occur before bacteria take over the pulp tissue. Bacteria and their metabolic products, such as lipoteichoic acid (LTA), can diffuse through dentinal tubules and may initiate the mechanisms of the immune response in the dental pulp [3].



Dental pulp is a loose connective tissue located in a low-compliance environment. Bacterial invasion is accompanied by macroscopic changes, such as vasodilatation and a decrease in the blood flow resistance [4]. Intravascular pressure and capillary blood flow increases, accompanied by leukocyte extravasation and an accumulation of serum proteins. These vascular alterations are followed by the recruitment of immune cells, which tend to eliminate the pathogens and their metabolites. If microbial irritation continues, exceeding the pulp’s immune capacity, local hypoxia is installed by compression of the venules, metabolic waste products and CO2 increase, and further vasodilatation occurs. All of these lead to the spreading of inflammation. Considering this, if the edema from inflammation is not resolved by removing the insult, tooth pain is the first and main sign of pulp pathology [3].



An initial invasion of microbes activates an innate immunity of the dentine/pulp complex. Innate immunity, as a response to caries, is provided by the action of odontoblasts; the effects of neuropeptides and neurogenic inflammation; an increased outflow of the dentinal fluid and intratubular deposition of immunoglobulins; the functioning of innate immune cells, such as immature and pulpal dendritic cells (DCs); monocytes and macrophages; lymphocytes, such as natural killer (NK) cells and T cells, and their cytokines and chemokines [5]. All of these components stop bacterial penetration and abolish the invading bacteria by recognizing them or their components [6]. Adaptative immunity with cellular and specific antibody responses is activated when an innate response can’t eliminate the pulp injury. The transition from innate to adaptive immunity is believed to take place in irreversibly inflamed pulp tissue, located at less than 2 mm from the deep carious lesion [6].



LTA is produced by cariogenic bacteria after fermenting sucrose, and is attached to the cell membranes of streptococci. LTA can initiate the innate immune system by binding to CD14, by activating the signaling with Toll-like receptors (TLRs), and by stimulating the release of the following cytokines from innate immune cells: tumor necrosis factor-alpha (TNF-α), interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10), interleukin-12 (IL-12), interleukin-18 (IL-18), and IFN-γ [3].



TNF-α and IL-1 promote the expression of adhesion molecules, which induce extravasation of phagocytes during inflammation, while IFN-γ, produced by NK cells, activates phagocytes and enhances TNF-α actions on endothelial cells. Macrophages produce IL-10, which has a crucial role in the control of innate and cell-mediated immunity by inhibiting macrophages and DCs’s functions. In response to bacteria or cytokines, various cell types, such as IL-1 and TNF-α, secrete IL-6, which intensifies the production of neutrophils and acute-phase proteins from bone marrow progenitors. IL-12 and IL-18 produced by resting T cells can direct the following adaptative cellular immune response [6].



Matrix metalloproteinases (MMPs) can degrade extracellular matrix (ECM) proteins and participate in tissue homeostasis [4,7]. MMPs take part in inflammation pathogenesis; the stimulation of protective innate and adaptative immune response; tissue destruction; and the spread of inflammation if they have uncontrolled activity. The degenerative potential of MMPs is balanced by tissue inhibitors of metalloproteinases (TIMPs) and nonspecific protein inhibitors (α-2 macroglobulin) [7]. MMP-9 is produced by PMNs, which are numerous in inflamed dental pulps, and is considered a marker of pulp tissue breakdown [8].



Neutrophils invade the pulp near the infected dentin and release MMPs to recruit immune cells to the dental pulp and also release reactive oxygen intermediates (ROI), such as hydrogen peroxide, superoxide anions, and hydroxyl radicals. ROI are oxidizing agents released in high amounts during bacterial inflammation, which can be toxic to cells, especially to hydrogen peroxide. Aerobic cells’ defense equipment includes enzymes, such as superoxide dismutase (SOD), catalase, and glutathione peroxidase, which are able to inactivate the free radicals. An increased production of ROI, or decreased removal of these, can damage the cellular and extracellular structures [9]. TNF-α can stimulate neutrophils to secrete massive quantities of ROI and trigger neutrophil degranulation [4]. An interconnection between inflammation, tissue degradation, and oxidative stress in human dental pulp is thus seen [5].



Reactionary/reparative dentine formation is desired for the protection of the underlying pulp from the dentin infection. A rapid dentinogenesis initiation can promote dental pulp healing and a regaining of health [10]. From a clinical perspective, it is critical to understand the molecular and cellular pathways able to reduce inflammatory reactions within pulp tissue, and to encourage fast installation of tissue homeostasis, once the bacterial infection is eliminated. The aim of the present pilot study is to evaluate the levels of molecular biomarkers involved in the inflammatory process (IL-2, IL-17, TNF-α, TGF-β1, and osteocalcin), ECM degradation (MMP-7 and MMP-9), and oxidative stress (SOD3 and catalase) mechanisms in clinically healthy and symptomatic irreversibly inflamed dental pulp samples, in children and adolescents.




2. Materials and Methods


2.1. Patients and Sample Collection


The study group consisted of 42 children aged from 6- to 18-years who sought treatment in the Pedodontics clinic of the Carol Davila University of Medicine and Pharmacy in Bucharest. Dental pulps (n = 42) were collected from the permanent teeth of these patients (one tooth/patient). All parents/caregivers gave their informed consent for the collection of dental pulp from their children, according to the protocol approved by the ethics committee of Carol Davila University of Medicine and Pharmacy, document No. 5751/05.03.2021. Only healthy cooperative patients without any medical conditions were included in the study. Uncooperative subjects, or subjects whose caregiver did not sign the informed consent, were excluded. From each patient included in the study, dental pulp from a single tooth was collected. Clinically symptomatic, irreversibly inflamed dental pulp samples (experimental group, n = 23) were collected from teeth with a history of prolonged or spontaneous lingering pain, extreme pain response to thermal stimuli (cold), sensibility on percussion, caries, and/or restorations on the tooth surface, from patients who sought emergency treatment. Radiographic examination did not reveal periapical pathosis, or periodontal diseases. Normal, healthy pulp samples (control group, n = 19) were collected from clinically healthy permanent teeth extracted for orthodontic reasons. Anamnesis, clinical, and radiographic examinations were performed for the exclusion of pain history, caries, restorations, or any type of fracture.



All dental pulp samples were collected in aseptic conditions. Before infiltration for local anaesthesia, all teeth were professionally cleaned of dental plaque, and teeth surfaces were also cleaned with 70% alcohol. A pulpectomy of teeth with irreversible pulpitis was performed only after the placement of a rubber dam. Caries and the roof of the pulp chamber were removed, and inflamed dental pulp tissues were collected using barbed broaches (VDW, GmbH, Munich, Germany). Irrigation of the endodontic space during pulp collection was performed only with sterile saline solution. Healthy teeth extracted for orthodontic reasons were grooved longitudinally using a #557 diamond bur and split using an elevator. Dental pulp was removed using a spoon excavator (LM Dental, Planmeca Group, Parainen, Finland). Only dental pulp samples that were removed in a single piece were used. All pulp samples were placed in Eppendorf Tubes containing 5 mL of saline solution and were stored at −70 °C until use.




2.2. Pulp Lysates


All frozen pulp samples were thawed for 30 min and 1 mL of phosphate-buffered saline (PBS) solution, pH 7.0, was added to each sample. PBS solution was prepared by dissolving 1 PBS tablet (Invitrogen/GIBCO) in 50 mL of distilled water. Pulp tissue was crushed using a glass rod followed by sonication for 3 min. Homogenized samples were centrifuged at 4000 rpm for 10 min. Pulp supernatants were collected for the ELISA determination.



During the preparation of the pulp lysates, all samples were placed on ice to prevent protein denaturation.




2.3. Enzyme-Linked Immunosorbent Assay (ELISA)


Levels of IL-2, IL-17, TNF-α, MMP-7, MMP-9, catalase, SOD3, osteocalcin, and TGF-β1 were measured in dental pulp lysates using commercially available ELISA kits from Elabscience (Houston, TX, USA) and a semiautomatic ELISA analyzer STAT FAX 303-PLUS from Awareness Technologies (Palm City, FL, USA. Determinations were made according to the kit manufacturer’s recommendations using the sandwich ELISA technique. All samples were analyzed in duplicate.




2.4. Statistical Analysis


Data analysis was performed using IBM Statistics 25 and Microsoft Office Excel/Word 2013. Quantitative variables were tested using the Shapiro–Wilk test. The Mann–Whitney U test was used for non-parametric distributions, while a Student/Welch t-test was employed for parametric distributions. Statistical significance of differences in the expression of protein levels was set for p-values < 0.05.





3. Results


The mean age of the patients who participated in our research was 10.98 ± 3.65 years old; children in the experimental group were 10.91 ± 3.18 years old, while the mean age of those in the control group was 11.06 ± 4.25 years old. The mean values of each biomarker in irreversibly inflamed and healthy dental pulps, and the statistical analysis, are presented in Table 1. All mediators were detected in both the experimental and control group of pulp samples.



IL-2, IL-17, TNF-α, SOD3, osteocalcin, and TGF-β1 were significantly increased in irreversibly inflamed dental pulp samples compared to the controls (p < 0.001) (Table 1; Figure 1, Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6). Catalase presented higher levels in the irreversible stage of pulp inflammation when compared to healthy pulp samples, but the differences were not statistically significant (p = 0.064) (Table 1, Figure 7). Regarding the MMPs levels, MMP-7 showed higher levels in the experimental group compared to the control group (p = 0.061), while MMP-9 levels were increased in healthy pulp samples (p = 0.625). The MMPs results revealed no significant differences between the irreversibly inflamed and normal dental pulp samples (Table 1; Figure 8 and Figure 9).




4. Discussion


The inflammatory status of the dental pulp is triggered and maintained by secreted molecules and cellular responses. Dental pulp inflammation is characterized by the presence of a massive T cell infiltration, which is acting by secreting numerous cytokines [11]. Cytokines present in inflamed dental pulps are interconnected with other biomarkers, such as those that participate in extracellular matrix degradation and oxidative stress. The current study has shown that most of the studied biomarkers (IL-2, IL-17, TNF-α, SOD3, TGF-β1, and osteocalcin) present statistically significant increased levels in irreversibly inflamed dental pulp samples, as compared to healthy pulp samples (Table 1, Figure 1, Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6), while others (catalase, MMP-7, and MMP-9) have not expressed significant differences (Table 1, Figure 7, Figure 8 and Figure 9).



IL-2 has an important role in the pathogenesis or progression of inflammation. This cytokine is mainly secreted by CD4+ T helper cells (Th), which are subsequently regulated by IL-2 itself. IL-2 also has the ability to stimulate clonal expansion and proliferation of T cells, which are the predominant lymphocytes in inflammatory lesions [12]. In addition to the effects on T cells, IL-2 can increase antibody secretion from B cells. IL-2 can activate the transcription of other inflammatory cytokines, such as TNF-α, IFN-γ, and granulocyte-macrophage colony-stimulating factor (GM-CSF) [13]. Our results are similar to those reported by Rauschenberger et al. [14], revealing statistically significant elevated IL-2 levels in inflamed pulp samples clinically diagnosed with irreversible pulpitis (p < 0.05). Anderson et al. [15] also studied the presence of IL-2 in normal and irreversibly inflamed dental pulp samples, reporting no statistically significant differences. Similarly, ElSalhy et al. [16] did not find statistically significant differences between the irreversible pulpitis group and the normal group (p > 0.05). IL-2 levels were significantly higher in the caries exposure group when compared to both the normal group (p < 0.01) and the irreversible pulpitis group (p > 0.05). Although all studies used the same analyzing method (ELISA technique), the results are in confliction. This could be due the use of different types of samples, for example, ElSalhy et al. [16] used blood obtained from pulp exposure sites, while Anderson et al. [15] reported a pipetting error during the preparation of the samples.



IL-17 can be produced by activated CD4+ Th17 cells, but can also be secreted by CD8+ T cells, innate lymphoid cells, γδ cells, NK cells, and neutrophils. IL-17 plays an important role in various autoimmune and inflammatory pathologies [17]. TGF-β signaling contributes to the production of IL-17 from Th17 [18]. IL-17 can be characterized as an inflammatory cytokine that stimulates the release of other cytokines, such as CXC-chemokine ligand-1 (CXCL1), CXCL2, IL-8, and CXCL6, inducing neutrophil recruitment in inflammatory areas [19]. Furthermore, IL-17 enhances neutrophil elastase and myeloperoxidase (MPO) activities. In addition, IL-17 can trigger fibroblasts, endothelial cells, epithelial cells, and osteoblasts to produce proinflammatory cytokines, such as IL-6, IL-8, GM-CSF, and MMPs [19]. Significantly higher levels (p < 0.05) of IL-17 were identified in chronic periodontitis lesions compared to healthy periodontal ligament samples [18,20,21,22,23]. Cytokine IL-17 mRNA expression in the pulp tissue was found to be increased in inflamed dental pulp samples (p < 0.05) [24], the results being in accordance with our findings. The results of the present study are also in agreement with those of Liu et al. [25], who found higher levels of IL-17 in pulp samples of symptomatic teeth using immunohistochemical staining.



TNF-α is a proinflammatory cytokine produced mainly in response to infection, and is released by various cells that take part in the immune-inflammatory process [26]. It can also trigger the formation of the acute-phase inflammation proteins, enhance the toxicity of leucocytes, and stimulate the expression of other proinflammatory cytokines [26]. TNF-α, and other cytokines, can stimulate the formation and secretion of proteolytic enzymes, such as MMPs, which destroy the ECM [27]. TNF-α can cause vasodilatation and increased permeability of blood vessels with leukocytes extravasation in infected areas [28]. Our results are similar to those of Pezelj-Ribaric et al. [28], who reported significant higher levels (p = 0.000) of TNF-α protein in pulp samples from teeth clinically diagnosed with irreversible pulp inflammation compared to healthy pulp samples, using the ELISA technique. TNF-α gene expression was also studied, showing statistically significant increased levels (p = 0.002) in the study group consisting of irreversible pulpitis samples, as compared to healthy pulps [26]. Another study with similar results was conducted by Abd-Elmeguid et al. [29], which reported a significant increase in TNF-α protein levels in the irreversible stages of pulp inflammation when compared to the control group, using a Multiplex assay (p < 0.01). Although ElSalhy et al. [16] investigated the levels of TNF-α, using ELISA, in pulpal blood obtained from irreversible pulpitis and normal pulps, our results are in accordance with their study.



SOD is one of the most important antioxidant enzymes in controlling the concentrations of ROI and, as a result, preventing excessive tissue damage under oxidative stress conditions [30]. Cellular and extracellular components are damaged if a higher production, or lesser removal, of free radicals occurs. Macrophages can produce increased levels of ROI during inflammation, which inactivate the bacteria, but, also, can damage these cells and the nearby tissue, including ECM [9]. SOD acts against free radicals by catalyzing the dismutation of the superoxide ion into oxygen and hydrogen peroxide. SOD exists in 3 isoenzymes: cytosolic Cu, Zn-SOD, mitochondrial Mn-SOD, and extracellular EC-SOD [9]. Conflicting results have been published throughout the years regarding the activity of the SOD enzyme (total, or isoenzymes Cu, Zn-SOD, Mn-SOD) in normal and inflamed dental pulps. Our results are in accordance with the reports of Davis et al. [31], who found significantly elevated levels (p = 0.0001) of Cu, Zn-SOD in inflamed dental pulp samples compared to healthy pulp samples obtained from adult patients. On the other hand, Tulunoglu et al. [32] reported no differences in the total activity of SOD in irreversibly inflamed versus healthy pulp samples from children’s permanent teeth. The observations of the present study are also similar to those of Bodor et al. [30], who found a significant increase (p < 0.05) in both Mn-SOD and Cu, Zn-SOD mRNA expression in cases of irreversible pulpitis, and Baumgardner & Sulfaro [33], who also reported an increased immunoreactivity in both SOD isoenzymes in inflamed dental pulp samples using immunohistochemistry. In contrast to these results, Varvara et al. [34] observed significantly lower (p < 0.001) Cu, Zn-SOD activity in irreversibly inflamed pulp samples, as compared to healthy dental pulp samples. The decreased Cu, Zn-SOD activity may be attributed to the progression of inflammation and depletion, or destruction, of the enzyme in oxidative stress conditions.



Osteocalcin is a protein produced by osteoblasts during the matrix mineralization phase. At bone level it is assumed to be incorporated into the bone matrix and to be involved in calcium binding [35]. It is a major non-collagenous protein of the dentine matrix and is regarded as a reparative molecule, expressed as a response to an offence of the dental pulp. Osteocalcin is regarded as a late differentiation marker of odontoblasts [29,36]. Our results are similar to those reported by Abd-Elmeguid et al. [29], who measured osteocalcin levels in dental pulp using a multiplex assay and found significantly higher levels (p < 0.05) of this protein in irreversibly inflamed human dental pulps compared to healthy pulp samples. Cells that are dominant in inflamed dental pulps, such as macrophages, may express osteocalcin in their transdifferentiation to osteoblasts [29]. These findings may indicate that large amounts of osteocalcin are secreted from odontoblasts to form the predentin of reactionary dentin in response to the pulp inflammation [37]. However, it can be speculated that the elevated expression of other inflammation biomarkers impedes the limitation of inflammation and the reactionary dentinogenesis initiation.



Transforming growth factor-beta (TGF-β1) is produced by odontoblasts in normal pulps, and promotes matrix metalloproteinase secretion and dentin mineralization, playing an important role in dentinogenesis and repair. TGF-β molecules have mitogenic effects and chemotactic properties for fibroblasts, macrophages, neutrophils, and monocytes [38]. In vivo studies showed that the use of TGF-β1 in wound areas may expand the synthesis of ECM proteins [39,40]. Our results are in accordance with those of previous studies, reporting a significantly higher TGF-β1 expression in irreversibly inflamed dental pulps [41,42]. In vitro studies reported a downregulation of TGF-β1 gene expression [43]. TGF-β1 can also increase the local predentin secretion [44]. The role of TGF-β in dentinogenesis could be attributed to its involvement in odontoblast differentiation [45], and other activities mentioned above; it may take part in reparative processes by regulating cell proliferation, migration, and ECM production in dental pulp [46].



Catalase is also an enzyme (like SOD3) that scavenges hydrogen peroxide released during, both, normal aerobic and pathogenic metabolism (inflammation) from host cells [47]. In our study, the determination of catalase levels in irreversibly inflamed and healthy dental pulp samples showed non-significant differences (p = 0.064). Esposito et al. [48] also evaluated catalase activity in irreversibly inflamed and healthy pulp samples. Their study showed a significant increase (p < 0.001) in the inflamed pulp tissues in comparison to the controls. The differences between our results and the reports of Esposito et al. [48], may be caused by the different manner in which catalase’s presence was determined in dental pulp samples: our study used the ELISA technique for the determination of protein expression, while Esposito et al. [48] evaluated catalase activity using spectrophotometric methods.



MMPs are zinc-dependent proteases with endopeptidase activity, which can degrade ECM, contributing to the inflammation pathogenesis [49]. MMPs play an important role in physiological and pathological conditions, such as pulpal and periapical tissue destruction caused by inflammation, and wound healing [11,49]. These enzymes can be upregulated in different pathologies, such as inflammation [11,49]. MMP-7, or matrilysin, has the ability to cleave entactin, a basement membrane protein, which links laminin and collagen type IV, triggering the basement membrane disruption [50]. To the best of our knowledge, there are no studies regarding MMP-7 levels in healthy versus inflamed dental pulp in humans, however, significantly elevated mRNA levels and protein expression of MMP-7 were found in inflammatory lesion tissue samples of chronic apical abscesses, as compared to control samples of healthy periodontal ligament tissue. In our study, irreversibly inflamed pulp samples showed higher levels (1.853 ± 0.59 ng/mg protein) of MMP-7 than healthy pulp samples (2.3 ± 0.85 ng/mg protein), but differences were not statistically significant (p > 0.05). During the inflammatory process, MMP-9, or gelatinase, or type IV collagenase, is mainly secreted by PMNs. We found slightly higher levels of MMP-9 in the control group (1.568 ± 0.44 ng/mg protein) than in irreversibly inflamed dental pulp samples (1.496 ± 0.5 ng/mg protein), but the results did not differ significantly (p = 0.625). In contrast with these findings, previous studies using various methodologies (ELISA, RT-PCR, Western blot, Zymography assay), reported elevated levels of MMP-9 in irreversibly inflamed dental pulp samples, as compared to healthy pulp samples [51,52,53,54]. A possible explanation for our findings regarding MMPs levels, could be that a symptomatic pulpal condition may not always be associated with microabscesses, or severe tissue degradation [51,55]. Another possible explanation is that some dental pulps were less inflamed than they appeared clinically (children may tend to overreact to painful stimuli, or a child could fail to understand the tests used for diagnosis); moreover, for similar clinical symptoms, the amount, or intensity, of the trigger that determines MMPs production may differ [54].



Dental pulp collection, either by pulpectomy, for the irreversibly inflamed dental pulp tissues, or by removing the pulp tissue after extraction of the teeth, was conducted carefully. We tried to remove the pulp tissue gently, in a single piece, to prevent its destruction. All dental treatments (the removal of caries and pulp chambers and the splitting of the extracted teeth) were performed under continuous cooling water, avoiding excessive heat in the pulp chamber and the possibility of protein denaturation, which could affect the results of the study. Furthermore, all dental pulp samples were collected in aseptic conditions, while infected dentine, from the teeth with irreversible inflammation, was thoroughly removed before pulp extraction to avoid further bacteria contamination.



The ability of the dental pulp to respond to an injury depends on the severity of the impact. Dental pulp can respond by initiating an inflammatory reaction, which, at the beginning, is limited to an area. At the same time, reactionary, or reparative, dentin is secreted for reparation. If the impact is mild and the odontoblasts survive, deposition of reactionary dentin occurs [45]. On the other hand, when the intensity of the injury is higher, this results in odontoblast death, and new odontoblast-like cells are required to produce dentine (reparative dentinogenesis). In irreversible inflammation, vital inflamed pulp is unable to heal and total pulpal necrosis may occur, triggering the periapical pathology with local bone involvement [56]. Less severe cases of pulp inflammation are represented by reversible pulpitis, clinically accompanied by hypersensitivity, or short-term pain [57]. In reversible pulpitis, once the inflammation resolves, the dental pulp has the potential to return to normal [56].



Vital pulp treatment should be the golden standard in case of reversible pulpitis, mainly in children with immature permanent teeth. This kind of treatment should promote pulpal healing of the remaining dental pulp, leading to apexogenesis with root development and apical closure. On the other hand, treatment of an irreversible pulp inflammation should aim to eliminate pulp infection and to induce the formation of a hard tissue barrier in the apical portion of the root of immature permanent teeth by apexification procedures.



This study’s hypothesis was to determine if there are any differences in the levels of various biomarkers of inflammation, oxidative stress, and ECM degradation in irreversibly inflamed, compared to healthy, dental pulp samples, collected from young permanent teeth. The hypothesis was partially confirmed once the concentrations of IL-2, IL-17, TNF-α, SOD3, osteocalcin, and TGF-β1 were significantly increased in the experimental group compared to the control group.




5. Conclusions


Inflamed dental pulp showed an upregulation of IL-2, IL-17, TNF-α, SOD3, osteocalcin, and TGF-β1. Molecular procedures quantifying these biomarkers, which appear to play a powerful role in the inflammation process of human dental pulp, may be helpful for accurate assessment of the inflammation status, especially in permanent teeth when differential diagnosis between reversible and irreversible pulp inflammation is mandatory. Further developments in this field are required in order to put these findings to work in a practical way.
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Figure 1. Comparison of IL-2 levels (pg/mg protein) in healthy and irreversibly inflamed dental pulp samples, respectively. The distribution of variables is parametric in both groups according to the Shapiro–Wilk test (p > 0.05). Welch’s t-test shows that the differences between the two groups are statistically significant (p < 0.001). (* indicates a statistically significant difference). 
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Figure 2. Comparison of IL-17 levels (pg/mg protein) in healthy and irreversibly inflamed dental pulp samples, respectively. The distribution of variables is parametric in both groups according to the Shapiro–Wilk test (p > 0.05). Welch’s t-test shows that the differences between the two groups are statistically significant (p < 0.001). (* indicates a statistically significant difference). 
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Figure 3. Comparison of TNF-α levels (pg/mg protein) in healthy and irreversibly inflamed dental pulp samples, respectively. The distribution of variables is parametric in both groups according to the Shapiro–Wilk test (p > 0.05). Welch’s t-test shows that the differences between the two groups are statistically significant (p < 0.001). (* indicates a statistically significant difference). 
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Figure 4. Comparison of SOD3 levels (ng/mg protein) in healthy and irreversibly inflamed dental pulp samples, respectively. The distribution of variables is parametric in both groups according to the Shapiro–Wilk test (p > 0.05). Welch’s t-test shows that the differences between the two groups are statistically significant (p < 0.001). (* indicates a statistically significant difference). 
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Figure 5. Comparison of Osteocalcin levels (ng/mg protein) in healthy and irreversibly inflamed dental pulp samples, respectively. The distribution of variables is parametric in both groups according to the Shapiro–Wilk test (p > 0.05). Welch’s t-test shows that the differences between the two groups are statistically significant (p < 0.001). (* indicates a statistically significant difference). 
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Figure 6. Comparison of TGF-β1 levels (pg/mg protein) in healthy and irreversibly inflamed dental pulp samples, respectively. The distribution of variables is non-parametric in the irreversibly inflamed pulp samples group according to the Shapiro–Wilk test (p = 0.001). Mann–Whitney’s U test shows that the differences between the two groups are statistically significant (p < 0.001). (* indicates a statistically significant difference). 
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Figure 7. Comparison of Catalase levels (U/mg protein) in healthy and irreversibly inflamed dental pulp samples, respectively. The distribution of variables is parametric in both groups according to the Shapiro–Wilk test (p > 0.05). Student’s t-test shows that the differences between the two groups are not statistically significant (p = 0.064), although irreversibly inflamed pulp samples presented increased catalase levels compared to the control group. 
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Figure 8. Comparison of MMP-7 levels (ng/mg protein) in healthy and irreversibly inflamed dental pulp samples, respectively. The distribution of variables is parametric in both groups according to the Shapiro–Wilk test (p > 0.05). Student’s t-test shows that the differences between the two groups are not statistically significant (p = 0.061), although irreversibly inflamed pulp samples presented higher MMP-7 levels compared to the control group. 
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Figure 9. Comparison of MMP-9 levels (ng/mg protein) in healthy and irreversibly inflamed dental pulp samples, respectively. The distribution of variables is parametric in both groups according to the Shapiro–Wilk test (p > 0.05). The control group showed higher levels of MMP-9 compared to the experimental group, but, according to Student’s t-test, differences between the two groups are not statistically significant (p = 0.625). 
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Table 1. Mean levels of IL-2, IL-17, TNF-α, MMP-7, MMP-9, SOD3, catalase, osteocalcin, and TGF-β1 in healthy and irreversibly inflamed dental pulp samples.
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	Biomarker
	Healthy Dental Pulp Samples (n = 19), Mean ± Standard
	Irreversibly Inflamed Dental Pulp Samples

(n = 23),

Mean ± Standard
	p Value





	IL-2 (pg/mg protein)
	22.23 ± 4.66
	113.21 ± 29.14
	<0.001



	IL-17 (pg/mg protein)
	18.2 ± 2.04
	138.04 ± 16.54
	<0.001



	TNF-α (pg/mg protein)
	6.342 ± 3.429
	54.435 ± 11.195
	<0.001



	MMP-7 (ng/mg protein)
	1.853 ± 0.59
	2.3 ± 0.85
	0.061



	MMP-9 (ng/mg protein)
	1.568 ± 0.44
	1.496 ± 0.5
	0.625



	SOD3 (ng/mg protein)
	2.142 ± 0.97
	26.32 ± 7.71
	<0.001



	Catalase (U/mg protein)
	2.258 ± 0.66
	2.67 ± 0.74
	0.064



	Osteocalcin (ng/mg protein)
	2.816 ± 1
	7.97 ± 4
	<0.001



	TGF-β1 (pg/mg protein)
	12.12 ± 2.54
	23.16 ± 11.79
	<0.001
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